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General Introduction 

1. Neisseria gonorrhoeae 

Neisseria gonorrhoeae is a Gram-negative diplococcus. It belongs to the class	 β-

proteobacteria and the genus Neisseria. This genus has two pathogenic members, N. 

gonorrhoeae and N. meningitides both of which are obligate human pathogens. The 

former infects the genital organs causing the sexually transmitted disease “gonorrhea” 

and the latter infects the nasopharynx causing “meningitis”. The genus Neisseria is 

named after Albert Ludwig Sigesmund Neisser who discovered the causative agent for 

gonorrhea and described it in 1879 [1]. Several N. gonorrhoeae strains have developed a 

high resistance against many different antibiotics which hampers the control of the 

spread of gonorrhea and not only has adverse effects on vaccine development but also 

on the transmission of HIV [2, 3].  

N. gonorrhoeae is a sensitive bacterium that is prone to undergo autolysis. For growth it 

requires 3-10% CO2 [4] and in the laboratory it is sensitive to buffer conditions, the pH, 

and the temperature. Adverse conditions often induce autolysis, but different members 

of the Neisseria species show a variation in their ability to autolyse. Peptidoglycan 

hydrolysis and outer membrane stability seem to be the most important factors affecting 

this. N-acetyl muramyl-L-alanine amidase is the main peptidoglycan hydrolase and has 

a very high activity during cell division. Cell division is indeed a prolonged process in 

N. gonorrhoeae probably leading to the diplococcal morphology [5-10].  

A number of lytic transglycosylases producing peptidoglycan fragments have been 

identified in gonorrhoeae and a "hyperautolytic" effect is seen in gonorrhoeae strain 

over-expressing the N-Acetylmuramyl-L-Alanine Amidase enzyme AmiC [11-13]. 

Unlike in many other bacteria, the toxic peptidoglycan fragments are released by N. 

gonorrhoeae during growth. These fragments along with other cellular components like 

porins and lipooligosaccharide contribute to infection of the host cells [14, 15]. 

Resistance against many different antibiotics has significantly increased in clinical 

isolates of N. gonorrhoeae over the last decades. The rapid spread of antibiotic 

resistance in N. gonorrhoeae is caused by its ability to rapidly take up DNA from the 
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environment. This DNA, among others, released by autolysis is taken up and 

recombined into the chromosome by homologous recombination [16, 17]. 

 A recently discovered genetic island was shown to contain a Type IV secretion system, 

which was involved in the secretion of ssDNA. DNA secreted via this system is also 

taken up by N. gonorrhoeae. This transfer of DNA aids the organism to acquire 

additional genetic information like antibiotic markers and genetic variability resulting in 

enhanced survival [18]. Neisseria specifically takes up DNA that has a 12 base-pair 

DUS uptake sequence (5'-ATGCCGTCTGAA-3'). This DUS sequence is present at a 

frequency of about 1 in 1200 base-pairs [19, 20]. DNA uptake in Neisseria is brought 

about by the Type IV pili and the competence system which are involved in transport 

across the outer and the inner membrane, respectively [21].  

In order to evade the host immune response, N. gonorrhoeae has the capability to 

undergo phase and antigenic variation of surface exposed components. This includes 

changes in the number and expression of opacity proteins, the sialylation state of the 

lipooligosaccharide and recombination dependent pilin variation [22, 23]. Recent 

genome sequencing data suggests that many more genes might undergo phase variation 

[24].  

These and other remarkable characteristics like twitching motility, IgA protease 

secretion, iron acquisition and biofilm formation have provided Neisseria with an 

adaptation profile to become a human pathogen making it an interesting and a 

challenging organism to study.  

The aim of this thesis was to study the mechanism of DNA release via the Type IV 

secretion system encoded within the gonococcal genetic island and to study the outer 

membrane structural components of the Type IV pili system. Both these systems, 

involved in the transfer of DNA are described below in detail.  

2. Type IV secretion systems  

Type IV secretion systems (T4SSs) are large multi-protein complexes, consisting of 12-

24 proteins, spanning both the inner and outer membrane of Gram-negative bacteria 

(see Fig. 1 for an overview). They are highly versatile and functionally diverse 
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secretion systems. Based on their function, the T4SSs can be divided into three 

subfamilies:  

I) Conjugative systems 

Conjugative systems are the largest family of the T4SS. They are required for the 

transfer of DNA within and between species. The prototype of this family is the well 

studied F-plasmid conjugative system [25]. The F-factor was first described in 1953 as 

the fertility factor determining bacterial sexuality [26]. Conjugation is the mechanism 

by which single stranded DNA is transferred unidirectionally from the 5’ to the 3’ end 

via cell to cell contact from a donor to a recipient cell. Plasmids as well as the 

integrative and conjugative genomic elements (ICEs) harbor the genes required for 

conjugation [27]. Genes flanking the T4SSs can also be transferred during this process 

increasing the genomic plasticity [28]. The conjugative systems can be grouped into 

families, like the F-type (e.g. F-plasmid), I-type (e.g. R64 plasmid) and P-type (e.g. RP4 

plasmid) plasmids. Depending upon their ability to coexist in one cell, they can also be 

classified into several incompatibility groups, for example, the F- plasmid belongs to 

the IncF plasmid incompatibility group; the RP4 plasmid to the IncP incompatibility 

group; the R388 plasmid to the IncW and the pKM101 plasmid belongs to the IncN 

incompatibility group [29].  

II) Substrate secretion systems 

A second large group of T4SSs is formed by the substrates secretion systems that can 

deliver virulence molecules to the host cells. The adaptive utilization of the T4SS by 

several microbes has often resulted in the secretion of substrates like toxins or other 

effector molecules that modify the behavior of the target cell. Thus many of the proteins 

secreted via T4SS are involved in pathogenicity. Both, intra and extra cellular delivery 

of substrates to the host cells have been observed. The T4SS of  Agrobacterium 

tumefaciens which causes crown gall disease is the best studied example of this family; 

it however also belongs to the family of conjugative secretions systems as it delivers T-

DNA to the plant cell [30]. Substrates of T4SS are diverse and many different ones have 

been identified in the last years. 
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There are several systems which have been studied in detail: the T4SS of A. 

tumefaciens that transports proteins like VirE2, VirE3, VirF and VirD5 to the acceptor 

cell independently from the DNA [31, 32]; the T4SS encoded by the cag pathogenicity 

island of Helicobacter pylori that delivers the CagA protein that compromises host cell 

structure [33]; the Dot/Icm T4SS of Legionella pneumophila that secretes, among 

others, DotF and RalF affecting the host macrophages [34], and the Ptl T4SS of 

Bordetella pertussis that secrets the Ptl toxin into the medium. In contrary to other 

systems, the Ptl T4SS of Bordetella pertussis uses a two-step secretion mechanism. 

Here, the Ptl toxin is secreted first to the periplasm via the Sec machinery and then 

across the outer membrane via the T4SS machinery [35]. Examples of pathogens that 

use T4SS to deliver substrates to their eukaryotic host are given in Table 1.  

 Table 1: T4SS and pathogenesis 

Pathogens T4SS disease caused Reference 

A. tumefaciens VirB Plant crown gall [36] 

Legionella pneumophila Dot/Icm Legionnaires' Disease [37] 

Brucella spp. VirB Various [38] 

Bordetella pertussis Ptl whooping cough in human [39] 

Bartonella spp. VirB Various [40] 

H. pylori Cag human gastric ulcer [41] 

Campylobacter pVir human bacterial 
gastroenteritis 

[42] 

 

III) DNA uptake and secretion systems 

The versatility of T4SS is substantiated by this third and smallest subfamily, which 

involves contact independent uptake or release of DNA. The only example of a Type IV 

secretion system involved in the uptake of DNA is the ComB system of H. pylori [43]. 

Two operons of this system named comB2-B4 and comB6-B10 encode proteins 
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homologous to the VirB T4SS of A. tumefaciens. DNA uptake in H. pylori is a two step 

mechanism where double stranded DNA is imported into the periplasm in a ComB 

T4SS dependent manner and the ComEC channel probably transports the single 

stranded DNA into the cytoplasm [44]. The only known T4SS involved in mediating 

DNA release into the milieu is encoded in the gonococcal genetic island (GGI) of N. 

gonorrhoeae [45]. The proteins encoded by the GGI shares similarity to the T4SS 

encoded on the F-plasmid. The DNA released from the organism is eventually taken up 

by the neighboring gonococci by natural transformation thereby promoting exchange of 

genetic material for better survival. GGI of N. gonorrhoeae is described in more detail 

below. 

The T4SS of the Ti plasmid of A. tumefaciens is currently the best characterized T4SS. 

It consists of the targeting components VirD1 through VirD4 and 11 other VirB proteins 

called VirB1 to VirB11. Most of these proteins are conserved among the known T4SSs 

of other bacteria. T4SSs of other bacteria can contain additional components or have 

homologs for only a subset of these proteins. Unfortunately naming of the different 

proteins involved in type IV secretion systems is often confusing. Homologous proteins 

with a similar function have often been given different names in different systems, for 

example the homolog of the conjugal coupling protein VirD4 of A. tumefaciens, has 

been named TraD in the F plasmid T4SS, TraG in the RP4 plasmid T4SS, TrwB in the 

R388 plasmid T4SS and TraJ in the pKM101 T4SS. Also, proteins with similar names 

can perform very different functions in different systems, for example TraA of F 

plasmid is the major pilus subunit but in pKM101 TraA is an inner membrane pilus 

assembly protein and is homologous to TraL of F plasmid. Table 2 includes an 

overview of the names of the VirD1 through VirD4 and VirB1 through VirB11 proteins 

in conjugative plasmids of different incompatibility groups, F (IncF), RP4 (IncP), R388 

(IncW) and pKM101 (IncN). In this introduction, names of proteins involved in Type 

IV secretion will be followed by the names of their homologs in the A. tumefaciens Ti 

plasmid (Vir system). This thesis is focused on the Type IV secretion system encoded 

within the gonococcal genetic island of N. gonorrhoeae; many proteins within this 

system resemble those from well studied F plasmid conjugation system (see below). 

When applicable, the names will be followed with the system they belong to as 

subscript (e.g. TraI of the F plasmid as TraIF).  
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 Table 2: Nomenclature of the different T4SSs 

The mechanism of Type IV DNA Secretion systems 

In the initial step of conjugation, the extracellular pilus mediates contact with the 

recipient cell. This contact results in the formation of a stable mating pair. In a next 

step, DNA processing proteins bind to the origin of transfer (oriT) and aid the relaxase 

(TraI/VirD2) in cleaving one of the DNA strands at the oriT. After this cleavage, the 

relaxase becomes covalently bound to this DNA strand. At the membrane, a double 

membrane spanning mating pair formation (mpf) complex assembles that consists of 

several VirB proteins. The DNA-protein substrate is subsequently targeted to the mpf 

by an ATPase, VirD4 which is also called the coupling protein. Both the relaxase and 

the bound DNA are then transported to the recipient cell. Below, the different 

components of the Type IV secretions systems, like relaxases, coupling proteins, mating 

pair formation complex proteins, and the pilus proteins will be discussed in more detail.  

Relaxases  

Relaxases have been given their name based on their ability to relax supercoiled DNA. 

Relaxases make a site and strand specific nick in the oriT region and then covalently 

bind to the 5’ end of one strand of the DNA [46-48]. Different accessory proteins can 

aid the relaxase in this step. These accessory proteins have a conserved ribbon-helix-

pTi F plasmid GGI RP4 R388 pKM101 function

virD2 traI traI traI trwC traI DNA relaxase

virD4 traD traD traG trwB traJ conjugal coupling protein

virB1 orf169 ltgX, atlA trbN trwN traL lytic transglycosylase

virB2 traA traA trbC trwL traM major pilus component

virB3 traL traL trbD trwM traA pilus assembly

virB4 traC traC trbE trwK traB conjugal transfer ATPase

virB5 traE traE trbJ trwJ traC minor pilus subunit

virB6 traG traG trbL trwI traD inner membrane protein

virB7 traV traV trbH trwH traN core complex component

virB8 ‐ ‐ ‐ trwG traE inner membrane protein

virB9 traK traK trbG trwF traO core complex component

virB10 traB traB trbI trwE traF core complex component

virB11 ‐ ‐ trbB trwD traG conjugal transfer ATPase

trbI DNA transport

traU,traN mating pair stabilization

traF, traH, traW, trbC pilus extension

traQ, traX trbI pilin processing

virC2 traM,traY ‐ traJ,traK trwA relaxosome formation
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helix motif and are found in many T4SS [49]. For example, the TrwA and NikA 

accessory proteins stimulate the relaxation activity of TrwC (R388 plasmid) and NikB 

(R64 plasmid) relaxases, respectively [50, 51]. The accessory proteins assemble into a 

complex called the relaxosome at the oriT region of the DNA for the initiation of strand 

transfer [52]. Generally accessory proteins encoded in the same operon as the relaxase 

are involved in relaxosome formation. They have DNA strand specificity and are 

proposed to bind and process DNA and then present the cleavage site to the relaxase 

suggesting that the relaxase recognizes a nucleoprotein complex [50, 53-57]. Several 

relaxases have a C-terminal domain that can dimerize and is required for interaction 

with the accessory proteins [22]. In standard, in vitro relaxase/nicking assays, accessory 

proteins are often essential to nick the supercoiled DNA. All relaxases are large proteins 

that contain an N-terminal relaxase domain involved in the unidirectional and site 

specific DNA cleavage reaction [48, 52, 58, 59]. Many relaxases also contain a C-

terminal helicase domain involved in unwinding the DNA. When present, both domains 

are essential for the translocation process [60-62]. Although T4SSs are highly diverse, 

all conjugative T4SSs contain a relaxase.  

Six different families of relaxases have been identified. They were named MOBF, 

MOBH, MOBQ, MOBC, MOBP and MOBV [63]. The MOBF relaxases are characterized 

by the presence of a helicase domain at the C-terminus. Furthermore, the relaxase 

domain at the N-terminus harbors three conserved motifs, motif I, II and III represented 

by two catalytic tyrosine residues (motif I), a conserved aspartate (motif II) and a 

conserved histidine triad (HUH) motif. Examples of this family are TraI of the F 

plasmid and TrwC of the R388 plasmid. Relaxases of the MOBC family do not contain 

the conserved tyrosine or the histidine motif and have a different signature motif 

represented as D-x6–17-E-x-E-(RL)-x2-K-x3-R-(YF). Examples of this family are 

MobC of the CloDF13 plasmid and TraX of the pAD1 plasmid. The MOBQ family 

resembles the MOBF family, and also contains three conserved motifs at the N-

terminus. However, the aspartate of motif II is located closer to the tyrosine of motif I 

and this may have implication on the activity. The MobA relaxase of RSF1010 is an 

example of this family. Relaxases of the MOBP family also contain three different 

conserved motifs, these motifs however contain a variation in motif II and have only 

one catalytic tyrosine residue. This family can be subdivided into at least 7 subfamilies. 
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Examples of this family are TraI of the RP4 plasmid and VirD2 of pTi plasmid. 

Relaxases of the MOBV family harbor the conserved motif I and the extended motif III. 

They are exemplified by the MobM relaxase of the pMV158 plasmid. MOBH is a novel 

family that includes relaxases from conjugative plasmids belonging to incompatibility 

group IncH, IncJ, IncT, IncP7 and IncA/C as well as those from ICEs and genomic 

islands. The two conserved sequence motifs of this family are a HD hydrolase motif and 

an alternate histidine motif. The TraI relaxase of the R27 plasmid and the TraI plasmid 

encoded within the GGI belong to this family.  

It has been shown that relaxases bind DNA at the oriT and that they cleave the DNA at 

the nic site. The oriT sequence often contains an inverted repeat sequence that forms a 

hairpin loop close to the nic site [64-66]. This was confirmed when the relaxase 

domains of the F [67, 68] and R388 [65, 66] plasmids of the MOBF family were purified 

and crystallized. These domains bind specific to oriT sequences in vitro with nM 

affinity [61, 66, 69, 70]. The crystal structure of the relaxase domain bound to DNA 

showed that the inverted repeat bound in a ‘knob-into-hole’ manner to the relaxase, and 

also showed that the inverted repeats had complex interactions with the relaxase [67]. 

The specificity can be altered by a few amino acid substitutions in the relaxase domain 

[71]. Remarkably, DNA binding, cleavage and conjugation also takes place efficiently 

when the hairpin structure is disrupted [72]. The crystal structures further showed that 

the conserved tyrosine residue that forms the covalent bond with the DNA is in close 

proximity to the cleavage site, and the HUH motif is involved in coordinating a metal 

ion, the presence of which is essential for the relaxase activity [73, 74]. Both, in vitro 

and in vivo [75] results indicate that relaxases cleave DNA in a sequence specific 

manner [75] and it has been suggested that binding and cleavage occur independent of 

each other [58, 76, 77]. After the relaxase domain nicks the supercoiled DNA, the 

helicase domain unwinds the nicked DNA. Helicase activity is an energy dependent 

process [78].  The relaxase of the F plasmid was shown to unwind double stranded 

DNA at a rate of ~1100 base-pairs/sec [78]. The second conserved tyrosine residue of 

the relaxase is proposed to play a role in the termination of the reaction by re-ligating 

the strands together [79]. It has been proposed that when the relaxase reaches the oriT 

the second tyrosine independently forms a covalent bond with the DNA as a reaction 

intermediate [79]. Depending on the relaxase family, the re-circularization reaction is 
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either proposed to take place in the donor or the acceptor cell [77, 79, 80]. Since several 

relaxases can ‘pilot’ the DNA to another cell, relaxases of T4SS have also been called 

“pilot proteins”. 

Coupling proteins  

The coupling protein is a membrane bound hexameric ATPase, which is involved in the 

transfer of the relaxase or the relaxosome complex to the mpf. Coupling proteins are 

often encoded within the same operon as the relaxase, and phylogenetic analysis also 

suggests that they have co-evolved [63]. Interactions between either a relaxase or a 

component of the relaxosome with the coupling protein have been shown previously 

[81, 82], For example, TraIF is known to interact with TraDF via its C-terminal domain. 

[83]. Many coupling proteins have an N-terminal transmembrane domain and a C-

terminal cytoplasmic region. Certain periplasmic residues were shown to be required for 

interaction with the T4SS membrane complex [84]. The crystal structure of the 

cytoplasmic region of the coupling protein TrwBR388 has been solved [85]. It is an 

hexameric ATPase that binds DNA with a minimum length of 40-45 nucleotides. 

Remarkably, it is DNA rather than ATP binding or hydrolysis that leads to 

oligomerization [86]. The ATPase activity was stimulated by the presence of DNA, but 

no DNA unwinding activity was found associated with the protein. The structure of a 

TrwBR388 monomer can be divided into two domains, the “nucleotide binding domain” 

and the “all-alpha domain”. The crystal structure of the TrwBR388 hexamer shows a 20 Å 

wide channel between the TrwB R388 monomers. Remarkably, six tryptophan residues 

line the central channel and a mutation of one of these tryptophan residues rendered the 

protein inactive in conjugation and ATPase activity [86].  

Since there is structural similarity between TrwBR388 and the F1-ATPase, three out of six 

catalytic residues are proposed to be active in TrwBR388 ATP hydrolysis, like the F1-

ATPase. Furthermore, the DNA strand is speculated to be analogous to the γ-subunit of 

F1-ATPase. TrwB would thus act as a motor pumping DNA out of the central channel 

while cycling between ATP-bound, unbound and empty conformational states [85]. 

Further details about the energetics of coupling proteins are given below. 
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The Mating pair formation (Mpf) complex  

In A. tumefaciens, there are several proteins that form the Mpf complex that spans both 

the inner and the outer membrane. The substrates are putatively transported through this 

mpf complex. The VirB1 to VirB11 proteins are involved in the assembly of the mpf 

complex or they form the structural components of this mpf complex. Here, the VirB1 

to VirB11 components will be discussed shortly. 

VirB1 is a periplasmic protein with muramidase activity that is thought to break 

peptidoglycan strands in order to facilitate the formation of the Mpf complex [87, 88]. 

Deletion of VirB1 reduces but does not eliminate translocation [89, 90]. VirB2 is the 

major pilus subunit that undergoes several processing steps and once mature, the 

subunits likely form a pool in the inner membrane for polymerization into a pilus that 

extends out of the cell [91]. The pilus brings about cell to cell contact and is essential 

for substrate transfer [92, 93]. Assembly and processing of pilin subunits is described in 

more detail below. VirB3 is an inner membrane protein with two transmembrane 

domains. It is stabilized by VirB4 [94, 95], VirB7 and VirB8 [96]. There are examples 

known where VirB3 and VirB4 exist as a VirB3/VirB4 fusion protein [97-99]; these and 

an engineered fusion protein of VirB3 and VirB4 of A. tumefaciens can complement an 

A. tumefaciens ΔVirB3/B4 mutant [96]. VirB3 is essential for substrate transfer 

probably by interacting with other Vir proteins for T-pilus assembly [95]. VirB4 is 

highly conserved inner membrane localized protein of the T4SS [100]. It contains 

Walker A and B NTP binding motifs and like other ATPases, it likely assembles into a 

higher order oligomer (hexamer) [101]. By energizing the Mpf complex, it most likely 

functions as a motor for pilus assembly and substrate transfer [102, 103].  

VirB5 is a minor pilin subunit localized at the tip of the pilus [104]. It is thought to 

behave as an adhesin [105]. VirB6 is a polytopic inner membrane protein with 5 

transmembrane domains and an extended periplasmic loop which is essential for 

substrate interaction [106]. VirB6 also interacts with other Vir proteins like VirB8 and 

the VirB7/VirB9/VirB10 complex [107-110]. VirB7 is a small lipoprotein that stabilizes 

VirB9 by forming a disulphide crosslink with VirB9 [111, 112] and is essential for outer 

membrane insertion of the VirB7-VirB9-VirB10 complex [113]. However, VirB7 is not 

well conserved and various forms are found among the different T4SSs [114-117]. 



Introduction 
 

 
18 

VirB8 is a bitopic inner membrane protein with a single transmembrane domain and a 

periplasmic domain that folds into a dimer [118]. VirB8 forms one of the largest 

interaction networks with several T4SS proteins including VirB1 [119], VirB4-5 [95], 

VirB6 [106], Vir8-10 [120, 121] and VirB11 [119] and is also suggested to influence 

the cell pole localization of the Mpf [122-124]. VirB9 is an outer membrane protein 

with two conserved domains separated by a non-conserved region [125]. The C-

terminus of VirB9 forms a disulphide bond with VirB7 [126] and shares some 

homology with the secretin superfamily [25]. Both, the conserved C-terminus and N-

terminal periplasmic domain of VirB9 are essential for channel assembly and pilus 

production. VirB10 is a bitopic membrane protein with an essential proline rich region 

in the periplasm [127]. VirB10 plays an important role during substrate translocation 

and acts as a bridge for the T4SS’s inner and outer membrane complexes [128]. 

Together with VirB7 and VirB9, VirB10 forms a core complex. This core complex 

forms the channel through which the proteins are putatively transported. Remarkably, 

the core complex of the pKM101 plasmid can be assembled independently of other 

proteins. VirB11 is a peripheral inner membrane ATPase and oligomerizes into a 

hexamer. The crystal structure of VirB11 homolog HPO525 of H. pylori [129] indeed 

showed a hexameric structure with a central pore of 50Å. The structure showed 

conformational changes between a relaxed and a compact form upon nucleotide binding 

[130]. Although VirB11 belongs to the family of “traffic ATPases” associated with type 

II, type III and type IV pili system [131], it is remarkably absent in F plasmid type 

conjugation systems. 

To determine the structure and mechanism of Type IV secretion system, many structural 

and interaction studies including yeast two hybrid, co-fractionation analysis, 

localization, detergent extraction and purification, crystallization and mutational studies 

have been performed. These studies have been very insightful for the understanding of 

the sub-complexes that work together in T4SS. In recent years, two major 

breakthroughs have been made. First, the group of Christie determined the pathway of 

the substrate through the T4SS and secondly, the group of Waksman determined the 

structure of the T4SS core complex. The determination of the structure of the T4SS core 

complex is described here, and the TrIP assay that was used to determine the different  
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proteins and the order in which these proteins are contacted by the substrate during 

transport is described further below.  

 

Figure 1: Schematic representation of the components of the type IV secretion system 
(T4SS). Currently known structures of the following components are represented as 
they are: F-pili/VirB2 [132], VirB5 [133], TraNpKM101/VirB7, TraOpKM101/VirB9 and 
TraFpKM101/VirB10 core complex [113, 134], periplasmic domain of VirB8 [124], 
hexameric HP0525Helicobacter pylori /VirB11[129], hexameric TrwBR388/VirD4 [85] and 
TraIF/VirD2 bound to ssDNA [67]. IM and OM are abbreviations for inner and outer 
membrane, respectively. 

 
Structure of the core complex 

The answer to the long standing question in the research field of T4SS, “what 

constitutes the core of the translocation complex that traverses the membrane?” came 

from a recent cryo-electron microscopy structure of the core complex of the T4SS 

[113]. TraNpKM101, TraOpKM101 and TraFpKM101, the VirB7, VirB9 and VirB10 

homologues of the T4SSs encoded on the pKM101 plasmid were over-expressed, 

purified and isolated from E. coli as a 1 MDa complex. Electron microscopy and single 

particle analysis revealed that the complex consisted of 14 subunits each of 

TraNpKM101/VirB7, TraOpKM101/VirB9 and TraFpKM101/VirB10 enclosing a large chamber 

of 185Å spanning from inner to outer membrane. The structure consists of an O-layer, 
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facing towards the outer membrane with a 10 Å opening and an I-layer, facing towards 

the inner membrane with a 55 Å opening. Overall the structure looks like a double 

walled two cup shaped structure, the mouths of which come together in the periplasm. 

The entire structure encloses a large cavity.  

After the cryo-EM structure, the crystal structure of the O-layer of the complex was 

solved at a 2.6 Å resolution [134]. The crystal structure revealed several interesting 

features. The 540 kDa structure showed a hetero-tetradecameric complex consisting of 

the C-terminal domains of TraOpKM101/VirB9 and TraFpKM101/VirB10 and the entire 

TraNpKM101/VirB7 protein. Remarkably, TraFpKM101/VirB10 crosses both membranes 

and α-helices from TraFpKM101/VirB10 span the outer membrane. This was remarkable 

since it had always been speculated that the TraOpKM101/VirB9 protein would act as the 

“secretin” of the T4SS. The crystal structure shows a 32 Å opening when viewed from 

top; this differed from the cryo-EM structure and was suggested to be the “relaxed” 

state of the confirmation changing structure. 

Energy Components 

T4SSs contain two to three cytoplasmic ATPases which are called VirD4, VirB4 and 

VirB11 in A. tumefaciens. Of these, VirB4 is most conserved and VirB11 is not found 

in all the T4SSs. Mutations in the Walker A domain in any of the three ATPase leads to 

a non-transfer phenotype [135-138] demonstrating that they are essential for the 

translocation process. 

As described above, VirD4 is called the coupling protein for its ability to act as a 

substrate receptor and to “couple” the substrates to the Mpf complex [82, 139-141]. The 

coupling protein forms a hexameric structure with an N-terminal transmembrane 

domain and a C-terminal cytoplasmic domain important for nucleotide binding [137]. 

The crystal structure of the cytoplasmic region of TrwBR388, the VirD4 homologue from 

R388 plasmid showed a hexameric structure with a 20 Å large central channel and 3 

catalytic sites subunits. TrwBR388 has a DNA dependent ATPase activity suggestive of a 

“pumping” mechanism [86]. The C-terminus seems important for the interaction with 

substrate. It interacts directly with the relaxase or with a component of the relaxosome 

[142]. An arginine rich C-terminus signal sequence found in many substrates defines the 

interaction specificity with the coupling protein [143]. The N-terminus is involved in 



  Chapter 1 
 

 
21 

the interaction with the Mpf complex. A VirB10-VirD4 association is believed to be an 

essential link between the substrate with the core complex [127]. Interestingly, 

localization studies on the VirD4 homologue from plasmid R27 show accumulation at 

cell borders [84]. Remarkably, there are currently two examples, e.g. Bartonella spp. 

[144] and Bordetella pertussis [35] that do not require a coupling protein for T4SS 

dependent translocation of their respective substrates.  

VirB4 is a large (approximately 90 kDa) conserved protein that is essential for pilus 

assembly and substrate translocation. However, studies on its localization, oligomeric 

state and ATPase activity show ambiguous results. Initial studies on VirB4 from A. 

tumefaciens using the PhoA (alkaline phosphatase) and λ cI repressor fusion systems 

suggested that VirB4 is a dimeric inner membrane protein with two periplasmic 

domains [100, 145]. For the VirB4 homologues from plasmid RP4 and R388 no ATPase 

activity could be detected [146]. However, in a later study the VirB4 from plasmid 

R388 was purified as a monomer in solution but it also formed hexamers and the 

hexamers showed an increase in ATPase activity in presence of acetate but not chloride 

ions. Since no effect of phospholipids was observed on its ATPase activity and no 

transmembrane domains were predicted, it was suggested to be not an integral 

membrane protein [101]. Interestingly, the VirB4 homologue from plasmid pKM101 

could be purified both from the membrane and soluble fraction as dimers and hexamers, 

respectively. Only the hexameric form was active in hydrolyzing ATP. Remarkably, the 

VirB4 homologue from plasmid pKM101 could also bind to DNA [103].  

VirB11 has homology to the family of “traffic” ATPases found in type II secretion 

system and in type IV pili systems. Crystal structures from two homologs of VirB11 

show a hexameric ring structure with a central cavity [129, 130, 147]. The structure 

from the H. pylori VirB11 homolog bound to ADP consists of two domains per 

monomer with the ATP binding site between the two domains of a single monomer 

[129]. However, in the structure of the Brucella suis VirB11 homolog, the ATP binding 

site resides between the domains of the consecutive monomers. Most of the VirB11 

homologues have a sequence similar to that of B. suis. The structure of the B. suis 

VirB11 homolog seems to be the result of a “domain swap” made by an elongated 

linker region not present in proteins that resemble the H. pylori structure [147].  
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Biochemical studies on VirB11 are suggestive of a chaperone resembling activity. 

Mutants of VirB11 in A. tumefaciens have shown uncoupling of pilus biogenesis and 

substrate selection [148] and mutants in TrbBRP4, the VirB11 homolog encoded of the 

RP4 plasmid have only a reduced substrate transfer frequency, emphasizing its possible 

chaperone like activity on Mpf complex formation [149].  

 The pilus and pilus assembly proteins 

T4SSs generally encode a hydrophobic major pilin subunit which is assembled into a 

pilus structure. They also sometimes encode a minor pilin subunit which is incorporated 

in the pilus but at lower numbers. The pilin subunits generally undergo several 

processing and maturation steps before they are assembled into the pilus. Assembly into 

the pilus requires all of the Mpf proteins [150, 151]. T4SSs are highly versatile and have 

been studied in different systems but many details on the process of assembly and on 

the nature of the assembled pilus are still lacking. This is caused by the low sequence 

homology between the different pilin proteins, and the fact that they are difficult to 

visualize due to a low abundance and non-constitutive expression. Pilus formation has 

been studied best for the pilus of the F plasmid, called the F-pili [152] and the pili 

encoded on the RP4 and Ti plasmid, called P-pili [153, 154]. F-pili are long, flexible 

filaments used in solid and liquid type mating and P-pili are short, rigid filaments used 

only during mating on solid surfaces [154]. Other examples also exist, like in H. pylori, 

where a sheathed structure is produced [155] or in Legionella pneumophilia, where a 

meshwork of pili are formed [156]. Bacteriophages (e.g. R17) that specifically bind to 

the F-pilus filament have been used to visualize the pilus structure. Making use of 

fluorescent bacteriophages, live cell imaging demonstrates F-pili undergoing extension 

and retraction with mean rates of 39.5 nm/sec and 15.8 nm/sec, respectively. The 

extension was shown to be proximal with a length of 5 µm made in 148 seconds and the 

retraction force was shown to draw the donor and recipient cells together [157].  

The two best studied classes, the F- and the P type pili, differ in their morphology and in 

their maturation process. In F pili, the pilin subunit is N-terminally acetylated after 

signal sequence cleavage. This acetylation is performed by TraXF, an F-plasmid 

encoded membrane protein [158]. The P-type pilin subunits from the RP4 plasmid and 

from the A. tumefaceans Ti plasmid are circularized after signal sequence cleavage. 
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Here, N- and the C-terminal amino acids are joined by a covalent bond. This bond 

formation is catalyzed by the TraFRP4 encoded membrane proteases of the RP4 plasmid 

and by an unknown chromosomally encoded protein of A. tumefaciens, respectively 

[92, 154].  

The topology of the VirB2 pilin subunit of A. tumefaciens [103] and the topology of the 

circularization protease shows that the circularization reaction takes place within the 

periplasm after pilin insertion into the membrane. A pool of matured pilin subunits is 

found in the inner membrane ready to be assembled into the pilus. The VirB4 ATPase 

can release the mature pilin subunit in an ATP dependent manner from the membrane 

[103]. Based on the structure of the core complex [134], it seems unlikely that the pilus 

subunits enter the core complex through the periplasm. Thus the VirB4 ATPase might 

assemble on the cytoplasmic side of the core complex in order to transfer the pilin 

subunits inside the core complex for the subsequent assembly of the pilus. The exact 

mechanism of pilus assembly however still needs to be determined [159]. Interestingly, 

the requirement for assembled pilus for substrate transport by T4SS is not absolute since 

several mutations have been identified that disrupt pilus assembly but have no effect on 

secretion by T4SS. These mutations are found in several different T4SS proteins as 

listed in Table 3.  
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Table 3: Examples of T4SS mutants uncoupling pilus assembly and substrate 

translocation 

Donor 
organism 

T4SS
protein 
with the 
mutation 

description Reference 

A.tumefaciens Vir VirB2 

G119C mutation of VirB2 
selectively blocks substrate 
transfer (virulence and IncQ 
transfer) without any effect 
on pilus production 

[160] 

A.tumefaciens Vir VirB6 
Insertion at position 140 and 
191 led to Pilin- Transfer+ 
phenotype 

[106, 109] 

A.tumefaciens Vir VirB9 
Insertion at position 116,236 
and 286 led to Pilin- 
Transfer+ phenotype 

[125] 

A.tumefaciens Vir VirB10 

Insertion at position 35,40 
and 45 of the transmembrane 
domain led to Pilin- 
Transfer+ phenotype 

[128] 

A.tumefaciens Vir VirB11 
several mutations leading to 
either Pilin+ Transfer- or 
Pilin- Transfer+ phenotype 

[148] 

A.tumefaciens Vir VirB1 Deletion of virB1 led to 
Pilin- Transfer+ phenotype 

[89, 151] 

E.coli (IncP) IncP TrbC 

Mutation trbCG114A led to 
a DNA transfer-deficient 
phenotype but still allowed 
production of pilin 

[161] 

N. gonorrhoeae IncF TraA 
pilus production abolishes 
DNA secretion 

(Thesis 
Emilia 
Pachulec- 
Chapter 2) 
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The transport mechanism 

The exact mechanism of relaxase transport via the secretion system is not clear. It is not 

known whether relaxases are transported in a folded or unfolded form or how 

chaperones or partitioning proteins could play a role in directing/transporting the 

relaxase to and through the Mpf complex/coupling protein [162, 163]. Nonetheless, it 

has been shown that some relaxases are transported into the recipient cell [164, 165], 

more specifically, to the nuclei of the host cell in case of A. tumefaciens [166-169]. The 

transfer DNA immunoprecipitation (TrIP) assay which is a modification of the 

chromatin immunoprecipitation assay was used elegantly to determine the translocation 

pathway of the T4SS substrate. Using this assay, a step-wise and direct interaction of 

the substrate with VirD4, VirB11, VirB6 and VirB8 and finally with VirB2 and VirB9 

was shown [110]. The TrIP assays also revealed that in the initial phase of transport, the 

three ATPases interact with each other and with VirB10 [102]. The T-DNA first 

interacts with the VirD4 coupling protein and then with VirB11. VirB4 does not come 

in contact with T-DNA but is necessary for further transfer of the substrate to VirB6 and 

VirB8 [110]. The VirD4 coupling protein can function in the initial targeting steps 

without any energy requirements [102] but probably requires energy to pump out [170] 

or transfer the DNA to VirB11 [102, 110]. VirB4 is essential for energy dependent pilus 

assembly [103]. VirD4 and VirB11 mediate conformational changes in VirB10 [110, 

127]. VirB10 might then regulate the opening and closing of the outer channel 

depending on the energy status of the ATPases of the system [171].  

It is still under debate whether the substrate passes through the core complex with the 

pilus protein present or that pilus extension and substrate transfer are two different 

steps. It has been proposed that extension of the pilus might function as a “piston” to 

push the substrate out through the core complex. Based on the structure of F pili 

determined by electron microscopy, it has been proposed that single stranded DNA 

could pass through the 30 Å cavity of the F-pilus [132] but it is unlikely that a nucleo-

protein complex could fit there. Currently there is increasing evidence for the model 

where pilus biogenesis/assembly and substrate translocation are independent events (see 

Table 3) [162]. 

  



Introduction 
 

 
26 

The type IV secretion system of Neisseria gonorrhoeae 

N. gonorrhoeae encodes a 57 kb horizontally acquired island called the gonococcal 

genetic island (GGI). The GGI consists of three genetic regions transcribed in different 

directions. The first two regions encode proteins that shares similarity to the T4SS of F 

plasmid and the third region consists mainly of hypothetical proteins or proteins 

required for DNA processing. The GGI is present in 78% of gonorrhoeae clinical 

isolates and at a lower frequency, the island is also found in N. meningitides strains 

[172]. The GGI is integrated into the chromosome at the dif site and is flanked by one 

partial and one complete dif site. The dif site is a 28 bair-pair 

(aattcgcataatgtatattatgttaaat) conserved sequence found at the chromosomal replication 

terminus among the proteobacteria. It is the binding site for the XerC and XerD 

sequence specific tyrosine recombinase [173]. When the partial dif site flanking the 

GGI is repaired, the island can be excised from of the chromosome [45]. This excision 

is mediated by XerD recombinase of the gonococci and the excised GGI can be seen as 

an extra an chromosomal entity [174].  

Interestingly, the MS11 strain in which the GGI was first identified was shown to 

secrete DNA into the medium [45]. Mutations in several genes in the GGI that have 

homology to T4SS genes strongly reduced the release of DNA. The released DNA is 

then taken up by natural transformation by other gonococci [45]. The secreted DNA was 

shown to be single stranded and protected at the 5’ end. Remarkably, DNA secretion 

assays revealed that an intact T4SS system is required for DNA secretion (Fig. 2) and 

surprisingly, mutagenesis of the pilus subunit TraA and pilus processing protein TrbI 

did not affect DNA secretion.  

Of the three predicted genetic regions of GGI, the yaf-yaa region encodes the coupling 

protein TraDGGI and the relaxase TraIGGI along with two hypothetical proteins Yaa and 

Yaf. The expression levels of both TraIGGI and TraDGGI are increased in piliated N. 

gonorrhoeae variants [175]. The TraIGGI relaxase belongs to a novel family of relaxases. 

It is characterized by an N-terminal hydrophobic region and a TraI_2 domain which 

overlaps with a metal dependent phosphohydrolase domain called the HD domain. The 

N-terminus catalytic tyrosine is predicted to be at position 93. The C-terminus harbors a 

conserved domain with unknown function called the DUF1528 domain. Initial 
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phylogenetic analysis classifies it to the MOBH family [63] and a further detailed 

analysis groups the TraIGGI into two. The first group associates TraIGGI with PAGI-2 like 

genetic islands and the second one with integrases and recombinases (Thesis Emilia 

Pachulec- Chapter 4). 

 

Figure 2: Schematic representation of the genetic map of the gonococcal genetic island 
(GGI) of Neisseria gonorrhoeae. In red are the genes known to be essential for DNA 
secretion and in blue are the genes not required for the function of DNA secretion [45] 
(Thesis Emilia Pachulec, Chapter 2). 

The coupling protein TraDGGI has a transmembrane domain and conserved Walker 

motifs. Complete deletion of the traDGGI gene abolished DNA secretion, surprisingly a 

mutation in the Walker A motif of traDGGI yielded wild type levels of DNA secretion 

and a C-terminus truncation of traDGGI led to intermediate levels of DNA secretion 

[175]. Phylogenetic analysis showed that both TraIGGI and TraDGGI are not related to 

TraIF and TraDF, demonstrating that contrary to the proteins forming the mpf complex, 

the genes involved in substrate processing in GGI are distant from those from the F 

plasmid.  

The ltgx-ych region of the GGI encodes 22 proteins, most of them homologous to T4SS 

Mpf proteins. The genes required for DNA secretion are atlA, traH, traN, traF, traL, 

traE, traK, traB, dsbC, traV, traC, traW, traU, trbC and traG (Fig. 2). Phylogenetic 

analysis of the core complex protein TraBGGI, the inner membrane protein TraGGGI and 

the ATPase TraCGGI revealed that they are closely related to the F plasmid T4SS (Thesis 

Emilia Pachulec, Chapter 4). There are five hypothetical proteins encoded in this region 

called Yag, Ybe, Ybi, Ycb and Ych. Of these five, only mutation in yag reduced DNA 

secretion.  
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Remarkably, the pilus subunit TraAGGI and pilus processing protein TrbIGGI are 

dispensable for DNA secretion. TraAGGI shares low sequence similarity to the other 

pilus subunit proteins and TrbIGGI is homologous to the pilus processing protein TraFRP4. 

The exp1-parA region encodes for 35 mostly hypothetical proteins. This region contains 

several DNA processing proteins like the ParA and ParB partitioning proteins, the 

single stranded DNA binding protein SSB and the topoisomerase TopB. Interestingly, 

while ParA and ParB are essential for DNA secretion, the remainder of the third operon 

can be deleted without any effect on DNA secretion.  

3. Type IV pili systems 

Type IV pili have many different functions; they are involved in host cell adhesion 

[176, 177], twitching motility [178], biofilm formation [179, 180], DNA uptake [17] 

and other infection/pathogenesis related processes [181]. In N. gonorrhoeae, type IV pili 

are used for all the functions described above [176, 182, 183] and they are essential for 

pathogenicity [184]. Type IV pili (Tfp) systems can extend and retract Type IV pili. The 

force generated by the retraction of pilus bundles as measured in vivo for N. 

gonorrhoeae has demonstrated that the retraction motor is one of the strongest molecular 

machines characterized to date [185-187]. Tfp systems consist of large multiprotein 

complexes of 12-20 proteins with components located in the cytosol, the periplasm and 

in both the inner and outer membranes. Many proteins of Tfp systems show similarities 

to Type II secretion systems. Most Tfp machinery genes are named with the pil suffix 

(see Fig. 3 for an overview). Many pil genes have different names in different systems, 

and here the nomenclature of the Tfp system of N. gonorrhoeae will be used. 

The mechanism of Type IV pili (Tfp) system 

 As a first step in assembly of the pilus, the pilin protein encoded by the pilE gene [188] 

is synthesized and inserted in the inner membrane. PilE has an N-terminal class III 

signal sequence, and a larger C-terminal domain with two conserved cysteines that form 

a disulphide bond [189]. In N. gonorrhoeae, the pilin undergoes, after membrane 

insertion, several post translational modifications. These include glycosylation, 

modifications with phosphorylcholine [190, 191], and cleavage of the class III signal 

sequence at the cytosolic side by PilD, the prepilin peptidase [192]. PilE further 
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undergoes phase and antigenic variation, a phenomenon used to evade the human 

immune system response [193]. After cleavage of the signal sequence, PilD also 

methylates the free N-terminus. The processed pilus subunit is then extruded from the 

inner membrane by the PilF ATPase and assembled on PilG, a polytopic inner 

membrane protein [194-197]. A second ATPase, PilT behaves antagonistically and 

drives pilus retraction [198]. Both PilF and PilT are inner membrane proteins and 

belong to AAA+ family of hexameric ATPases [199]. PilT has several conserved regions 

that include the Walker A and B motifs, Asp and His boxes and an AIRNLIRE 

sequence [200], that are essential for function [201, 202]. The crystal structures of the 

nucleotide bound and free forms of the PilT ATPase of P. aeruginosa showed a hexamer 

with an inner pore of size 40Å. The monomers contain N- and C-terminal domains, and 

the nucleotide binding site is located between the two domains.  

The PilM, PilN, PilO and PilP proteins, encoded in a conserved gene cluster, form a 

complex and function in pili biogenesis and assembly [204, 207]. At the outer 

membrane, PilQ forms a homooligomeric ring through which the pilus can extend into 

the medium [208-210]. The adhesin PilC [211, 212], bound at the tip of the pilus is 

involved in adhesion to human cells. Several other pil proteins have specialized 

functions like PilP [213, 214] and PilW [206], which are involved in proper expression, 

assembly and localization of the secretin PilQ. If the PilF ATPase is replaced by PilT, 

the extension of the pilus is reversed and the pilus is retracted [215]. Extension and 

retraction of the Tfp can be used for movement, and this phenomenon is called 

twitching motility [178]. In N. gonorrhoeae, retraction of the pilus is also necessary for 

colonization of the host cells at various levels [216]. The pilus fiber extension, 

attachment and retraction cycles drives the formation of a gonococcal microcolony. The 

Tfp retraction by these microcolonies helps the formation of large gonococcal motile 

colony structures on to the human epithelial cells [217]. A structure of the pilus was 

obtained by fitting the 2.3 Å resolution crystal structure of a PilE monomer into the 12.5 

Å resolution Cryo-EM structure of the assembled pilus. The pilus is formed by a 3-start 

twisted helix with approximately 3.6 PilE subunits per turn. The outer diameter is 

approximately 60 Å, and the pilus contains a narrow central channel with a diameter 

between 6–11 Å. The N-terminal α-helix forms the core of the filament and the sites of 

post-translational modifications along with hyper variable region extend out from the 



Introduction 
 

 
30 

surface. The surface is covered with positive charges that might explain the DNA 

binding properties of the pilus [203]. The mechanism of pilus assembly and disassembly 

is currently unclear. Next to PilF, several other proteins have been proposed to be 

involved in the retraction mechanism of pili. PilC is an antagonist of PilT, and thus 

promotes retraction. The increase in transcription level of PilC during adhesion to 

human cells provides direct evidence for its regulatory role in retraction [218]. 

Furthermore, in vivo assays performed in a pilT mutant of N. meningitidis suggested 

that PilG, H, I, J, K and W could work towards counter-retraction [219]. 

 

Figure 3: Schematic representation of the components of the type IV pili (Tfp) system. 
IM and OM are abbreviations for inner and outer membrane, respectively.  Structures of 
the following components are represented as they are: Pilus fibre/PilE [203], PilG [197], 
periplasmic domain of PilO dimer [204], hexameric PilT [205] and PilW [206].  

Competence and Tfp 

Tfp systems are also often involved in the uptake of DNA. In N. gonorrhoeae, 

expression of PilE, but not necessarily pilus fibre expression is required for efficient 

DNA uptake. Mutagenesis of most proteins involved in type IV pili assembly or 

retraction abolishes the uptake of DNA. Tfp are thought to be involved in the transport 

of DNA across the outer membrane. Transport across the inner membrane is driven by 

competence or Com proteins. These competence related proteins are ComP; the 
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pseudopilin, ComE; a periplasmic protein with DNA binding properties [220], ComL; a 

lipoprotein [221, 222] and ComA; an inner membrane localized protein [223].  

Since the structure of the pilus has demonstrated that there is no significantly large 

central channel; it is very likely that the transport across the outer membrane occurs 

after binding of DNA to the pilus. The following step of pilus retraction driven by the 

PilT ATPase would then pull the DNA across the outer membrane. Competence 

pseudopilins, which use the Tfp machinery for assembly, have also been proposed to be 

involved in this initial step [224]. In the second step, the competence proteins are shown 

to transport DNA across the inner membrane [21, 225]. N. gonorrhoeae selectively 

takes up DNA that has a DUS sequence which is highly prevalent in the genome 

sequence of Neisseria. The 12-mer DUS sequence (5'-ATGCCGTCTGAA-3') was 

shown to increase DNA binding and the transformation efficiency [20, 226]. The 

molecular basis of DUS dependent DNA binding is however poorly understood. 

Although it is apparent from biochemical studies that DNA binding and uptake are 

separate events [220]; the search for the DUS receptor for DNA recognition/ binding is 

still ongoing. 

Since the main focus of Chapter 5 of this thesis is the structure of the outer membrane 

components of the Tfp system, this component of Tfp systems will be discussed below 

in more detail.  

The secretin complex 

Secretins belong to a large super family of proteins present in many Gram negative 

bacteria and are found associated with type II, type III, type IV pili systems and with 

filamentous phages. Secretins are integral outer membrane proteins that multimerize 

and form gated ion channel [227-229]. Secretins are unique in that they form a very 

stable heat and SDS resistant multimers. The channel diameter varies among different 

members probably in accordance with the substrate dimensions (Table 4).  

Secretins contain N and C-terminal domains, where the C-terminal domain is highly 

conserved and involved in the multimer formation. The N-terminus could play a role in 

defining specificity to the protein [210]. This was shown for the OutD secretin of E. 
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chrysanthemi [230] and the phage secretin pIV [231], but this was not the case for PulD 

secretin of Klebsiella oxytoca [232]. 

Different secretins have been studied in detail. The K. oxytoca secretin PulD purified in 

a 1:1 ratio in complex with the lipoprotein PulS. The purified structure had a 12-fold 

symmetry. The lipoprotein binds to the c-terminal end and formed radial spokes around 

the secretin giving outer diameter of 25.8 nm [227, 233]. The purified PulD-PulS 

complex demonstrated channel activity, however no difference was observed in 

conductance in the presence of the substrate pullulanase. Unlike most outer membrane 

proteins, the outer membrane insertion property of PulD was Omp-85 independent 

[197] and PulD was shown to assemble properly in an E.coli in vitro environment which 

was not the case for PilQ, the secretin from N. meningitidis [234]. PilQ exhibited 12-

mer C4 quasi symmetry. The 3D reconstructed structure showed a funnel shape with 

cap, arms, ring and plug regions [209]. The cryo-electron microscopy of phage pIV 

secretin showed 14-mer symmetry. The structure represents a tail-to-tail dimer 

formation of the homo-multimer which could be divided into an N-ring, an M-ring and 

a C-ring with the latter facing the outer side of the membrane. Large conformational 

changes probably accommodate the release of the phage [235]. The recent dodecameric 

cryo-EM structure of the purified GspD secretin of Vibrio cholera was interestingly 

obtained in its “closed” state with an extracellular cap region having a diameter of 10Å. 

The structure has a prominent periplasmic vestibule with a conserved constricted region 

[236].  

Lipoproteins are commonly associated with secretins and it was proposed that their 

function is to aid the localization and assembly of the secretins. The crystal structure of 

the MxiM lipoprotein in association with a peptide from its cognate MxiD secretin 

demonstrated a "cracked β-barrel" structure [237]. The PilP lipoprotein from N. 

meningitidis adopts a similar structure and was proposed to interact with PilQ. PilP 

however does not affect the assembly of PilQ [213, 214]. PilW from the Tfp system of 

N. meningitidis is the only protein shown to affect the multimerization of a Neisserial 

PilQ [206]. Interestingly, in the absence of PulS, PulD assembles in the inner membrane 

suggesting the lipoprotein influencing the localization but not assembly of the secretin 

in this case [238].   
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 Table 4: Secretins from different families with their substrate 

Secretin symmetry Outer 
diameter/ 
Channel 
size 

Substrate substrate 
size 

Reference 

N.meningitidis 
PilQ 

12-fold ~16.5nm/ 
6.5 nm 

Tfp fibre 60 Å [203, 208] 

f1 phage pIV 14-fold ~14nm/ 7-8 
nm 

Phage 60-70 Å [239] 

P. aeruginosa 
PilQ 

unknown 183nm/ 5.3 
nm 

Tfp fibre ~52 Å [240, 241] 

P. aeruginosa 
XcpQ 

unknown 198nm/ 9.5 
nm 

Elastase 60 Å [240, 242] 

K. oxytoca 
PulD 

12-fold 11.6nm/ 7.6 
nm 

Pullulanase ~70 Å [227, 243] 

Y. 
enterocolitica 
YscC 

13-fold 14nm/ 4.5 
nm 

Type III 
needle 

60-70 Å [244] 

V. cholera 
GspD 

12-fold 15.5nm/ 10 
Å (exterior 
opening), 5.5 
nm 
(periplasmic 
constriction), 
7.5 nm 
(periplasmic 
opening) 

cholera 
toxin 

~65 Å [236] 

 

Extension and retraction of the pilin occurs with a high rate (350 ± 50 nm/s). Since the 

extending and retracting pilin most likely passes through the secretin, large forces are 

exerted on the secretin complex.  This might explain the observed stability of the 

secretin complexes. Whether and how the secretin can withstand these forces is 

currently unknown. Possibly the extending spikes observed in e.g PulD might aid in 
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anchoring the secretin complex to the membrane [206, 209]. Remarkably, ExeA of 

Aeromonas hydrophila [245] and FimV of Pseudomonas aeruginosa [246] have recently 

been implicated to function in secretin assembly. Both proteins have peptidoglycan 

binding domains that might be involved in anchoring the complex.  

4. Comparison: Tfp and T4SS 

Both T4SSs and the Tfp systems are functionally diverse and can play important roles 

in pathogenesis. T4SS can extend and sometimes retract pili, and utilize a one step 

secretion mechanism to deliver/release macromolecules [247]. Tfp system also extend 

pili [189] and have homology to Type II secretion systems which are involved in 

substrate transport. Although the systems are not homologous they show many 

similarities. Pilus retraction occurs in Tfp system [178, 186] and in some T4SS [157]. 

Remarkably, there are examples where pilus formation is dispensable for substrate 

translocation in T4SS [160] and for DNA uptake in Tfp systems [248]. The ATPases 

from both systems function as hexamers [247, 249, 250], and the homologs of N. 

gonorrhoeae PilT (Tfp) and the homologs of A. tumefaciens VirB11 (T4SS) belong to 

the same family of secretion ATPases.  

At the outer membrane the two systems harbor a multi-protein complex. This complex 

consists of homologs of TraNpKM101/VirB7, TraOpKM101/VirB9 and TraFpKM101/VirB10 

for the T4SSs and homologs of the PilQ secretin for the Tfp system. The PilQ secretin is 

surrounded by a second ring and extending spikes, formed by currently unknown 

proteins. Viewed from the top, the crystal structure of the purified T4SS sub-complex 

[134] showed an outer diameter of 76 Å and a central channel of 32 Å in the crystal 

structure and of 10 Å in the cryo_EM structure. EM analysis of the PilQ secretin 

showed a diameter of PilQ of 150Å and a central channel of 60 Å. A difference between 

T4SSs and the Tfp systems is that the core complex of T4SSs spans both the inner and 

outer membrane, while there is no evidence that the complex formed for Tfp also spans 

both membranes. A 14-fold symmetry is observed for the core complex of the T4SS. 

The PilQ secretin was previously proposed to have a 12 fold symmetry but the ring 

structure surrounding PilQ has a 14 fold symmetry. In both systems correct assembly of 

the complex depends on a lipoprotein [113, 206]. It is however not known whether 

similar to T4SS, the lipoprotein involved in secretin assembly also becomes part of the 
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outer membrane complex. Both systems require a gated aperture for opening and 

closing the membrane channel (Fig. 4).  

 

Figure 4: Schematic representation of the model of the type IV secretion system 
(T4SS) and the type IV pili (Tfp) system. Arrow heads indicate the direction of the 
substrate transfer for the T4SS and the extension and retraction of the pilus for the Tfp 
system. IM and OM are abbreviations for inner membrane and outer membrane, 
respectively.   

It is proposed for T4SS that opening and closing of the channel depends on an 

interaction between VirB10 and the ATPases of the system [251]. For type II secretion 

systems, it was proposed that the growing pseudopilus of the system acts as a piston to 

push the substrate, thus inducing a conformational change and opening of the secretin 

complex. This would allow for the opening of the gate for substrate secretion [236]. For 

Tfp system, direct biochemical and structural evidence is lacking but it has been 

hypothesized that PilT indirectly interacts with the pilus [250] via the inner membrane 

complex of PilM, PilN, PilO and PilP, and that the outer and inner membrane 

complexes could work together synchronously via a PilQ-PilP interaction [207, 214]. 

PilC could also act as the mediator since it is known to interact with PilQ and its 

regulatory role in pilus retraction is well established [218]. Thus, although they show 

little homology, there are many similarities between the Type IV secretion systems and 

the Type IV pili systems. 
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Scope of the thesis 

In this thesis, a study of components of the type IV secretion and the type IV pili 

systems of the human pathogen N. gonorrhoeae is described.  

Chapter 1 provides a general introduction to the thesis. Type IV secretion systems are 

described in general and our current knowledge of the different proteins constituting the 

system and forming complexes is described in detail. Our insight in the mechanism of 

transport and secretion is also discussed, including the recent progress in studies on the 

type IV secretion system encoded within the gonococcal genetic island (GGI). Finally 

an introduction to the type IV pili system is given with emphasis on the secretin 

complex of the system with a description of the other components of the system. A 

comparative analysis of the two systems is shortly presented. 

In Chapter 2, the mechanism of processing and membrane insertion of the pilin subunit 

TraAGGI was studied. The role of two inner membrane proteases, the leader peptidase 

LepB and GGI encoded protease TrbIGGI, in the circularization mechanism of the pilin 

subunit were investigated. Mutational analysis revealed several key residues involved in 

the circularization reaction of pilus processing. Formation of a stable pilus-protease 

intermediate was observed during in vitro studies on the circularization reaction.  

Chapter 3 describes the study of the novel relaxase protein TraIGGI. The relaxase 

TraIGGI was found to be associated with the membrane fraction. Possible functionally 

conserved residues including catalytic tyrosine, phosphohydrolase histidine and 

aspartate and metal coordinating histidine mutations were analyzed in vivo for DNA 

secretion assay. The secreted DNA was determined to be single stranded and an oriT 

region was proposed for the GGI. The TraIGGI possess N-terminus hydrophobic region 

with putative signal sequence which was studied in an in vitro transport assay.  

In the appendix to Chapter 3, the localization of TraIGGI was studied further in the 

membrane and the secreted fraction of N. gonorrhoeae. The outer membrane derived 

vesicles were especially analyzed in the different mutant strains with abolished DNA 

secretion. 
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Chapter 4 describes the study on the single stranded DNA binding protein (SSB) 

encoded by the GGI of N. gonorrhoeae. In order to determine the function of SSB 

pertaining to the DNA secretion mechanism of GGI, various in vivo assays were 

performed in N. gonorrhoeae. The changes in DNA release and uptake efficiencies were 

determined with over expressed levels of SSB. The oligomeric state, DNA binding 

behavior, binding mode of the purified protein was characterized. The purified SSB was 

also analyzed for its effect on topoisomerase DNA relaxation activity.  

In Chapter 5, the membranes encompassing the secretin complex of the type IV pili 

system of Neisseria were analyzed using electron microscopy. The membrane 

embedded complex in its native state revealed novel structure at the outer membrane 

previously not identified. The differences between the complex from N. gonorrhoeae 

and N. meningitidis membranes were studied. Concurrently, several mutants of the type 

IV pili system were generated in N. gonorrhoeae in order to study and identify the extra 

components of the secretin complex.   

In Chapter 6, a brief summary of the work described in this thesis is presented. 



 
 

 
 

  



 
 

 
 

 



Pilin of T4SS 
 

 
40 

Abstract 

The type IV secretion system (T4SS) encoded within the gonococcal genetic island 

(GGI) of Neisseria gonorrhoeae has homology to the T4SS encoded on the F plasmid. 

The GGI encodes the putative pilin protein TraA and a serine protease TrbI, which is 

homologous to the TraF protein of the RP4 plasmid involved in circularization of pilin 

subunits of P-type pili. TraA was processed to a 68 amino acids long circular peptide by 

leader peptidase and TrbI. Processing occurred after co-translational membrane 

insertion and was independent of other proteins. Circularization occurred after removal 

of three C-terminal amino acids. Mutational analysis of TraA revealed flexibility at the 

cleavage and joining sites. Mutagenesis of TrbI showed that the conserved Lys93 and 

Asp155 are essential, whereas mutagenesis of Ser52, the putative catalytic serine did not 

influence circularization. Further mutagenesis of other serine residues did not identify a 

catalytic serine, indicating that TrbI either contains redundant catalytic serine residues 

or does not function via a Serine-Lysine dyad mechanism. In vitro studies revealed that 

circularization occurs via a covalent intermediate between the C-terminus of TraA and 

TrbI. The intermediate is processed to the circular form after cleavage of the N-terminal 

signal sequence. This is the first demonstration of a covalent intermediate in the 

circularization mechanism of conjugative pili.  
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Introduction 

Type IV secretion systems (T4SSs) are specialized secretion systems involved in intra 

or inter species transport of macromolecules [162, 252]. They are functionally classified 

into conjugation, effector translocation and DNA uptake and release systems [30]. 

T4SSs consist of 12-24 proteins [162, 252]. These proteins can be divided in i) proteins 

that are part of, or are involved in formation of, the mating pair formation (Mpf) 

complex. The Mpf complex is a large transport complex that spans both the inner and 

outer membrane, ii) proteins involved in processing of secreted substrates, iii) proteins 

that target the secreted substrates to the Mpf complex (coupling proteins), iv) ATPases 

that energize the transport process and v) proteins that are involved in the assembly of a 

pilus that extends from the mating pair complex.  

The pilus that extends from the mating pair formation complex is involved in contacting 

the acceptor cell and might also play a role in the transport of substrates [253]. Several 

mutations have been identified that allow secretion even when pilus assembly is 

compromised [128, 247, 254], but absence of the pilus protein, in general, abolishes 

secretion of substrates [89, 93]. The pilin protein generally undergoes several 

processing and maturation steps before it is assembled into the pilus [252, 255]. Pilus 

formation has been studied in most detail for the the F plasmid, which is called the F-

type pilus [152] and the pilus of the RP4 and Ti plasmid, which are called P-type pili 

[153, 154]. The F- and P-type pili differ in their morphology and in their maturation 

process. The F plasmid TraA pilin is inserted into the inner membrane with the aid of 

the plasmid encoded membrane protein TraQ [256]. After membrane insertion its signal 

sequence is cleaved by the host leader peptidase. The N-terminus is then acetylated by 

TraX encoded on the plasmid [257]. The mature pilin protein is assembled into long 

flexible filaments that can extend and retract and can be used in solid and liquid type 

mating [255, 258, 259]. Recently, the structure of the F pilus was determined using 

cryo-EM and single-particle reconstruction [113]. In contrast to the pilin subunits of F-

type pili, that of P-type pili undergo maturation steps leading to the formation of a 

cyclic protein [260].  

The TrbC pilin of the RP4 plasmid is initially cleaved by an unknown host protease that 

removes the last 28 C-terminal amino acids. The pilin is then cleaved by the host leader 
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peptidase. In the next step, the plasmid encoded serine protease TraF circularizes the 

pilin subunit. In this process, another four C-terminal residues are removed [154, 161]. 

The VirB2 pilin of the Ti plasmid is also cleaved by leader peptidase after membrane 

insertion and is circularized by a currently unidentified protein encoded on the 

chromosome of A. tumefaciens [92]. In contrast to the TrbC pilin, no C-terminal amino 

acids are removed during circularization of VirB2 pilin [154]. After assembly of the 

TrbC and VirB2 pilins into the pilus, they form P–type pili, which are short rigid 

filaments used only during mating on solid surfaces [154].  

The TraF protease involved in the process of TrbC circularization belongs to the family 

of serine proteases, similar to the S24, S26 LexA/signal peptidase super family that 

includes LexA-related and type I signal peptidase families [261]. These proteins use 

conserved serine and lysine residues in a dyad mechanism leading to cleavage of a 

specific site on their substrate [262]. The serine residue acts as a nucleophile that attacks 

the sessile bond and the lysine acts as a general base [263]. It had been proposed that 

TraF uses a modification of this dyad mechanism to mediate circularization of the pilin 

substrate [161, 255] in which the catalytic lysine first activates the serine by a dyad-like 

deprotonation, followed by a nucleophilic attack of the activated hydroxyl group of the 

serine on the peptide bond before the leaving tetrapeptide. This should result in the 

formation of a TraF-acyl intermediate between the catalytic serine and the carboxyl 

terminal hydroxyl group of the cleaved pilin. In the signal peptide cleavage mechanism, 

the acyl-enzyme intermediate is attacked by a water molecule; however, the TraF-acyl 

bond is instead attacked by the N-terminal amino group of the pilin. This results in 

hydrolysis of the TraF-acyl bond and formation of a peptide bond between the N- and 

C- termini of the pilin leading to circularization of the TrbC pilin protein.  

After maturation, the pilin subunits in the inner membrane are ready to be assembled 

into the pilus. Assembly of the pilus requires the Mpf proteins [25, 150, 151, 264] and 

recently it was shown that the VirB4 ATPase can release the mature VirB2 pilin in an 

ATP dependent manner from the membrane [103]. The core complex of the T4SS 

encoded on the pKM101 conjugative plasmid spans the entire periplasm and encloses a 

large cavity. The structure opens to the cytoplasm and to the outside of the outer 

membrane and seems to be closed from the periplasm [113, 134]. Therefore most likely 

the pilus subunits enter the core complex either from the cytoplasm or via the inner 
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membrane [134]. Thus, the VirB4 ATPase might assemble on the cytoplasmic side of 

the core complex in order to transfer the pilin subunits inside the core complex for the 

subsequent assembly of the pilus. The exact mechanism of pilus assembly however still 

needs to be determined.  

Recently, a 57 kb horizontally acquired genetic island called the gonococcal genetic 

island (GGI) was discovered in the human pathogen Neisseria gonorrhoeae [265]. The 

GGI is present in 78 % of N. gonorrhoeae clinical isolates and is integrated into the 

chromosome at the dif site [266]. The GGI encodes many genes with homology to 

genes involved in Type IV secretion and resembles the F plasmid T4SS [45]. 

Interestingly, the MS11 strain in which the GGI was first identified was shown to 

secrete DNA into the medium [45]. The released DNA is taken up by natural 

transformation by other gonococci. Although most T4SS related proteins encoded 

within the GGI show homology to the F plasmid T4SS, the GGI encodes a relaxase that 

belongs to a novel family of relaxases [267]. The GGI encodes a putative TraF–like 

protein called TrbI previously only found in T4SS expressing a P-type pilus. The GGI 

also encoded a putative pilin TraA that has only low overall sequence homology to 

other T4SSs. We set out to study the membrane insertion and pilus maturation of the 

pilin protein of the T4SS encoded within the GGI of N. gonorrhoeae. It is demonstrated 

that the F-like T4SS encodes a pilin that is circularized by the TraF-like protease TrbI, 

using a mechanism that resembles the circularization of P-type pili. The mechanism by 

which the pilin subunit is circularized is studied and our novel results are discussed in 

the context of the previously proposed circularization mechanism. 

Results 

Detection of TraA in N. gonorrhoeae  

The F plasmid like Type IV secretion system encoded within the GGI, encodes a 

putative pilin homolog, TraA and a TraF-like protein named TrbI. Sequence comparison 

of our laboratory strain MS11 with sequences derived from other N. gonorrhoeae strains 

that contain a GGI, like NCCP11945, FA19, DGI2, PID18, PID1, PID332 and SK-93-

1035 showed that the sequence of the trbI gene was conserved in all these strains. 

However the traA gene of MS11 contained a frameshift mutation resulting in a 

truncation of the last 14 amino acids (Pachulec et al, manuscript in preparation). 
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Sequence alignment of the previously studied pilins TrbC of the RP4 plasmid and 

VirB2 of the Ti plasmid with TraA of  N. gonorrhoeae and close homologs thereof 

further suggested that N. gonorrhoeae strain MS11 contains a truncated TraA and that 

all other N. gonorrhoeae strains containing the GGI encode a full length TraA (See 

supplementary Fig. S1). To test whether N. gonorrhoeae TraA is processed by TrbI, 

full length TraA was overexpressed in E.coli in the presence and absence of  TrbI. 

TraA is processed by TrbI in E. coli  

Overexpression of TraA was observed in isolated E. coli inner membranes (IMVs) after 

silver staining of the isolated membranes (Fig. 1A), but not after Coomassie staining 

(data not shown). Overexpression of TrbI resulted in high levels of TrbI in IMVs (data 

not shown). Co-overexpression of TraA and TrbI showed similarly high levels of TrbI 

(Fig. 1A). Moreover, TraA was processed to a smaller product (Fig. 1A). Indeed the 

two putative TraA bands reacted with a peptide antibody raised against TraA (See Fig. 

1B, lane 6 and 7). To determine whether these bands were processed by the E.coli 

signal peptidase, a construct was generated in which the TraA signal sequence was 

replaced by the signal sequence of the Erwinia carotovora pectate lyase B (PelB) and 

the amino acid at the first position after the LepB signal peptidase cleavage site was 

mutated to a proline. The signal sequence of PelB has been studied in detail and is often 

fused to other proteins to target them across the inner membrane of E.coli [268]. PelB  

with a proline after the LepB signal peptidase cleavage site is defective in processing by 

signal peptidase [269]. Indeed the PelB1-22-TraA32-102:T32P migrated slower on the 

gel than the full length TraA (compare Fig. 1B, lane 5 and 6) indicating that TraA is 

processed by the leader peptidase of E.coli. Furthermore, TraA is processed to an even 

smaller product in the presence of TrbI (compare Fig. 1B, lane 6 and 7), indicating that 

TraA is further processed by TrbI. To identify the nature of this processing step, the 

band corresponding to the processed TraA was excised from a silver stained gel, 

digested with trypsin and the resulting peptides were identified by MALDI-TOF 

MS/MS. This showed the presence of the GMFTATTGAEFK peptide, which can only 

be found when the pilin is circularized between residues Alanine-31 and Threonine-99. 

This peptide was not detected when similar experiments were performed in the absence 

of TrbI.   
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Figure 1: TraA is processed by TrbI. (A) Silver stained 17 % SDS-PAGE gel of IMVs 
of E. coli overexpressing TraA alone (lane 1) or TraA and TrbI (lane 2). (B) 
Immunoblot using TraA antibody on total membranes of N. gonorhoeae strains MS11 
(lane 1), FA19 (lane 2), SJ015-MS (MS11 overexpressing TraA, lane 3), SJ036-ND 
(ND500 overexpressing TraA and TrbI, lane 4), E. coli inner membrane vesicles 
overexpressing TraA signal sequence mutant (pelB1-22traAΔT32P-102, lane 5), TraA 
alone (lane 6) or TraA and TrbI (lane 7). Triangles indicate the positions of non-
processed (black), leader peptidase cleaved (grey) and circularized (white) forms of 
TraA. The asterix indicates the position of TrbI. 

These data suggest that the T4SS pilin homolog TraA encoded within the GGI of N. 

gonorrhoeae can be processed by TrbI, independent of other proteins encoded within the 

GGI resulting in a 68 amino acids long circular peptide. Circularization occurs between 

the residues immediately after the signal sequence cleavage site and the residue before 

the removed LII tripeptide at the C-terminus. Thus the processing mechanism of TraA 

resembles the circularization mechanism of TrbC of the RP4 and R751 plasmids, which 

also involves cleavage within the C-terminus of TrbC by TraF and removal of the AIEA 

tetrapeptide [154]. The 68 amino acids circular pilin is smaller than the circular pilins 

observed for both TrbC of the RP4 and R751 plasmids (76 amino acids) of the IncP1-β 

family and VirB2 of the A. tumefaciens Ti plasmid (72 amino acids). Sequence 

alignment shows that the length differences occur mainly within the periplasmic 

domains of the pilins (Supplementary Fig. S1), but that also the cytoplasmic loop of the 

TraA-like pilins is three residues shorter that the cytoplasmic loops observed in the 

VirB2 and TrbC pilins. Remarkably this results in a very short predicted cytoplasmic 

loop for TraA and its homologs.  
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TraA is processed in N. gonorrhoeae by TrbI independent of other T4SS 

components 

To study whether TraA is also circularized in N. gonorrhoeae, membrane fractions were 

obtained from N. gonorrhoeae strains MS11 and FA19 (containing a non truncated 

version of TraA) and analyzed by western blotting using the peptide antibody raised 

against TraA. TraA could however not be detected within these strains (Fig. 1B, lane 1 

and 2). In a similar experiment using a strain derived from strain MS11 that 

overexpressed the full length TraA (SJ015-MS), TraA could be detected (Fig. 1A, lane 

3) by western blotting and migrated at a similar height as the circularized TraA 

observed in E. coli. This demonstrated that TraA is also circularized in N. gonorrhoea. 

The overexpression in N. gonorrhoeae was however lower than in E. coli, and the band 

was not observed in N. gonorrhoeae after coomassie or silver staining (data not shown). 

To confirm that the circularization depends only on TrbI and not on the other proteins 

encoded with the GGI, TraA and TrbI were overexpressed in ND500, a strain derived 

from  MS11 in which the GGI has been deleted (SJ036-ND). In this strain the band 

representing circularized TraA was again detected (Fig. 1B, lane 4). This demonstrated 

that also in N. gonorrhoea the circularization of TraA is independent of the other 

proteins encoded within the GGI. Since identical processing of TraA was observed in N. 

gonorrhoeae and E. coli, further characterization of TraA processing was performed in 

E. coli.  

Analysis of the C-terminus of TraA  

Processing of TrbC involves the removal of the AEIA tetrapeptide but deletion analysis 

of the C-terminal residues of TrbC demonstrated that TrbC can be similarly processed if 

only a short tail of three residues (AEI) is present [161]. To determine which C-terminal 

residues of TraA were important for circularization, a C-terminal truncation of TraA 

was created. Removal of Ile102 completely abolished TraA circularization (Fig. 2A) 

indicating that also for the GGI encoded TraA at least three residues are required after 

the C-terminal processing site. Mutagenesis of Ile102 to glycine, leucine, glutamine, 

glutamate, or cysteine did not influence circularization (data not shown). This suggests 

that only the presence but not the nature of the third residue is important. To test 

whether elongation of the C-terminus influences processing, the C-terminus was 
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extended with one (I) or two (AI) residues. Extension of the C-terminus with one 

residue did not influence the processing and a band was still detected at the position of 

circularized. An additional band of slightly lower mobility was also observed. This band 

is possibly derived from a differently circularized peptide, but using mass spectrometry 

only a peptide demonstrating that the pilin was again circularized between Ala31 and 

Thr99 could be detected. Extension of the C-terminus with two residues completely 

inhibited circularization (Fig. 2B).  

 

Figure 2: Mutational analysis of the C-terminally removed peptide. Silver stained gels 
and immunoblots with the TraA antibody of inner membranes of E. coli overexpressing 
TraA mutants with and without co-overexpression of TrbI. (A) Comparison of the 
TraAΔI102 mutant with wild type (WT) TraA. Corresponding immunoblots with the 
TraA antibody are shown in the lower panel (B) Comparison of TraA proteins with C-
terminal extensions (+I and +AI) with WT TraA. Corresponding immunoblots with the 
TraA antibody are shown in the lower panel. Triangles indicate the positions of leader 
peptidase cleaved (grey) and circularized (white) forms of TraA. The asterix indicates 
the position of TrbI. 

 
Analysis of the N-terminus of TraA 

 During the circularization reaction, the first residue after the signal sequence cleavage 

site is linked to the residue before the C-terminally removed tripeptide. Both the 

sequence alignment and mutagenesis of the TrbC pilin [161] indicated that the identity 

of this residue is not important for the circularization reaction. To study the flexibility of 
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the N-terminal processing reaction, deletions and insertions were generated directly 

after the signal sequence cleavage site of TraA. To exclude any ambiguity about the 

length and processing of the signal sequence, the signal sequence of TraA was replaced 

by the signal sequence of Erwinia carotovora pectate lyase B (PelB). The signal 

sequence of PelB has been studied in detail and it often fused to other proteins to target 

them across the inner membrane of E.coli [268]. The PelB signal sequence was fused to 

TraA at different positions from residues 30 to 33. Co-expression of these fusion 

proteins and detection of circularized TraA on gel or by western blotting showed that all 

the proteins were processed by signal peptidase but that only the fusions of the PelB 

signal sequence to positions 31 and 32 of TraA could be circularized (Fig. 3).  

 
Figure 3: Mutational analysis of insertions and deletions after the signal sequence. 
Silver stained gels (upper panel) and immunoblots (lower panel) with TraA antibody of 
inner membranes of E. coli overexpressing fusion proteins of the TraA circularization 
domain fused to a PelB signal sequence in the presence or absence TrbI. Triangles 
indicate the positions of leader peptidase cleaved (grey) and circularized (white) forms 
of TraA. The asterix indicates the position of TrbI 
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Mass spectrometry of the processed pilin derived from the fusion with Ala31 again 

identified the peptide fragment GMFTATTGAEFK indicating circularization between 

Ala31 and Thr99, as was observed for TraA with its native signal sequence. Mass 

spectrometry of the processed pilus derived from the fusion at Thr32 showed the 

peptide fragment GMFTTTGAEFK demonstrating that this fusion protein is 

circularized between Thr32 and Thr99, resulting in a circular peptide of 67 amino acids. 

In TrbC, the N-terminal serine residue located immediately after the signal sequence 

cleavage site could be mutated to alanine, cysteine, glycine and threonine but not to 

proline without affecting circularization [161]. Similarly mutation of Thr32, directly 

following the PelB signal sequence cleavage site, to glycine or serine did not affect 

circularization, but mutation to proline again fully inhibited circularization (data not 

shown). These data suggests that there is a limited flexibility in the length of the N-

terminus and further confirm that circularization is mostly unaffected by the identity of 

the N-terminal amino acid. The limited flexibility further suggests that the N- and C-

termini have to be within a certain distance of the lipid membrane to allow 

circularization.  

 
Mutation of putative catalytic serine residues does not affect the 

circularization 

 Based on sequence and structural similarities with the bacterial Type I signal peptidases 

it was proposed that the mechanism of pilin circularization by TraF of the RP4 plasmid 

resembles the catalytic Serine-Lysine dyad mechanism of the S24, S26 LexA/signal 

peptidase super family [270]. For TraF of the RP4 plasmid, a nucleophilic attack of the 

hydroxyl group of Ser37 on the peptide bond of the pilin was proposed to be activated 

by deprotonation via Lys89 and Asp155. Indeed mutagenesis of Asp155 and Lys89 

abolished pilin circularization, whereas only some residual circularization remained 

after mutagenesis of Ser37 [161]. To study whether TrbI functions via a similar 

mechanism, residues Ser52, Lys93 and Asp155 which align (Supplementary Fig. S2) 

with Ser37, Lys89 and Asp155 of TraF were mutated to alanine, glutamine and 

isoleucine and tested for TrbI dependent circularization of TraA. Expression levels of 

all mutants, except for the D155I mutant were comparable to the levels observed for 

wild type as seen by silver stained SDS-PAGE (Fig. 4). Although D155I was expressed 
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at a lower level, significant levels of expression were still observed. As was observed 

for the corresponding residues of TraF, TrbI mutants in Lys93 (K93Q) and Asp155 

(D155I) completely abolished circularization of TraA but surprisingly, mutagenesis of 

Ser52 (S52A) did not have an effect on circularization (Fig. 4).  

 

 

Figure 4: Identification of TrbI residues important for TraA processing. Upper panel 
shows silver stained gels of IMVs of E. coli overexpressing TrbI mutants. Comparison 
of the processing of TraA by WT TrbI and by TrbI mutants in the conserved Ser52, 
Lys93 and Asp155 residues and in the Ser37, Ser50, Ser68, S153 or S156 residues. 
Corresponding immunoblots with the TraA antibody are shown in the lower panel. 
Triangles indicate the positions of leader peptidase cleaved (grey) and circularized 
(white) forms of TraA. The asterix indicates the position of TrbI. 

 

This implies that either the circularization does not involve a Serine-Lysine catalytic 

dyad mechanism or that Ser52 is not part of the Serine-Lysine catalytic dyad or that the 

function of Ser52 can be replaced by another Serine residue after mutagenesis of Ser52. 

TrbI contains another 10 serine residues. Two serines (Ser5 and Ser9) are located in the 

cytoplasm and of the other serines, only Ser153 seems to be conserved in most TraF 

homologues. Ser156, is not conserved in TraF, but shows some conservation in 
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homologues of TrbI (Supplementary Fig. S2). Neither mutagenesis of Ser37, Ser50 or 

Ser68 located in the primary sequence close to Ser52 (Fig. 4), nor mutagenesis of 

Ser153 or Ser156 (Fig. 4) had any influence on TraA circularization. The remaining 

serines (Ser124, Ser161 and Ser166), were not conserved or indicated to be not in the 

proximity of the putative peptide cleavage position after modeling of TrbI on the LepB 

structure. Therefore, it is very unlikely that they function as catalytic serines. We 

conclude that either TrbI contains redundant catalytic serine residues or does not 

function via a Serine-Lysine catalytic dyad mechanism. 

 
Membrane insertion of TraA and interaction with TrbI 

It has been established that N-terminal cleavage by signal peptidase is essential for 

circularization but it is unknown how TraA is inserted into the membrane. Current 

models for the maturation of the TrbC pilus protein propose that TrbC is cleaved by an 

unknown protease in the cytoplasm and is then inserted post-translationally into the 

inner membrane [161]. However, a direct evidence for this is missing. The mechanism 

of insertion of proteins into the membrane is often studied by testing the protease 

sensitivity of an in vitro synthesized protein inserted into either isolated inverted inner 

membrane vesicles (IMVs) or into proteoliposomes [271]. These assays are however 

often difficult to perform for small membrane proteins like TraA which have most of 

their amino acids located in the hydrophobic membrane, inaccessible to the added 

protease. Indeed our attempts to set-up a conventional membrane insertion assay for 

TraA were unsuccessful (data not shown). Since circularization of TraA by TrbI only 

occurs after membrane insertion, it was tested whether the circularization of TraA by 

TrbI could be used as an indicator for membrane insertion of TraA. Both post-

translational (Fig. 5A) and co-translational insertion (Fig. 5B) of in vitro S35-labelled 

TraA into IMVs overexpressing TrbI were tested. Using the novel assay under 

conditions suitable for post-translation membrane insertion in the presence of SecA, 

SecB, ATP and inner membrane vesicles no processing of TraA could be detected. 

Remarkably, if TraA is synthesized co-translationally in the presence of IMVs 

overexpressing TrbI, again no circularized or TraA processed by leader peptidase was 

observed but a stable heat and SDS resistant band was seen with a molecular weight of 

about 30 kDa. Since the combined molecular weight of TraA and TrbI is 30.4 kDa, it 
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was likely that the observed band is a covalent TraA-TrbI intermediate of the 

cyclization reaction. This would demonstrate that TraA is inserted in a co-translational 

manner.  

 

Figure 5: In vitro analysis of TraA membrane insertion and formation of a TraA-TrbI 
intermediate. (A) In vitro post-translational protein insertion of TraA in the absence or 
presence of inside out E. coli inner membrane vesicles (IMVs) overexpressing TrbI, in 
the presence and absence of ATP (B) In vitro co-translational protein insertion of TraA 
in the absence or presence of inside out E. coli IMVs overexpressing TrbI. (C) In vitro 
co-translational protein insertion of TraA in the presence of inside out E. coli IMVs 
overexpressing WT TrbI, or TrbI containing a K93Q or D151I mutation. (D) TraA was 
synthesized in vitro in the presence of inside out E. coli IMVs overexpressing N-
terminal his-tagged or WT TrbI. SC is a 1 % synthesis control, S represents 1 % of the 
total detergent (2 % Triton X-100) solubilized fraction, FT represents 1 % of the total 
flow through fraction and E is 40 % of the total fraction eluted using sample buffer. The 
triangles indicates the position of non processed TraA and the open circles indicate the 
position of the TraA-TrbI intermediate.  
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Identification of the 30 kDa band as a covalent TraA-TrbI intermediate 

To confirm the identity of the observed band at 30 kDa, formation of this band was 

tested in the TrbI K93Q and D155I mutants, both of which are deficient in formation of 

a circular TraA. Indeed both mutants failed to form the observed band at 30 kDa, further 

suggesting that the band represents a TraA-TrbI intermediate (Fig. 5 C). For further 

confirmation, a construct with TrbI fused to an N-terminal His-tag was constructed. 

When this construct was used in the in vitro transcription/translation/membrane 

insertion assay, the 30 kDa band was also observed. After purification using a His-tag 

affinity column indeed a band was observed at 30 kDa (Fig. 5 D) whereas a similar 

approach using non-His-tagged TrbI only purified low levels of non-tagged TrbI (Fig. 5 

D). The small shift in the migration of the intermediate observed after fusion to the N-

terminal His-tag further confirms the identity of the 30 kDa band as a TraA-TrbI 

intermediate. Since the band is stable in 2 % SDS after heating to 100 ºC, the 

intermediate is very likely formed via a covalent bond. This is the first demonstration 

that the circularization reaction proceeds via a covalently bound-intermediate. 

 
In vitro analysis of formation of the TrbI-TraA intermediate in TraA proteins 

with C-terminal mutations 

To compare the in vitro assay with the results of in vivo TraA circularization, several 

mutants tested above in the in vivo TraA circularization assay were also tested in the in 

vitro assay. As expected, the TraAΔI102 mutant which did not show any circularization 

also did not show the TraA-TrbI intermediate. Five C-terminal mutants which showed 

similar circularization efficiency in vivo, I102G, I102E, I102Q, I102N and TraA+I also 

showed the TraA-TrbI intermediate, but with different efficiencies (Fig. 6). Especially 

the I102E mutation showed a lower efficiency of formation of the TraA-TrbI 

intermediate. This indicates that the in vitro assay is more sensitive than the in vivo 

assay and that mutations in the C-terminus of TraA can influence the rate of formation 

of the TraA-TrbI intermediate.  
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Figure 6: Formation of the TraA-TrbI intermediate in TraA mutants. In vitro post-
translational protein insertion of WT TraA and different TraA mutants in E. coli IMVs 
overexpressing TrbI.  The triangle indicates the position of TraA. The open circles 
indicates the position of the TraA-TrbI intermediate. 

 

In vitro circularization of TraA requires overexpression of LepB 

In the in vitro transcription/translation/membrane insertion assay no TraA was observed 

which was circularized or processed by signal peptidase. This indicated that TrbI alone 

cannot fully process TraA and that cleavage of the signal sequence is a limiting factor. 

Although there are wild-type levels of LepB present in the IMVs, these levels could be 

insufficient to process all synthesized TraA. Hence, a strain was created which 

overexpressed both LepB and TrbI. In vitro transcription/translation/membrane 

insertion assays using IMVs of this strain showed processing of TraA by leader 

peptidase and circularization (Fig. 7A). When similar experiments were performed 

with the TraAΔI102 mutant, only processing by leader peptidase was observed (Fig. 

7B). This demonstrated that processing by leader peptidase and TrbI are the two steps 

leading to TraA circularization and that both steps can occur independently.  

When this experiment was performed with the fusion of the PelB signal sequence to 

position 33 of TraA, similar to the in vivo result, no circularization could be detected 

but the intermediate, although at lower levels, was still observed (Fig. 7C). This 

demonstrates that, when the TraA-TrbI intermediate is formed, the exact positioning of 

the N-terminus is of importance for further circularization. 
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Figure 7: In vitro circularization of TraA. (A) WT TraA synthesis in the absence of 
IMVs (lane 1) is compared to TraA synthesis in the presence of inside out E. coli IMVs 
overexpressing TrbI (lane 2), TrbI and LepB (lane 3) or LepB alone (lane 4). (B) 
Similar experiment as in A., with the in vitro synthesized TraAΔI102 mutant. (C) in 
vitro synthesis of the pelB1-22TraA33-102 mutant in the absence of IMVs (lane 1) and 
in the presence of inside out E. coli IMVs overexpressing TrbI (lane 2) or TrbI and 
LepB (lane 3) or LepB alone (lane 4). (D) Membranes obtained from co-translationally 
synthesized WT TraA in the presence of inside out E. coli IMVs overexpressing TrbI 
(lane 1). These membranes are incubated without IMVs (lanes 1 and 2) and with IMVs 
overexpressing LepB (lanes 3 and 4) in the absence or presence of Triton X-100 
detergent as indicated. Triangles indicate the positions of non-processed (black), leader 
peptidase cleaved (grey) and circularized (white) forms of TraA. The open circles 
indicate the position of the TraA-TrbI intermediate. 
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Circularization by TrbI also occurs in the solubilized state  

To test whether TrbI can also process TraA in the absence of a membranous 

environment and thus in the absence of a proton motive force, S35 labeled TraA was 

inserted into IMVs containing overexpressed LepB. This resulted in approximately 50 

% processing of TraA by leader peptidase (Fig. 7D). Mixing membranes 

overexpressing LepB with the membranes overexpressing TrbI did not affect the 

processing of TraA. Also solubilization of the separate membranes after membrane 

insertion of TraA with Triton X-100 did not have any effect on the processing of TraA. 

However, when the TraA containing membranes were solubilized with Triton X-100 

and were mixed with Triton X-100 solubilized TrbI containing membranes, both the 

TraA-TrbI intermediate and fully processed TraA were observed, demonstrating that the 

circularization reaction can also occur in the solubilized state, is independent of a proton 

motive force and that the two processing steps can be separated in time. 

Discussion 

Pilin subunits can undergo different modifications like methylation [192], acetylation 

[272] and glycosylation [273]. Moreover a subset of pili from T4SSs matures into a 

circular form [260]. Many circular peptides produced by non-ribosomal peptide 

synthetases have been identified [274] but post-translational circularization of ribosomal 

proteins is not very common. However, several post-translational circularized proteins 

have now been identified. Among these proteins are cyclotides from plants of the 

Violaceae and Rubiaceae plant families [275, 276], trypsin inhibitors from the 

Asteraceae and Cucurbitaceae plant families [277, 278], θ-defensins from primates 

[279], bacteriocins [280] and cyclic conjugative pili from bacteria [255]. A possible 

benefit for circular proteins might be their higher stability and resistance to thermal, 

chemical and enzymatic treatments [281, 282]. Indeed purified pili from A. tumefaciens 

form structures resistant against detergents, pH variations, urea and glycerol [283]. 

Currently circular pili have only been identified in P-type conjugation systems, whereas 

to our knowledge no circular pilins have been identified in other pili systems. T4SSs 

expressing P- and F-type pili not only differ in their pilin processing mechanism and 

morphology, but F-type pili can expand and retract their pili as well as require only two 

instead of three ATPases for function [284]. In this study, the pilin encoded by the T4SS 

of N. gonorrhoeae is analyzed. This pilin has no significant homology to the previously 
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well characterized pili like TraA and TrbC pili of the T4SS of the F and the RP4 

plasmid respectively. TraA has an N-terminal signal sequence. Proteins with a signal 

sequence are generally dependent on the SecYEG and/or YidC pathway for membrane 

insertion. The type I pilin subunits of the chaperone/usher assembly system are inserted 

via Sec translocon [285]. Similarly, the pseudopilins of the type II secretion system that 

share similarity to the pilins of the type IV pili system are inserted co-translationally via 

the Sec translocon [286, 287]. These pilin subunits possess special signal sequence 

motifs that are cleaved and methylated by the bifunctional peptidase PilD [192]. 

Membrane insertion of the TraA pilin of the F-plasmid was proposed to be sec-

independent but depended on the F plasmid encoded membrane protein TraQ [288]. It is 

demonstrated here that TraA of the GGI is inserted into the membrane via a co-

translational pathway. Whether membrane insertion specifically depends on SecYEG, 

YidC or both was not determined.  

The T4SS within the GGI encodes the TrbI protease which has homology to TraF of the 

RP4 plasmid, involved in the circularization of the TrbC pilin. Our study demonstrates 

that the TraA protein encoded within the GGI can be circularized by TrbI. This is the 

first demonstration of an F plasmid-like system, with the ability to process pilin 

subunits in a manner similar to systems encoding P-type pili. There are a few examples 

of hybrids of P- and F-type systems, like the IncH plasmid R27 which has a P-like 

relaxase and pili and an F-like T4SS [289] and IncW plasmid R388 which has an F-like 

relaxase and P-like T4SS [290]. The circularization of TraA showed similarity to the 

circularization of the TrbC pilin of the RP4 plasmid [161]. TrbC processing contains an 

extra step of C-terminal processing by an unknown protease, but both TrbC and TraA 

are, after insertion into the membrane, processed by the host leader peptidase and a 

TraF/TrbI protease. In this step, TraF removes a C-terminal tetrapeptide while TrbI 

removes a tripeptide. TraF and TrbI are both fully functional when either a tri- or tetra 

peptide is present [161] and inactive when only a dipeptide is present [161]. They differ 

from the VirB2 pilin of the Ti plasmid of A. tumefaciens which is processed without 

removal of a C-terminal peptide. The identity of the residues in the C-terminus 

influenced the rate at which the intermediate is formed, but their identity is not critical 

for the circularization reaction since no effect is observed when the mutants are tested in 

vivo.  
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Truncation of the N-terminus with one residue still results in a circular pilin, 

demonstrating that also the length of the circular pilin allows some flexibility.  

Like the TraF protease, the TrbI protease encoded by the GGI seemed to belong to the 

S24, S26 LexA/signal peptidase super family [261], that acts via a conserved 

serine/lysine catalytic dyad mechanism [291]. Indeed mutagenesis of Lys93 of TrbI, 

showed that this residue is involved in the circularization reaction. However, no 

candidate for the catalytic serine could be identified. Ser37, the putative catalytic serine 

of TraF, showed a strongly reduced circularization of TrbC, but mutagenesis of the 

corresponding conserved Ser52 of TrbI shows no effect on circularization in vivo. 

Mutagenesis of several other serine residues (Ser37, Ser50 or Ser68, Ser153 and 

Ser156) also did not have any influence on the in vivo circularization. The remaining 

serines are either located in the cytoplasm (Ser5 and Ser9), or are neither conserved nor 

indicated to be in the proximity of the putative peptide cleavage position (after 

modeling of TrbI on the LepB structure) making it very unlikely that they function as 

catalytic serines. Therefore, it is concluded that either TrbI contains redundant catalytic 

serine residues or does not function via a Serine-Lysine dyad. Remarkably, a reaction 

intermediate, consisting of a TraA bound with its C-terminal residue to TrbI is 

identified. This is the first demonstration that the circularization reaction of the pilin 

proceeds via a covalently linked intermediate as was proposed by Eisenbrandt et al 

[161]. Most likely this intermediate is formed after cleavage of the C-terminal tripeptide 

thus conserving the energy of the cleaved peptide bond in the newly formed acyl-

intermediate as proposed before. We show here that the formation of the intermediate 

and the circularization reaction are two consecutive steps that can be uncoupled. The 

circularization reaction can only occur after the N-terminal residues become available 

for cleavage by leader peptidase. Since the circularization can occur in the absence of a 

proton motive force (the reaction can also take place in detergent), the energy required 

for linking the N- and C- terminal residues might be conserved by formation of the 

enzyme substrate intermediate. The intermediate is most likely similar to the acyl-

enzyme intermediate seen in the crystal structure of E. coli signal peptidase with the 

bound beta-lactam [292].  

The pilin TraA encoded by the GGI of N. gonorrhoeae is processed into a circular 

peptide by the combined action of two proteases, TrbI encoded by the GGI and LepB 
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encoded by the host. The reaction takes place via a covalent enzyme-substrate 

intermediate, which is formed after removal of the three C-terminal amino acids. 

Formation of the intermediate is independent of leader peptidase, but circularization can 

only occur after cleavage by leader peptidase (See Supplementary Fig. S3). Since 

leader peptidase is most likely present in excess to TrbI under normal conditions, TraA 

is most likely first processed by leader peptidase and then by TrbI.  This study on the 

mechanism of pilin processing helps to further understand the assembly and biogenesis 

of the pili by T4SSs. 

Experimental Procedures 

Bacterial Strains and Growth 

E. coli DH5α [293] and Tuner DE3 (Novagen) strains were used for cloning and 

overexpression respectively. E. coli cultures were grown aerobically at 37C in Luria-

Bertani (LB) broth in a shaking incubator or on LB agar plates containing 1.5 % agar 

with appropriate antibiotics; ampicillin (100 μg/ml) or kanamycin (40 μg/ml). N. 

gonorrhoeae strains were grown at 37 ºC in 5 % CO2 on GCB  plates containing 

Kellog’s supplement [294] or GCB liquid medium (GCBL) containing 0.042 % 

NaHCO3 and Kellog’s supplements. (GCB was acquired from  Difco and contains per 

liter :15.0 g Proteose Peptone No. 3, 1.0 g Corn Starch, 4.0 g K2HPO4 1.0 g KH2PO4 5.0 

g NaCl and 10.0 g agar). When necessary, chloramphenicol was used at a concentration 

of 10 μg/ml. Strains used in this study are listed in Table 1. 

Construction of plasmids  

The plasmids and primers used in this study are listed in Table 2 and Table 3 

respectively. The full length traA gene was obtained by performing PCR on N. 

gonorrhoeae genomic DNA of isolate number 4465 [295]. The traA gene has two 

possible start codons. All construct described in this manuscript start at the first putative 

start codon and thus contain 4 extra amino acids (MRFI) compared to proteins that 

would start at the second start codon. Site directed mutagenesis was performed by 

circular PCR using primers with the required mutations as described in Table 3. 

Ligation independent cloning was performed as described previously [296]. 
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 Table 1: Strains used in this study 

Strains Description  Reference 

DH5α 
E. coli strain (F- endA1 glnV44 thi-1 recA1 relA1 
gyrA96 deoR nupG Φ80dlacZΔM15 Δ(lacZYA-
argF)U169, hsdR17(rK- mK+), λ–) 

Invitrogen 

Tuner 
(DE3) 

E. coli strain (F– ompT hsdSB(rB– mB–) gal dcm 
lacY1 (DE3) 

Novagen 

MS11 N. gonorrhoeae strain [297] 

ND500 N. gonorrhoeae strain MS11AΔGGI [45] 

EP019 N. gonorrhoeae strain MS11 with full length traA in 
the native site This study 

SJ015-MS 
N. gonorrhoeae strain MS11 with pSJ015, full length 
traA behind the lac promoter inserted between lctP 
and aspC (Cm) 

This study 

SJ036-ND 
N. gonorrhoeae strain ND500 with pSJ036, full 
length traA and trbI behind the  lac promoter 
inserted between lctP and aspC (Cm) 

This study 

 

 Table 2: Plasmids used in this study  

 
Plasmids Description Reference 

pET15b Cloning vector (AmpR) Novagen 

pET20b Cloning vector (AmpR) Novagen 

pRSFDuet-1 Cloning vector (KanR) Novagen 

pETDuet-1 Cloning vector (AmpR) Novagen 

pKH37 Cloning vector (CmR) [298] 

pSJ015 

traA cloned in the pKH37 vector. PCR product of 
the full length traA gene created with primers 
pSJ015_For and pSJ015_Rev cloned in the HindIII 
and XhoI sites of pKH37. 

This study 

pSJ016 

traA cloned in the pET15b vector. PCR product of 
the traA gene created with primers pSJ016_For and 
pSJ016_Rev using plasmid pSJ015 as a template 
and cloned in the NcoI and XhoI sites of pET15b. 

This study 
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pSJ036 

traA and trbI cloned in pKH37 vector. PCR product 
of trbI gene created with primers pSJ036_For and 
pSJ036_Rev and cloned in XhoI and KpnI site of 
pSJ015. 

This study 

pSJ039 

traA cloned in the pRSFDuet-1 vector. PCR product 
of the traA gene created with primers pSJ039_For 
and pSJ039_Rev using plasmid pSJ016 as a 
template and cloned in the NdeI and XhoI site of 
pRSFDuet-1. 

This study 

pSJ049 

traAΔI102 cloned in pRSFDuet-1 vector. PCR 
product created with primers pSJ049_For and 
pSJ049_Rev on plasmid pSJ039 and cloned in NdeI 
and XhoI site of pRSFDuet-1 vector. 

This study 

pAS001 

traAΔI102 cloned in pET20b vector. PCR product 
created with primers pAS001_For and pAS001_Rev 
on plasmid pSJ016 and cloned by ligation 
independent cloning in pET20b vector.  

This study 

pSJ086 

traAΔI102G cloned in pET20b vector. PCR product 
created with primers pSJ086_For and pSJ086_Rev 
on plasmid pSJ016 and cloned by ligation 
independent cloning in pET20b vector.  

This study 

pSJ087 

traAΔI102E cloned in pET20b vector. PCR product 
created with primers pSJ087_For and pSJ087_Rev 
on plasmid pSJ016 and cloned by ligation 
independent cloning in pET20b vector.  

This study 

pSJ088 

traAΔI102Q cloned in pET20b vector. PCR product 
created with primers pSJ088_For and pSJ088_Rev 
on plasmid pSJ016 and cloned by ligation 
independent cloning in pET20b vector.  

This study 

pSJ089 

traAΔI102N cloned in pET20b vector. PCR product 
created with primers pSJ089_For and pSJ089_Rev 
on plasmid pSJ016 and cloned by ligation 
independent cloning in pET20b vector.  

This study 

pSJ090 

traAΔI102II cloned in pET20b vector. PCR product 
created with primers pSJ090_For and pSJ090_Rev 
on plasmid pSJ016 and cloned by ligation 
independent cloning in pET20b vector.  

This study 

pSJ091 

traAΔI102IG cloned in pET20b vector. PCR product 
created with primers pSJ091_For and pSJ091_Rev 
on plasmid pSJ016 and cloned by ligation 
independent cloning in pET20b vector.  

This study 
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pSJ058 

traAΔI102G cloned in pRSFDuet-1 vector. PCR 
product created with primers pSJ058_For and 
pSJ058_Rev on plasmid pSJ086 and cloned in NdeI 
and XhoI site of pRSFDuet-1 vector. 

This study 

pSJ059 

traAΔI102E cloned in pRSFDuet-1 vector. PCR 
product created with primers pSJ059_For and 
pSJ059_Rev on plasmid pSJ087 and cloned in NdeI 
and XhoI site of pRSFDuet-1 vector. 

This study 

pSJ060 

traAΔI102Q cloned in pRSFDuet-1 vector. PCR 
product created with primers pSJ060_For and 
pSJ060_Rev on plasmid pSJ088 and cloned in NdeI 
and XhoI site of pRSFDuet-1 vector. 

This study 

pSJ068 
traAΔI102C cloned in pRSFDuet-1 vector. Created 
by circular PCR on plasmid pSJ039 using primers 
pSJ068_For and pSJ068_Rev.  

This study 

pSJ069 
traAΔI102L cloned in pRSFDuet-1 vector. Created 
by circular PCR on plasmid pSJ039 using primers 
pSJ069_For and pSJ069_Rev.  

This study 

pSJ073 
traA+I103 cloned in pRSFDuet-1 vector. Created by 
circular PCR on plasmid pSJ039 using primers 
pSJ073_For and pSJ073_Rev.  

This study 

pSJ074 
traA+AI104 cloned in pRSFDuet-1 vector. Created 
by circular PCR on plasmid pSJ039 using primers 
pSJ074_For and pSJ074_Rev.  

This study 

pSJ075 
traA+AAI105 cloned in pRSFDuet-1 vector. 
Created by circular PCR on plasmid pSJ039 using 
primers pSJ075_For and pSJ075_Rev.  

This study 

pSJ061 

pelB signal sequence 1-22 followed by traA30-102
cloned in pRSFDuet-1 vector. Created by circular 
PCR on plasmid pSJ056 using primers pSJ061_For 
and pSJ061_Rev.  

This study 

pAS005 

pelB signal sequence 1-22 followed by traA31-102
cloned in pET20b vector. PCR product created with 
primers pAS005_For and pAS005_Rev on plasmid 
pSJ016 and cloned by ligation independent cloning 
in pET20b vector.  

This study 

pSJ056 

pelB signal sequence 1-22 followed by traA31-102
cloned in pRSFDuet-1 vector. NdeI and XhoI 
digestion product from pAS005 ligated in 
pRSFDuet-1 vector. 

This study 
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pAS004 

pelB signal sequence 1-22 followed by traA32-102
cloned in pET20b vector. PCR product created with 
primers pAS004_For and pAS004_Rev on plasmid 
pSJ016 and cloned by ligation independent cloning 
in pET20b vector.  

This study 

pSJ046 

pelB signal sequence 1-22 followed by traA32-102
cloned in pRSFDuet-1 vector. NdeI and XhoI 
digestion product from pAS004 ligated in 
pRSFDuet-1 vector. 

This study 

pSJ062 

pelB signal sequence 1-22 followed by traA33-102
cloned in pRSFDuet-1 vector. Created by circular 
PCR on plasmid pSJ046 using primers pSJ062_For 
and pSJ062_Rev.  

This study 

pSJ070 

pelB signal sequence 1-22 followed by traAΔT32G-
102 cloned in pRSFDuet-1 vector. Created by 
circular PCR on plasmid pSJ046 using primers 
pSJ070_For and pSJ070_Rev.  

This study 

pSJ071 

pelB signal sequence 1-22 followed by traAΔT32P-
102 cloned in pRSFDuet-1 vector. Created by 
circular PCR on plasmid pSJ046 using primers 
pSJ071_For and pSJ071_Rev.  

This study 

pSJ072 

pelB signal sequence 1-22 followed by traAΔT32S-
102 cloned in pRSFDuet-1 vector. Created by 
circular PCR on plasmid pSJ046 using primers 
pSJ072_For and pSJ072_Rev.  

This study 

pNL003 

trbI cloned in pET15b vector. PCR product of trbI 
gene created with primers pNL003_For and 
pNL003_Rev on MS11 genomic DNA and cloned in 
NcoI and XhoI site of pET15b vector. 

This study 

pNL004 

N-terminally His10-tagged trbI cloned in pET15b 
vector. PCR product of trbI gene created with 
primers pNL004_For and pNL004_Rev on MS11 
genomic DNA and cloned in NcoI and XhoI site of 
pET15b vector. 

This study 

pSJ050 

trbI cloned in pETDuet-1 vector. PCR product of 
trbI gene created with primers pSJ050_For and 
pSJ050_Rev and cloned in NdeI and XhoI site of 
pETDuet-1 vector. 

This study 

pSJ051 
trbIΔK93Q cloned in pETDuet-1 vector created by 
circular PCR on pSJ050 using primers pSJ051_For 
and pSJ051_Rev. 

This study 
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pSJ054 
trbIΔD155I cloned in pETDuet-1 vector created by 
circular PCR on pSJ050 using primers pSJ054_For 
and pSJ054_Rev. 

This study 

pSJ063 
trbIΔS37A cloned in pETDuet-1 vector created by 
circular PCR on plasmid pSJ050 using primers 
pSJ063_For and pSJ063_Rev.  

This study 

pSJ064 
trbIΔS52A cloned in pETDuet-1 vector created by 
circular PCR on plasmid pSJ050 using primers 
pSJ064_For and pSJ064_Rev.  

This study 

pSJ066 
trbIΔS50A cloned in pETDuet-1 vector created by 
circular PCR on plasmid pSJ050 using primers 
pSJ066_For and pSJ066_Rev.  

This study 

pSJ067 
trbIΔS68A cloned in pETDuet-1 vector created by 
circular PCR on plasmid pSJ050 using primers 
pSJ067_For and pSJ067_Rev.  

This study 

pPE002 

trbI and lepB cloned in pET15b vector. PCR product 
of lepB gene created with primers pPE002_For and 
pPE002_Rev on MS11 genomic DNA and cloned 
after trbI gene in BamHI and XhoI site of pNL003.  

This study 

pSJ040 

lepB cloned in pET-Duet-1 vector. PCR product of 
lepB gene created with primers pSJ040_For and 
pSJ040_Rev on plasmid pPE002 and cloned in NcoI 
and BamHI site of pET-Duet-1 vector.  

This study 

 

 Table 3: Primers used in this study 

 
Primer name Primer sequence 
pSJ015_For 5’-CGCAGGTACCGCCTGCTGCAATAGTGATGA-3’ 

pSJ015_Rev 
5’-
GGGCTCGAGTTAAATAATCAAGGTAAACATACCTTTAA
TGATGC-3’ 

pSJ016_For 5’-GGGGTCATGAGGTTCATAATGAATATCAAACG-3’ 

pSJ016_Rev 
5’-
GGGCTCGAGTTAAATAATCAAGGTAAACATACCTTTAA
TGATGC-3’ 

pSJ036_For 
5’-
GCGCCTCGAGAGGATATTAATAAGATGACTGAAGCAA
AAG-3’ 

pSJ036_Rev 5’- GCGCGGTACCCTAAAAAATGGGGACCGCCTTACC-3’ 
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pSJ039_For 
5’-
GCGGCCATATGCATGAGGTTCATAATGAATATCAAACG
-3’ 

pSJ039_Rev 5’- CGCAGGTACCGCTTCCTTTCGGGCTTTGTTAG-3’ 
pSJ040_For 5’- GCGCCCATGGATGAACACAATGCTAATGTCGG-3’ 
pSJ040_Rev 5’- GCTGGATCCGTTCCGGCGTAATTTTCCGGC-3’ 

pSJ043_For 5’-GCGCGGTACCAGGAAGGTATGTAATGGGCGTCCTG-
3’ 

pSJ043_Rev 5’-GCGCCTCGAGCTAAAAAATGGGGACCGCCTTACC-3’ 

pSJ044_For 
5’-
GGATATTAATAAGATGATAAAAATATCACAAAAAGAA
AGCAACAAAGC-3’ 

pSJ044_Rev 
5’-
CATCTTATTAATATCCTATCCTCTGCCTAATTAGCGGG-
3’ 

pSJ045_For 
5’-
GCGCGGTACCAGGATATTAATAAGATGACTGAAGCAA
AAG-3’ 

pSJ045_Rev 5’-GCGCCTCGAGCTAAAAAATGGGGACCGCCTTACC-3’ 

pSJ049_For 
5’-
GCGGCCATATGCATGAGGTTCATAATGAATATCAAACG
-3’ 

pSJ049_Rev 
5’-
GCGCCTCGAGTTAAATCAAGGTAAACATACCTTTAATG
ATGCCCG-3’ 

pSJ050_For 5’-GCGCCATATGATAAAAATATCACAAAAAGAAAGC-3’ 

pSJ050_Rev 5’-GCGCCTCGAGCTAAAAAATGGGGACCGCCTTACC-3’ 

pSJ051_For 5’-GGTACGCAGGTCGTCCAAGAGGTTGCCGGAC-3’ 

pSJ051_Rev 5’-GTCCGGCAACCTCTTGGACGACCTGCGTACC-3’ 

pSJ054_For 5’-TCCGGCTTAATCCATTCAGGGCAAATTATTG-3’ 

pSJ054_Rev 5’-TAATTCATATCGACTGATCAAGCTGTCTT-3’ 

pSJ058_For 5’-TGGTGGTGGTGGTGGTGCTCGAGTGCGGC-3’ 

pSJ058_Rev 
5’-
GCGGCCATATGCATGAGGTTCATAATGAATATCAAACG
-3’ 

pSJ059_For 5’-TGGTGGTGGTGGTGGTGCTCGAGTGCGGC-3’ 

pSJ059_Rev 
5’-
GCGGCCATATGCATGAGGTTCATAATGAATATCAAACG
-3’ 

pSJ060_For 5’-TGGTGGTGGTGGTGGTGCTCGAGTGCGGC-3’ 
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pSJ060_Rev 
5’-
GCGGCCATATGCATGAGGTTCATAATGAATATCAAACG
-3’ 

pSJ061_For 5’-GCGGCTACAACAGGTGCCGAATTCAAAGGC-3’ 

pSJ061_Rev 5’-GGCCATCGCCGGCTGGGCAGCGA-3’ 

pSJ062_For 5’-ACAGGTGCCGAATTCAAAGGCTTGGCTG-3’ 

pSJ062_Rev 5’-GGCCATCGCCGGCTGGGCAGCGAGGA-3’ 

pSJ063_For 5’-TATGCTTTGGCATTTAATCTTTCCCG-3’ 

pSJ063_Rev 5’-ATGTTGATTGAATGCCGCCAAGCAGACCGC-3’ 

pSJ064_For 5’-ATCTTTACTTCATCAAAAAAGATGCG-3’ 

pSJ064_Rev 5’-GGTGAGGCAAGGCACGGGAAAGATT-3’ 

pSJ066_For 5’-ATCTTTACTTCATCAAAAAAGATGCG-3’ 

pSJ066_Rev 5’-GGTGAGGCAAGGAACGGGCAAGATT-3’ 

pSJ067_For 5’-GCGATTATGTGGCCTTTGCATGGC-3’ 

pSJ067_Rev 5’-CCTGCTTCAGATCGGCTAGCTTGTTC-3’ 

pSJ068_For 5’-TGGTAAAGAAACCGCTGCTGCG-3’ 

pSJ068_Rev 5’-GACTCGAGTTAACAAATCAAGGTAAACATACC-3’ 

pSJ069_For 5’-TGGTAAAGAAACCGCTGCTGCG-3’ 

pSJ069_Rev 5’-GACTCGAGTTAAAGAATCAAGGTAAACATACC-3’ 

pSJ070_For 5’-GGCGATGGCCGGAACAGGTGCCGAATTCAA-3’ 

pSJ070_Rev 5’-GGCTGGGCAGCGAGGAGCAGCAGAC-3’ 

pSJ071_For 5’-GGCGATGGCCCCAACAGGTGCCGAATTCAA-3’ 

pSJ071_Rev 5’-GGCTGGGCAGCGAGGAGCAGCAGAC-3’ 

pSJ072_For 5’-GGCGATGGCCTCAACAGGTGCCGAATTCAA-3’ 

pSJ072_Rev 5’-GGCTGGGCAGCGAGGAGCAGCAGAC-3’ 

pSJ073_For 5’-GATAATAATCAAGGTAAACATACCTTTAATGATGCC-
3’ 

pSJ073_Rev 5’-TAACTCGAGTCTGGTAAAGAAACCGCTGCTG-3’ 

pSJ074_For 
5’-
GATAGCAATAATCAAGGTAAACATACCTTTAATGATGC
CCG-3’ 

pSJ074_Rev 5’-TAACTCGAGTCTGGTAAAGAAACCGCTGCTG-3’ 
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pSJ075_For 
5’-
GATGGCAGCAATAATCAAGGTAAACATACCTTTAATGA
TGCCCG-3’ 

pSJ075_Rev 5’-TAACTCGAGTCTGGTAAAGAAACCGCTGCTG-3’ 

pSJ076_For 
5’-
GCGGCCATATGAATGCGTTTCATCAGCAACATCAAACG
C-3’ 

pSJ076_Rev 5’-GGCCCGGGATCCGATTGGATTGGCTCGAGTTAG-3’ 

pSJ086_For 
5’-
AAGAAGGAGATAATTTCATGAGGTTCATAATGAATATC
AAACGC-3' 

pSJ086_Rev 
5’-
TTGGAAGTATAAATTTCTTAGCCAATCAAGGTAAACAT
ACCTTTAATGATGC-3’ 

pSJ087_For 
5’-
AAGAAGGAGATAATTTCATGAGGTTCATAATGAATATC
AAACGC-3' 

pSJ087_Rev 
5’-
TTGGAAGTATAAATTTCTTATTCAATCAAGGTAAACAT
ACCTTTAATGATGCC-3’ 

pSJ088_For 
5’-
AAGAAGGAGATAATTTCATGAGGTTCATAATGAATATC
AAACGC-3' 

pSJ088_Rev 
5’-
TTGGAAGTATAAATTTCTTACTGAATCAAGGTAAACAT
ACCTTTAATGATGCC-3’ 

pSJ089_For 
5’-
AAGAAGGAGATAATTTCATGAGGTTCATAATGAATATC
AAACGC-3' 

pSJ089_Rev 
5’-
TTGGAAGTATAAATTTCTTAATTAATCAAGGTAAACAT
ACCTTTAATGATGCC-3’ 

pSJ090_For 
5’-
AAGAAGGAGATAATTTCATGAGGTTCATAATGAATATC
AAACGC-3' 

pSJ090_Rev 
5’-
TTGGAAGTATAAATTTCTTAAATAATAATCAAGGTAAA
CATACCTTTAATGATGCC-3’ 

pSJ091_For 
5’-
AAGAAGGAGATAATTTCATGAGGTTCATAATGAATATC
AAACGC-3' 

pSJ091_Rev 
5’-
TTGGAAGTATAAATTTCTTAGCCAATAATCAAGGTAAA
CATACCTTTAATGATGCC-3’ 
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pET20b-lic-For 
5’-
AAATTATCTCCTTCTTGAAGTTAAACAAAATTATTTCTA
GAGGG-3’ 

pET20b-lic-
Rev 

5’-
AAATTTATACTTCCAAGGGCCGCACTCGAGCACCACC-
3’ 

pNL003_For 
5’-
CCGCCATGGGCATAAAAATATCACAAAAAGAAAGCAA
CAAAGC-3’ 

pNL003_Rev 5’-GCGCCTCGAGCTAAAAAATGGGGACCGCCTTAC-3’ 

pNL004_For 
5’-
CCGCCATGGGCCATCACCATCACCATCACCATCACCAT
CACATGATAAAAATATCACAAAAAGAAAGCAAC-3’ 

pNL004_Rev 5’-GCGCCTCGAGCTAAAAAATGGGGACCGCCTTAC-3’ 

pPE002_For 5’-GGCGGCTCGAGTAAGGAACAACAATGAACACA-3’ 

pPE002_Rev 5’-GCTGGATCCGTTCCGGCGTAATTTTCCGGC-3’ 

pAS001_For 
5'-
AAGAAGGAGATAATTTCATGAGGTTCATAATGAATATC
AAACGC-3' 

pAS001_Rev 
5'-
TTGGAAGTATAAATTTCTTAAATCAAGGTAAACATACC
TTTAATGATGC-3' 

pAS004_For 

5’-
AAGAAGGAGATAATTTCATGAAATACCTGCTGCCGACC
GCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGC
GATGGCCGCCACAACAGGTGCCGAATTCAAAGGCTTG-
3’ 

pAS004_Rev 
5’-
TTGGAAGTATAAATTTCTTAAATAATCAAGGTAAACAT
ACCTTT-3’ 

pAS005_For 

5’-
AAGAAGGAGATAATTTCATGAAATACCTGCTGCCGACC
GCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGC
GATGGCCACAACAGGTGCCGAATTCAAAGGCTTG-3’ 

pAS005_Rev 
5’-
TTGGAAGTATAAATTTCTTAAATAATCAAGGTAAACAT
ACCTTT-3’ 

 

Membrane Preparation  

Inner membranes vesicles (IMVs) of E. coli were isolated essentially as described 

before [299]. To isolate membranes of N. gonorrhoeae, the strain was plated on GCB 

plates with the appropriate antibiotic and cells were scraped from the plate and 
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transferred to 3 ml GCBL medium. 250 ml or 1 l of cells were grown to an OD660 of 1.0 

and centrifuged at 8,000 rpm in a JLA-16.25 rotor and resuspended in 50 mM Tris-HCl 

pH 7.5. Cells were broken by three passes through a French press at 15 kpsi. Cell debris 

was removed by centrifugation at 6,000 rpm in a SS34 rotor for 10 min. The membranes 

were pelleted at 40,000 rpm in a Ti-45 rotor for 1 h and resuspended in 1 ml of 50 mM 

Tris-HCl pH 7.5.  

Silver staining and Western Blotting  

For all experiments 17 % polyacrylamide SDS-PAGE gels were used. To stain gels, the 

mass spectrometry compatible Fire silver staining kit was used (Proteome Factory 

company). TraA affinity-purified polyclonal antibody was raised against the antigen 

sequence TGAEFKGLADMVTGC (Genscript Corporation). For immunodetection of 

TraA, proteins were transferred via wet electrotransfer from the SDS-PAGE gels to 

PVDF membranes. PVDF membranes were incubated overnight in a 1:1,000 dilution of 

the TraA polyclonal peptide antibody followed by 3 washes with 0.1 % I-Block (Roche) 

in TBS buffer (50 mM Tris.HCl, pH 7.4 and 150 mM NaCl). This was followed by 

incubation with a 1:20,000 dilution of anti-Rabbit alkaline phosphatase-conjugated 

secondary antibody (Sigma) and three washes with 0.1 % I-Block in TBS buffer. 

Finally, the blot was incubated with the CDP-star substrate (Roche) and imaged using a 

Roche Lumi-imager. 

In vitro transcription/translation and transport assay 

The in vitro transcription and translation reaction was performed as described 

previously [300]. Shortly, the RiboMax in vitro transcription kit (Promega) was used 

with the required plasmids to generate 35S-labeled proteins. To study post-translational 

transport, 35S-labeled TraA was synthesized in vitro, dissolved in 6 M urea and used in 

post-translational translocation reactions as described [301]. To study co-translational 

transport, the in vitro translation reactions were carried out for 30 min at 37 °C in the 

presence or absence of IMVs (4 μg per 12.5 μl reaction volume) [302]. Reactions were 

started by the addition of the 35S-labeled methionine. After 30 min at 37 °C the reactions 

were stopped by addition of sample buffer, samples were incubated for 2 mins at 92 ºC 

and analyzed by 17 % SDS-PAGE. The gels were analyzed by autoradiography. 
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In Vitro assay with solubilized membranes 

 To study the activity of TrbI in a solubilized state, TraA was synthesized co-

translationally (as described above) in the presence of LepB overexpressing IMVs. 

After incubation at 37 ºC for 30 min, the reaction was stopped by centrifugation in an 

airfuge (Beckmann). The supernatant was discarded and the pellet was resuspended in 

the same volume of 20 mM Tris-HCl pH 7.5 and incubated with TrbI overexpressing 

IMVs at 37 ºC for 30 min with or without the addition of 1% Triton X-100. The reaction 

was stopped by addition of sample buffer; samples were boiled for 2 min at 92 ºC, 

separated by 17 % SDS-PAGE and analyzed using the phosphoimager and the 

LumiAnalyst software from Roche Applied Science. 

His-tag purification of the TraA-TrbI intermediate 

TraA was synthesized in vitro in a total volume of 100 μl (see above) in the presence of 

his tagged or untagged TrbI overexpressing IMVs. After synthesis, 100 μl of 

solubilization buffer (50 mM Sodium phosphate buffer pH 8.0, 2 % Triton X-100, 300 

mM NaCl and 10 mM Imidazole) was added to the reaction mix and the reaction was 

incubated 30 min at room temperature while shaking. The reaction mixture was 

centrifuged in an airfuge. The supernatant was removed, mixed with 50 μl of Ni-NTA 

beads (Sigma) pre-equilibrated with buffer (50 mM Sodium phosphate buffer pH 8.0, 

0.2 % Triton X-100, 300 mM NaCl) and incubated while shaking for 30 min at room 

temperature. The beads were washed 2 times with 500 μl of wash buffer (50 mM 

Sodium phosphate buffer pH 8.0, 0.2 % Triton X-100, 300 mM NaCl and 60 mM 

Imidazole). The protein was then eluted from the beads in 25 μl of 5 X sample buffer 

(10 % w/v SDS, 10 mM DTT, 20 % w/v glycerol, 0.2 M Tris-HCl pH 6.8 and 0.05% 

w/v bromophenolblue ) by boiling for 5 min at 92 ºC. 

Mass spectrometry 

TraA and TrbI bands were excised from the gel and in-gel digestion was performed 

using trypsin (Promega-sequencing grade modified) or chymotrypsin TLCK (Sigma) 

respectively. Briefly, the gel slices were destained with 50 % acetonitrile (AcN) (v/v) 

containing 20 mM NH4HCO3, dehydrated with 100 % AcN and dried. Gel pieces were 

rehydrated in 5 mM NH4HCO3 in 10 % AcN (v/v) containing 15 mg/L sequencing-

grade modified trypsin (Promega) and incubated for 10 h at 22 °C. Tryptic peptides 

were extracted with 0.1 % (v/v) trifluoroacetic acid  in water. The extracted peptides 
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were concentrated under vacuum but not to dryness. The resulting peptide mixture was 

injected onto a PepMap100 C-18 RP nanoColumn (Dionex, Idstein, Germany) and 

separated on an UltiMate 3000 liquid chromatography system (Dionex, Idstein, 

Germany) in a continuous AcN gradient consisting of the following steps: 0-20 % B in 

5 min, 20-60 % B in 40 min, 60-100 % B in 10 min (B: 80 % (v/v) AcN, 0.04 % (v/v) 

TFA). Peptides were eluted at a flow-rate of 300 µL/min. A Probot microfraction 

collector (Dionex, Idstein, Germany) was used to spot liquid-chromatography separated 

peptides on a MALDI target with a rate of 8 s/spot. The eluate was mixed with matrix 

consisting of 4 mg/mL alpha-cyano-4-hydroxycinnamic acid in 80 % (v/v) AcN and 0.1 

% (v/v) TFA. MALDI-TOF-TOF analysis was carried out on a 4800 Plus MALDI 

TOF/TOF Analyzer (Applied Biosystems/MDS Sciex, Forster City, CA) in positive-ion 

reflector mode. For one main spectrum, 30 subspectra with 90 spots per subspectrum 

were averaged. Close external calibration was performed. TrbI was identified with a 

mascot score of 2776 and sequence coverage of 79 %. For identification of the N-

terminal to C-terminal linkage; MS/MS data (with signal to noise ratio above 200) were 

searched against all possible TraA bond sequences ranging from 29th to 32nd amino acid 

at the N-terminus with 99th to 102nd amino acid at the C-terminus.  
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Supplementary Information 

 

Figure S1: Sequence alignment of Neisseria gonorrhoeae TraA-like proteins. 

The (predicted) signal sequence cleavage sites are indicated with a red arrow. The 

predicted trans membrane domains are indicated above the sequences in yellow boxes. 

The C-terminal joining sites for circularization for TrbC of the RP4 plasmid, A. 

tumefaciens VirB2 and N. gonorrhoeae TrbI are indicated with a blue arrow. The C-

terminal position where TrbC is processed by an unknown protease is indicated with an 

green arrow. Identical amino acid residues conserved in at least 70 % of the sequences 

are colored and shaded. Similar residues are indicated by a different color.   
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The corresponding GenBank accession numbers are given in parentheses: TrbC of the 

RP4 (gi:168998395), Agrobacterium tumefaciens VirB2 (gi: 18033163), Neisseria 

gonorrhoeae TraA (gi:240080687), Neisseria meningitidis (gi:254674163), 

Parasutterella excrementihominis (gi: 331000751), Methylibium petroleiphilum 

(gi:124262910), Burkholderia vietnamiensis (gi:134288283), Burkholderia gladioli 

(gi:330818866), Oceanobacter sp. (gi:94502196), Xanthomonas vesicatoria 

(gi:325914585), Alicycliphilus denitrificans (gi: 319760044), Burkholderia cenocepacia 

(gi:206479975), Burkholderia thailandensis (gi:167841379), Burkholderia rhizoxinica 

(gi:330399516), Acidovorax sp. (gi:121582489), Burkholderia glumae (gi:238023432), 

Acinetobacter johnsonii (gi:262371325), Acinetobacter baumannii (gi:184160057), 

Mariprofundus ferrooxydans (gi:114775593), Azoarcus sp. (gi:58616254), Citrobacter 

sp. (gi:237728351), Persephonella marina (gi:225685398), Xenorhabdus nematophila 

(gi:296491845), Aeromonas salmonicida (gi:145301368), Vibrio cholerae 

(gi:259156485), Pseudomonas putida (gi:296100222), Acidithiobacillus ferrooxidans 

(gi: 218666839), Proteus vulgaris (gi:21233858), Arsenophonus nasoniae 

(gi:284008005). 
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Figure S2: Sequence alignement of Neisseria gonorrhoeae TrbI-like proteins. 

The predicted transmembrane domains are indicated above the sequences by yellow 

boxes. The positions of the conserved serine, lysine and aspartate residues are indicated 

by blue, red and green arrows respectively. Serine residues found in TrbI are indicated 

with black arrows. Identical amino acid residues conserved in at least 70 % of the 

sequences are colored and shaded. Similar residues are indicated by a different color.  

The corresponding GenBank accession numbers are given in parentheses: Escherichia 

coli LepB (gi:89109374), TraF of the R751 plasmid (gi: 10955241) TraF of the RP4 

plasmid (gi: 152551) Neisseria gonorrhoeae TrbI (gi:240112938), Rhizobium sp. 

(gi:7465590), Agrobacterium tumefaciens (gi:1103911), Gluconacetobacter 

diazotrophicus (gi:209543769), Azorhizobium caulinodans (gi:158425454), Acidovorax 

sp. (gi:121582480), Burkholderia glumae (gi:238029008), Geobacter lovleyi 

(gi:189423379), Protochlamydia amoebophila (gi:46447065), Gallionella ferruginea 

(gi:251826675), Aromatoleum aromaticum (gi:56479218), Dechloromonas aromatica 

(gi:71908268), Erythrobacter litoralis (gi:85373691), Novosphingobium 

aromaticivorans (gi:87200181), Acidovorax delafieldii (gi:241766597), Oceanobacter 

sp. (gi:94501982), Syntrophus aciditrophicus (gi:85859530). 
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Supplementary Figure S3: Mechanism of processing of TraA by LepB and 

TrbI. 

After co-translational membrane insertion, TraA is processed in several steps. First, the 

signal sequence is cleaved by leader peptidase, followed by the formation of a TrbI-

TraA intermediate. A C-terminal tripeptide is removed during the formation of this 

intermediate. In the final step, the N- and C-termini of TraA are joined. Alternatively 

TraA can also first react with TrbI to form the TraA-TrbI intermediate. This 

intermediate can be converted to the circular TraA after N-terminal cleavage by leader 

peptidase.  
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Abstract 

The Neisseria gonorrhoeae type IV secretion system secretes chromosomal DNA that 

acts in natural transformation. To examine the mechanism of DNA processing for 

secretion, we made mutations in the putative relaxase gene traI and used nucleases to 

characterize the secreted DNA. The nuclease experiments demonstrated that the 

secreted DNA is single-stranded and blocked at the 5' end. Mutation of traI identified 

Tyr93 as required for DNA secretion, while substitution of Tyr201 resulted in 

intermediate levels of DNA secretion. TraI exhibits features of relaxases, but also has 

features that are absent in previously characterized relaxases, including an HD 

phosphohydrolase domain and an N-terminal hydrophobic region. The HD domain 

residue Asp120 was found to be required for wild-type levels of DNA secretion. 

Subcellular localization studies demonstrated that the TraI N-terminal region promotes 

membrane interaction. We propose that Tyr93 initiates DNA processing and Tyr201 is 

required for termination. Disruption of an inverted-repeat sequence was shown to 

eliminate DNA secretion, suggesting that this sequence may serve as the origin of 

transfer for chromosomal DNA secretion. The TraI domain architecture, although not 

previously described, is present in 53 uncharacterized proteins, suggesting that the 

mechanism of TraI function is a widespread process for DNA donation.  
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Introduction 

Neisseria gonorrhoeae encodes an unusual type IV secretion system (T4SS). T4SSs 

include conjugation systems [25], which transport DNA from one bacterium directly 

into another, and effector translocator systems, which secrete proteins into host cells 

that exert virulence functions [163]. One of the best-characterized T4SSs is that of 

Agrobacterium tumefaciens, which transports proteins and plasmid DNA directly into 

plant cells [252].  The gonococcal T4SS secretes chromosomal DNA into the 

environment, where the secreted DNA transforms other gonococci in the population 

[265, 298]. This unique, non-lytic mechanism for DNA donation may partly explain the 

high frequency of genetic exchange in N. gonorrhoeae and its panmictic population 

structure [303]. The high rate of transformation results in the rapid spread of antibiotic 

resistance genes and increased variation of surface molecules, allowing evasion of the 

human immune response (reviewed in [17]. Mutations in gonococcal T4SS genes result 

in decreased DNA in culture supernatants and in decreased DNA donation for natural 

transformation [45, 265]. 

The N. gonorrhoeae T4SS genes are encoded in the gonococcal genetic island (GGI) 

[45, 265]. The GGI is a 57 kb horizontally acquired genomic region present in ~80% of 

N. gonorrhoeae strains, and a few N. meningitidis strains, and may contribute to the 

virulence of these bacteria [172, 265]. The GGI-encoded T4SS is similar to the F-

plasmid family of conjugation T4SSs in terms of gene arrangement and limited 

sequence similarity. Mutational analysis demonstrated that DNA secretion requires 

several T4SS genes predicted to encode components of the secretion apparatus, as well 

as a relaxase, two peptidoglycanases, a disulphide bond isomerase, and a chromosome 

partitioning protein [45, 265, 298, 304]. Because of the similarity to F-plasmid and the 

requirement for T4SS homologues, we predict that chromosomal DNA donation in N. 

gonorrhoeae may occur by a mechanism similar to DNA transfer from Escherichia coli 

Hfr strains, but with the DNA secreted into the surrounding milieu.  

Although it was shown that gonococci secrete chromosomal DNA during growth, the 

characteristics of the secreted DNA have not been determined. The ability of the 

secreted DNA to transform other gonococci may be influenced by whether the DNA is 

single-stranded or double-stranded and whether it has protein bound to it or not. 
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Previous studies using exogenously added DNA suggested that double-stranded DNA 

was the preferred substrate for natural transformation of N. gonorrhoeae [305], while 

one report suggested that single-stranded and double-stranded DNA transform with 

similar efficiency [306]. Transformation experiments comparing DNA donation by 

wild-type versus a T4SS-mutant donor revealed that wild-type donors produce more 

transformants, even when the cultures were allowed to proceed to autolysis [265].  

These results suggest that the secreted DNA is more efficient at transforming recipients 

than DNA released by autolysis.  However, the donation of DNA via a T4SS suggests 

that the secreted DNA is single-stranded, as is the case for conjugated DNA and DNA 

transferred by the A. tumefaciens T4SS [170]. If gonococci secrete DNA by a 

mechanism similar to conjugation, then the DNA should be cut by a nicking enzyme or 

relaxase and the enzyme may remain bound to the DNA [307]. 

Relaxases bind and nick supercoiled DNA in a sequence- and strand-specific manner at 

the origin of transfer (oriT) [308]. The tyrosine-mediated nicking reaction results in the 

covalent binding of the relaxase to the 5' end of the cut DNA [308, 309]. The 

nucleoprotein complex is recognized by the coupling protein for transport via the type 

IV secretion apparatus [310]. Therefore, relaxases function as pilot proteins for DNA 

transport [308, 309]. Relaxases are characterized by the presence of three conserved 

amino acid sequence motifs [311]. Motif I contains one or two catalytic tyrosines [46, 

309]; motif II is thought to be involved in facilitating DNA-protein interactions at the 3' 

side of the cleavage site [74]; and motif III, also known as the three-histidine (3H) 

motif, has been historically used as the hallmark of relaxases and is involved in metal 

ion coordination [312]. N. gonorrhoeae encodes a putative relaxase, TraI, required for 

type IV secretion [45]. TraI exhibits features of relaxases, but also exhibits features that 

are absent in previously characterized relaxases, suggesting that DNA processing for 

secretion in N. gonorrhoeae may have important differences compared to DNA 

processing by known T4SSs. To characterize DNA secretion by N. gonorrhoeae and 

gain a better understanding of DNA donation for natural transformation, we examined 

the mechanism of DNA processing focusing on the putative relaxase TraI and the 

sensitivities of the secreted DNA to specific nucleases. 

Here we show that the putative relaxase TraI has features not found in known relaxases, 

including an N-terminal hydrophobic region and an HD (histidine and aspartate) 
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phosphohydrolase domain. Site-directed mutagenesis of traI identified two tyrosines 

necessary for DNA secretion, with one predicted to act in the initial cleavage of 

chromosomal DNA for secretion. Also a mutation in motif I of the HD domain 

significantly decreased DNA secretion, as did mutations affecting the unique 

hydrophobic region found at the N-terminus. Remarkably, this study identified 53 

proteins with the same domain architecture as TraI. These proteins conserve an N-

terminal putative relaxase domain fused to the HD domain of phosphohydrolases, all 

within the first 300 amino acids. These proteins may represent uncharacterized 

conjugation or DNA donation proteins. Nuclease treatment of gonococcal culture 

supernatants and co-culture transformation in the presence of specific nucleases 

revealed that the secreted DNA is only degraded by nucleases that have single-strand 

3'5' exonuclease activity or endonuclease activity, suggesting that gonococci secrete 

single-stranded DNA protected at the 5' end. An insertion disrupting an inverted repeat 

in a non-coding region of the GGI caused loss of DNA secretion, suggesting that this 

region may contain an oriT. Altogether, this work reveals important properties of the 

secreted DNA and the mechanism of DNA processing for type IV secretion in N. 

gonorrhoeae. 

Results 

Site-directed mutagenesis replacing Tyr93 and Tyr201 reveals their 

requirement for TraI function in DNA secretion 

Previously we found that a strain carrying a traI insertion (truncating TraI at amino acid 

200) is deficient in DNA secretion, indicating a requirement for TraI in type IV 

secretion [45]. Complementation of this strain with the wild-type copy of traI at a 

distant location on the chromosome restored DNA secretion to wild-type levels, 

confirming that the DNA secretion deficiency was not due to a polar effect on 

downstream genes (Fig. 1A). These results provide further evidence that DNA 

secretion in N. gonorrhoeae is dependent on the putative relaxase TraI. An alignment of 

TraI and the Xyllela fastidiosa putative relaxase revealed conservation of Tyr93, Tyr201 

and Tyr212 among the proteins (Fig. 2). These conserved tyrosines are potential 

catalytic amino acid residues. The F-family of relaxases conserves pairs of tyrosines 

reported to play different roles in DNA processing [79]. Thus, Tyr200 was also of 
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interest as it was located next to Tyr201 forming a tyrosine pair. To determine the 

functional relevance of Tyr93, Tyr200, Tyr201 and Tyr212, we used site-directed 

mutagenesis to replace these conserved tyrosines with phenylalanines. DNA secretion 

was eliminated in the strain carrying the Y93F mutation, while the Y212F mutation had 

no effect on DNA secretion (Fig. 1A). Interestingly, the strain expressing a double 

tyrosine substitution (Y200F/Y201F) showed intermediate levels of DNA secretion 

(Fig. 1A).  

 
 
Figure 1: (A) Fluorometric detection of secreted DNA. Piliated gonococcal strains 
were grown for 2.5 h in liquid culture. Cell-free culture supernatants were collected, and 
DNA was detected with the fluorescent DNA-binding dye PicoGreen and normalized to 
total cell protein. MS11 was used as the wild-type (WT) strain and ND500 (∆GGI in 
MS11) as the negative control. The results are an average of at least four independent 
experiments. *P < 0.003 when compared with wild-type. †P < 0.003 when compared 
with the respective mutant. §Not significantly different than wild type. 
 
 (B) Detection of TraI by Western blot. TraI was produced by wild-type and mutant 
strains at approximately the same levels. TraI is not detected in strain ND500, a strain in 
which the GGI was deleted. 
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Individual tyrosine substitutions were made to determine if the intermediate DNA 

secretion phenotype observed in the strain carrying the Y200F/Y201F mutation could 

be ascribed to a particular tyrosine. The Y200F mutant showed wild-type levels of DNA 

secretion, whereas DNA secretion by the strain carrying the Y201F mutation resulted in 

the intermediate DNA secretion phenotype observed with the Y200F/Y201F 

substitutions (Fig. 1A). Introduction of wild-type traI at a distant site on the 

chromosome restored wild-type levels of DNA secretion in the strains carrying traI 

Y93F,Y200F/Y201F, or Y201F mutations (Fig. 1A). Analysis of native expression of 

TraIY93F and TraIY200F/Y201F by Western blot revealed that the proteins are 

expressed at levels similar to that of the wild-type protein (Fig.1B). These results 

provide evidence that Tyr93 and Tyr201 are required for the function of TraI in DNA 

secretion.  Furthermore, the different effects of the Y93F and Y201F mutations on DNA 

secretion suggest non-redundant roles of these tyrosines in the activity of TraI. Tyr93 

may be involved in the initiation of DNA processing, while Tyr201 may be involved 

either in a second cleavage for termination of DNA processing or in the stability of the 

DNA-protein interaction.  

 
Single amino acid substitutions within the histidine-rich motif  

A histidine (H)-rich motif is found five amino acid residues from Tyr93 (Fig. 2). This 

sequence aligns well with a region from the relaxase (TraI) of Salmonella typhi plasmid 

R27, where it was referred to as the 3H motif of relaxases [313]. The gonococcal TraI 

H-rich motif conserves Arg99, His106, and His108 (Fig. 2). Arg99 was of interest 

because it aligns well with Arg150 of the F-plasmid family 3H motif (data not shown), 

which was shown to contribute to relaxation of DNA in vitro [314]. To determine the 

functional relevance of Arg99, His106, and His108 in DNA secretion, we constructed 

strains carrying traI R99S, H106S, or H108S mutations. Surprisingly, these strains 

exhibit wild-type levels of DNA secretion (Fig. 1A). A possible explanation for this 

result is that single histidine substitutions or the substitution to serine may be 

insufficient to eliminate a possible function in metal coordination. To address this 

possibility, we constructed a strain expressing a double histidine substitution 

(H106A/H108A), where the histidines were replaced by alanines. The strain carrying 

traIH106A/H108A also showed wild-type levels of DNA secretion (Fig. 1A). These 
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results indicate that Arg99, His106, and His108 are not required for TraI function in 

DNA secretion.  

N. gonorrhoeae TraI has features unlike any characterized relaxase 

TraI was identified as a putative relaxase based on N-terminal amino acid sequence 

homology to the putative nickase from Pseudomonas resinovorans and the putative 

relaxase from X. fastidiosa [45]. Strikingly, TraI conserves the five motifs characteristic 

of the HD domain of the metal-dependent phosphohydrolase superfamily, all within the 

first 300 amino acids (Fig. 2) [315]. 

 

 
Figure 2: Amino acid sequence alignment of predicted relaxases from plasmid R27 
(R27 TraI), X. fastidiosa (Xf TraI), and N. gonorrhoeae (Ng TraI). Identical amino acids 
are highlighted. Underlined sequences in R27 TraI were reported to correspond to the 
three motifs of classical relaxases. However, the first two motifs are not conserved in 
the Ng TraI family. The hallmarks of the Ng TraI family are a conserved tyrosine 
(Tyr93 in Ng TraI) closely followed by a histidine (H)-rich motif, and the HD 
phosphohydrolase domain. The signature sequence of the H-rich motif is 
h(Q/H)xhPASExHHHx3GG(L/M)h, where h is a hydrophobic residue and x is any 
residue. The HD domain motifs are labeled HD I to V (where HD II is the signature 
motif). The consensus amino acid sequence for the fifty-four proteins in the Ng TraI 
family of predicted relaxases is shown (the dotted lines represent no consensus). The 
consensus amino acid sequence for the HD domain is also shown [(b) big, (s) small, (h) 
hydrophobic, (c) charged, and the capital letters represent invariant amino acids]. The 
arrows indicate the amino acids in Ng TraI that were the target for site-directed 
mutagenesis in this study. (*) Mutations that decrease DNA secretion.  () Mutations 
that have no effect on DNA secretion. 

To determine if the presence of the HD domain was unique to N. gonorrhoeae (Ng) TraI 

among relaxases, we performed a database search using full-length TraI as the query. 

The search resulted in the identification of 53 proteins with a high degree of amino acid 
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conservation to TraI (Table 1). Some of the proteins in this group are annotated as 

putative relaxases or hydrolases, but most of them are hypothetical proteins (Table 1).  

Table 1: Proteins with similar domain architecture as N. gonorroheae TraI 

 

These proteins come from a number of - and β-proteobacteria, and for a large number 

of them, the sequences have just recently become available. A phylogenetic tree 

obtained from an amino acid alignment of the full-length proteins resulted in the 

clustering of TraI with putative relaxases from other pathogenic bacterial species 

including Vibrio cholerae, avian pathogenic Escherichia coli, Salmonella typhi, 
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Proteous vulgaris, and Yersinia pestis (Fig. 3). Interestingly, the large majority of these 

proteins are chromosomally encoded, and of these, some can be found in mobile 

genomic islands (e.g. integrated pKLC102) or conjugative/integrative elements (e.g. 

pICEhin1056). Only 6 of the proteins in this family are plasmid-encoded (Fig. 3). The 

only other putative relaxase from the Ng TraI family shown to be required for type IV 

secretion is TraI from the S. typhi R27 plasmid. R27 TraI contains the three signature 

motifs of relaxases [313]. However, alignment of the fifty-four proteins in the Ng TraI 

family revealed that the R27-plasmid TraI motifs I and II (Fig. 1) are only conserved in 

pAPEC-01-R, R478 plasmid, and pHCM1 (Fig. 3).  

Amino acid conservation within the Ng TraI family starts with the motif containing Ng 

TraI Tyr93, conserved in forty-three of the proteins, followed by the H-rich motif of 

signature h(Q/H)xhPASExHHHx3GG(L/M)h (where x is any residue and h is a 

hydrophobic residue), present in all the proteins. Moreover, all the proteins conserve Ng 

TraI Tyr201 and the HD phosphohydrolase domain (Fig. 2). Finally, almost all the 

proteins conserve a domain of unknown function (DUF1528) at the C-terminus end. 

This information suggests that TraI belongs to a newly discovered family of relaxases or 

relaxase-like proteins, and unlike any of the characterized relaxases, the domain 

architecture includes the HD domain of phosphohydrolases. 

The HD domain motif I mutation D120N reduces DNA secretion 

The HD phosphohydrolase domain highly conserves histidines and aspartates (Fig. 2). 

Therefore, it has been proposed that the primary function of this domain is in the 

coordination of divalent cations [315]. The HD domain motifs I, II, and V were reported 

to be conserved in the entire HD domain superfamily [315].  Therefore, we focused on 

His161 and Asp162, which are the signature amino acids of the HD domain (present in 

motif II), and Asp120, present in motif I (Fig. 2) [315]. Asp120 was of interest because 

secondary-structure-based threading (LOOPP) placed it in close proximity to Tyr93. 

There is evidence that interaction of an aspartate with an active site tyrosine is required 

for the activity of relaxases [66].   
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Figure 3: Phylogenetic tree of proteins with the same domain architecture as Ng TraI. 
The phylogenetic tree was generated from the CLUSTAL W alignment of the full-
length proteins. A black box highlights the cluster containing Ng TraI. The different 
font colors represent proteins with similar predicted amphipathic  helices at the N-
terminus proximal region: yellow, orange, red, and navy blue. Black font and white font 
indicate proteins with unique amphipathic  helices. Ng TraI, black font (white 
background), contains an N-terminal amphipathic  helix. Azoarcus sp. EbN1 (purple 
font) contains a predicted N-terminal transmembrane domain in addition to the N-
terminus proximal amphipathic  helix. Green font indicates proteins that contain two 
predicted N-terminus proximal amphipathic  helices. Underlined proteins do not 
contain predicted amphipathic  helices. H. somnus contains a charged reside on the 
hydrophobic side, and the Shewanella ANA-3 sequence available is truncated. Orange 
font indicates proteins that conserve motif I and II of relaxases. *Plasmid-encoded 
proteins. 
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Thus, to determine the contribution of these amino acids in the function of TraI in DNA 

secretion, we constructed strains carrying traI H161S, D162N, or D120N mutations. 

The N. gonorrhoeae strains carrying the H161S or the D162N mutation showed wild-

type levels of DNA secretion (Fig. 1A). However, the strain carrying the D120N 

mutation exhibited significantly reduced levels of DNA in culture supernatants (Fig. 

1A). Analysis of native expression of TraID120N by Western blot revealed that the 

protein is expressed at levels similar to that of the wild-type protein (Fig.1B). The 

precise role of the HD domain in DNA processing is not clear. Nevertheless, these 

results indicate that the HD domain contributes to the function of TraI in DNA 

secretion.  

Unique N-terminal region in N. gonorrhoeae TraI  

A feature that makes TraI unique among the members of its family and all characterized 

relaxases is the presence of an N-terminal region that is identified (by SignalP 

algoriThm analysis) as a signal sequence (Fig. 4A). If this region were to function as a 

signal sequence, TraI would be transported into the periplasm via the sec-translocase 

prior to export by the T4SS. 

 
Figure 4: Map of the TraI N-terminal region. (A) SignalP 3.0 algoriThm analysis of 
the Ng TraI amino acid sequence predicted the presence of a signal sequence 
(probability = 0.923) with a cleavage site between Tyr21 and Leu22 (probability = 0.5). 
The hydrophobic (h) region is interrupted by polar residues (P), which results in the 
secondary structure prediction of an amphipathic  helix (c, coil; h, helix; e, sheet). (B) 
Helical wheel of amino acids 5 to 12. Black font, white background represents amino 
acids in the polar side of the helix. White font, black background represents amino acids 
in the hydrophobic side. *Charged residues were introduced into the hydrophobic side 
of the predicted amphipathic  helix at positions 6 and 12 (L6K/L12K).   
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To address the functionality of the putative signal peptide in targeting TraI to the 

membrane and transporting it via the sec-translocase, we used the well-established in 

vitro translocation assay with isolated inverted inner membrane vesicles (IMVs) of E. 

coli [301]. 35S-labeled TraI∆261-850 was used in a co-translational targeting/transport 

assay in which the translocation into IMVs was monitored by the accessibility of 

TraI∆261-850 to the externally added proteinase K. If TraI contains a functional signal 

sequence, the protein would be transported into the vesicles where it would be protected 

from degradation by proteinase K, and therefore, detectable by autoradiography 

following electrophoresis. However, if TraI's N-terminal region does not function as a 

sec-dependent signal sequence, it would remain accessible to proteinase K and be 

degraded. To detect even small amounts of transported protein, IMVs derived from a 

strain overexpressing the SecYEG translocase were used. Protease-protected fragments 

of TraI∆261-850 were not observed in the co-translational targeting/transport assay, 

unlike the protease-protected fragments detected in the positive control FtsQ (Fig. 5A). 

 

 
Figure: 5 In vitro translocation assays with isolated inverted inner membrane vesicles 
(IMVs) of E. coli. (A) FtsQ and TraI ∆261-850 were used in co-translation protein 
transport assays in the absence and presence of wt or SecYEG overexpressing IMVs of 
E. coli. After the samples were incubated for 30 minutes at 37° C and treated with 0.4 
mg/ml proteinase K in the presence and absence of Triton X-100.  10% of the reaction 
mixture before the addition of proteinase K was loaded as a synthesis control. (B) 
ProOmpA and TraI ∆261-850 were used in a post-translation protein transport assays in 
the absence and presence of wt or SecYEG overexpressing IMVs of E. coli, with or 
without ATP for 30 minutes at 37° C.  

  



Relaxase of T4SS 
 

 
92 

A post-translational transport assay of 35S-labeled TraI∆261-850 also resulted in no 

detection of protease-protected fragments, unlike the ones detected for the positive 

control proOmpA (Fig. 5B). These results indicate that the N-terminal region does not 

function as a signal peptide to target TraI for transport into the periplasm via the sec 

system.  

The N-terminal region of N. gonorrhoeae TraI mediates membrane 
association and is necessary for wild-type levels of DNA secretion 

A secondary structure prediction of the unique N-terminal region of Ng TraI indicated 

that the hydrophobic region lies on an α-helix and is interrupted by polar residues, 

resulting in the prediction of an amphipathic α-helix (Fig. 4B).  Amphipathic α-helixes 

are characterized by the presence of a polar side and a hydrophobic side that makes 

proteins capable of interacting with membranes [316]. Therefore, an indication that TraI 

contains an amphipathic α-helix would be membrane localization in N. gonorrhoeae. 

TraI was overexpressed in a wild-type gonococcal strain from an inducible construct on 

the chromosome. Overexpression was followed by cellular fractionation and detection 

of TraI by Western blot with TraI-specific polyclonal antisera. TraI was detected in the 

cytoplasmic and membrane fractions, but not in the periplasmic fraction (Fig. 6A). A 

faster-migrating band (~35 kDa) that consistently cross-reacted with the TraI antisera 

was detected in the periplasmic fraction and barely detected in the cytoplasmic fraction 

(Fig. 6A, top panel), demonstrating proper extraction of periplasmic proteins.  

PilQ, a gonococcal outer membrane protein, was detected only in the membrane fraction 

(Fig. 6A, middle panel), and chloramphenicol acetyltransferase (CAT) was detected 

only in the cytoplasmic fraction (Fig. 6A, bottom panel). Lack of TraI detection in the 

periplasm further confirms that TraI is not transported by the sec system. Fractionation 

of a ∆GGI strain overexpressing TraI also resulted in its detection only in the 

cytoplasmic and membrane fractions (data not shown), indicating that TraI’s association 

with the membrane is not due to interactions with other proteins of the T4SS. 

Furthermore, the membrane association of TraI is not a result of aggregation due to 

overexpression, as TraI was also found in the membrane fraction of wild-type cells (Fig 

6B, left panels).  
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Figure: 6  Subcellular localization of TraI. (A) Full-length TraI overexpressed in a 
wild-type (WT) strain from an inducible construct on the chromosome. TraI was 
detected by Western blot with TraI-specific polyclonal antiserum. Periplasmic (peri), 
membrane (memb) and cytoplasmic (cyto) fractions are indicated. A cross-reactive 
protein (∼35 kDa) was found in the periplasmic fractions from strains with or without 
the T4SS. Antiserum to the gonococcal outer membrane protein PilQ was used to detect 
membrane material. Chloramphenicol acetyltransferase (CAT) was detected to identify 
cytoplasmic material. (B) Top panels. Membrane fractions from wild-type and ∆GGI 
strains (left panel) and strains overexpressing (oe) traI or traIL6K/L12K from the native 
site (right panel). Bottom panels. Cytoplasmic fractions from wild-type and ∆GGI 
strains (left panel) and strains overexpressing (oe) traI or traIL6K/L12K from the native 
site (right panel). TraI was detected by Western blot with TraI-specific polyclonal 
antiserum. 

 
These results suggest that TraI exists in two forms, soluble in the cytoplasm and 

associated with the membrane. Another observation that results from these experiments 

is that TraI migrates anomalously. TraI is predicted to have a molecular weight of ~94 

kDa, but it migrated at an apparent molecular weight of ~125 kDa. DNaseI treatment of 

fractions prior to SDS-PAGE had no effect on TraI migration (data not shown), 

indicating that the aberrant migration is not due to bound DNA. TraI’s aberrant SDS-

PAGE migration is more likely due to post-translational modifications, dimerization, or 

the protein adopting an unusual conformation. To investigate if the predicted 

amphipathic nature of the N-terminal region is involved in mediating TraI’s association 

with the membrane, we introduced charged residues within the hydrophobic side of the 

predicted amphipathic α-helix (L6K/L12K) (Fig. 4B). For ease of detection, we 

introduced an ermC cassette with a strong promoter [298] upstream of the 
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traIL6K/L12K promoter region to drive traI transcription from its native site. Wild-type 

TraI overexpressed from its native site was detected in the membrane and cytoplasmic 

fractions (Fig. 6B). However, TraIL6K/L12K was detected only in the cytoplasmic 

fraction, suggesting that the N-terminal region mediates TraI’s association with the 

membrane, possibly through the formation of an amphipathic α-helix (Fig. 6, right 

panels). We tested DNA secretion in the strain carrying the L6K/L12K mutation and 

found significantly reduced levels of DNA in the culture medium (Fig. 1A). These 

results suggest that TraI’s association with the membrane is required for wild-type 

levels of DNA secretion and may represent a unique step that aids in the DNA transport 

process for type IV secretion.   

 
Nuclease treatment results in degradation of secreted DNA only by nucleases 

that have single-strand 3'5' exonuclease activity or endonuclease activity  

An additional approach to characterize the mechanism of DNA processing in N. 

gonorrhoeae is to test the susceptibility of the secreted DNA to specific nucleases. Two 

methods were used to assess the effects of nucleases on the secreted DNA: fluorometric 

detection of DNA in cell-free supernatants after incubation with nucleases, and transfer 

of an antibiotic resistance marker (cat) during co-culture transformation in the presence 

of nucleases. The nuclease treatment of supernatants was carried out under optimum 

conditions for each nuclease, while the medium for the co-culture assay was optimized 

to provide the best possible conditions that would allow enzyme activity and 

gonococcal growth. ExoIII is a double-strand specific exonuclease that converts double-

stranded DNA to single-stranded DNA, by degrading one strand [317]. The addition of 

ExoIII did not significantly affect the fluorescence of culture supernatants (Fig. 7A) or 

transfer of the cat marker (Fig. 10), but resulted in the degradation of added double-

stranded -HindIII DNA in culture medium (Fig. 7C). The marker transferred in the 

co-culture transformation assay, cat, carries an internal EcoRI site. EcoRI is a restriction 

enzyme that cuts double-stranded DNA [318]. EcoRI cut plasmid DNA added to the 

medium (data not shown), but did not affect transfer of the cat marker in co-culture 

(Fig. 8). By contrast, the 3'5' single-strand specific nuclease ExoI [319] significantly 

reduced the fluorescence of the culture supernatants (Fig. 7) and reduced transfer of the  
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Figure 7:  Nuclease treatment of culture supernatants. Fluorometric detection of DNA 
in cell-free supernatants after overnight incubation with nucleases. ExoIII is a double-
strand specific exonuclease that converts double-stranded DNA to single-stranded 
DNA, by degrading one strand. ExoI is a 3′→5′ single-strand specific exonuclease. 
DNaseI and BAL-31 have endonuclease activity. BAL-31 also has double-strand 
specific exonuclease activity. RecJf is a 5′→3′ single-strand specific exonuclease. 
Culture supernatants collected from a wild-type strain (A), culture supernatants 
supplemented with HindIII-digested, single-stranded λ DNA (B) or with double-
stranded λ DNA (C). *P < 0.05. §Not significantly different from no treatment. 

cat marker in co-culture (Fig. 8), suggesting that the secreted DNA is single-stranded 

with a free 3' end. However, the 5'3' single-strand specific exonuclease RecJf [320] 

did not significantly affect the fluorescence of culture supernatants (Fig. 7A) or transfer 

of the cat marker (Fig. 8), but degraded single-stranded -HindIII DNA added to 

culture medium (Fig. 7B).  

 

 

  

Figure 8: Co-culture transformation in 
the presence of nucleases. Transfer of an 
antibiotic resistance marker during co-
culture transformation in the presence of 
nucleases. The transferred marker, cat, 
carries an internal EcoRI site. EcoRI is a 
restriction enzyme that cuts double-
stranded DNA. ExoIII is a double-strand 
specific exonuclease. ExoI is a 3′→5′ 
single-strand specific exonuclease. RecJf 
is a 5′→3′ single-strand specific 
exonuclease. DNase I has a double- and 
single-strand endonuclease activities; 
BAL-31 has single-strand specific 
endonuclease and double-strand specific 
exonuclease activities. *P < 0.05. §Not 
significantly different from no treatment. 
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Furthermore, the only other nucleases found to degrade secreted DNA were DNaseI and 

BAL-31 (Figs. 7 and 8).   DNaseI is an endonuclease that acts on double- and single-

stranded DNA [321], and BAL-31 is a double-strand specific exonuclease and single-

strand specific endonuclease [322]. As ExoIII had no effect on the secreted DNA, any 

activity exhibited by BAL-31 was predicted to be due to its single-strand endonuclease 

activity. Both nucleases significantly reduced the fluorescence of culture supernatants 

(Fig. 7) and reduced transfer of the cat marker (Fig. 8). Altogether, these results are 

consistent with the hypothesis that the secreted DNA is single-stranded and bound to 

TraI at the 5' end. 

 
Identification of a possible origin of transfer 

Conjugative and mobilizable plasmids are recognized for transfer by the presence of a 

specific sequence known as the origin of transfer (oriT). Characterized oriT sequences 

contain an inverted repeat and are often found near the relaxase gene, between divergent 

transcriptional promoters, and in A-T rich regions [323]. We hypothesized that if a 

single oriT exists in the gonococcal chromosome, that it is likely to be located in the 

GGI. Therefore we searched the GGI sequence for inverted repeats that might mark the 

oriT. The only sequence meeting all the criteria characteristic of oriTs is the one that 

contains the inverted repeat found between the T4SS genes yaf and ltgX (Fig. 9A). 

Furthermore, the oriT in F-plasmid is adjacent to geneX (orf169) [64], the homologue 

of the gonococcal ltgX, as is the predicted oriT for the GGI. An insertion disrupting this 

inverted repeat, and well separated from the predicted transcriptional promoters for the 

two transcripts, was found to abolish DNA secretion (Fig. 9B). Complementation with 

the yaf-ltgX non-coding sequence containing an intact inverted repeat at a distant 

location on the chromosome restored DNA secretion (Fig. 9B). These results suggest 

that this region contains the oriT and that there is only one oriT in the chromosome. 
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Figure 9:  Predicted oriT sequence located in the GGI. (A) Map of the GGI region 
predicted to contain the oriT. traI encodes the putative relaxase, yaf encodes an 
unknown protein and ltgX encodes a putative lytic transglycosylase. Arrows labelled 
‘P’ mark the promoter region for the transcripts. The sequence of the yaf-ltgX inverted 
repeat is shown. An insertion containing a cat marker was introduced at the StuI site of 
the inverted repeat, deleting the sequence in between the StuI sites. 

 (B) Fluorometric detection of secreted DNA. Piliated gonococcal strains were grown 
for 2.5 h in liquid culture. Cell-free culture supernatants were collected and DNA was 
detected with the fluorescent DNA-binding dye PicoGreen and normalized to total 
protein in the cell pellet. MS11 was used as the wild-type (WT) strain and ND500 
(∆GGI in MS11) as the negative control. The results are an average of at least four 
independent experiments. *P < 0.003 when compared with wild-type. †P < 0.003 when 
compared with its respective mutant. 

 
Discussion 

DNA donation in N. gonorrhoeae contributes to the high frequency of genetic exchange 

that result in the rapid spread of antibiotic resistance genes and in greater genetic 

diversity of alleles of surface molecules for evasion of the human immune response. To 

characterize DNA donation by N. gonorrhoeae, we examined the mechanism of DNA 

processing focusing on the putative relaxase TraI and the sensitivities of the secreted 

DNA to specific nucleases. Mutational analysis of TraI is consistent with its function as 

a relaxase, and the nuclease data indicate that the DNA is single-stranded with a free 3' 

end. Therefore, we propose that N. gonorrhoeae secretes a nucleoprotein complex of 

single-stranded DNA protected at the 5' end, presumably by TraI. Other proteins may 

also bind to the secreted DNA to aid in transformation. Conjugation systems have been 

found to transfer the relaxase as well as RecA along with plasmid DNA [324, 325], and 
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A. tumefaciens transfers the single-stranded DNA binding protein VirE2 into host cells 

to aid in the establishment of the Ti DNA [32]. Similarly, N. gonorrhoeae may secrete 

proteins that bind the secreted DNA facilitating transformation and/or enhancing DNA 

uptake or recombination in recipient cells.  

In relaxases, the active-site amino acid residue is a tyrosine, where the hydroxyl group 

attacks a phosphate on the DNA backbone [74]. We searched for conserved tyrosines in 

the Ng TraI family and found that forty-two of the proteins conserve a tyrosine at 

position 93 (in Ng TraI), with the rest of the proteins conserving a tyrosine at positions -

8, -5, or +3 from Tyr93. Substitution of Tyr93 with phenylalanine abolished DNA 

secretion, while substitution of Tyr201, conserved in all the proteins, resulted in 

intermediate levels of DNA secretion. The requirement of Tyr93 for the function of TraI 

in DNA secretion supports the hypothesis that TraI is a relaxase, and suggests a model 

where Tyr93 is involved in the initial cleavage of supercoiled DNA. The intermediate 

DNA secretion phenotype of the strain carrying the Y201F mutation suggests that 

Tyr201 may be required for a second cleavage for termination of DNA processing, 

analogous to the TrwC mechanism of DNA processing [79, 326, 327]. Without 

termination, DNA might be secreted but remain attached to the cells. In our assay for 

DNA secretion, the cells are removed before the supernatants are assayed for 

fluorescence. Therefore, DNA in the supernatants might be reduced to the amount that 

is sheared from the cells. Tyrosines are not only involved in DNA cleavage reactions 

but are also known to contribute to non-specific binding interactions with the 

phosphodiester backbone for many enzymes involved in nucleic acid metabolism, 

including DNaseI and DNA polymerase beta [328]. Hence, it is possible that Tyr201 is 

required instead for the binding affinity of TraI to the DNA backbone.  

The presence of the HD domain suggests an important difference in the mechanism of 

TraI function when compared to classical relaxases. The HD domain has been shown to 

be required for the metal-dependent phosphohydrolase activity of the E. coli dGTPase 

[329], the ppGpp(p)-hydrolase SpoT [330], and nucleotidyltransferases [331], providing 

evidence that the HD domain functions in nucleic acid metabolism [315]. Furthermore, 

conservation of multiple histidine and aspartate residues in the HD domain (Fig. 2) 

indicates that one of the primary functions of this domain is in the coordination of 

divalent cations [315]. If the HD domain substitutes in function for the 3H motif of 
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classical relaxases, this could explain the indifference of the traI H106S, H108S, or 

H106A/H108A mutations for the function of TraI in DNA secretion. The H-rich motif 

sequence PASExHHH is a hallmark of the proteins in the Ng TraI family (Fig. 2). 

Therefore, the dispensability of the histidine residues in this motif was an unexpected 

result. The HD domain mutations H161S and D162N (HD motif II) also did not 

significantly reduce DNA secretion. However, Asp120 (HD motif I) was found to be 

required for wild-type levels of DNA secretion, providing evidence that the HD domain 

contributes to TraI function. Asp81 of F-plasmid TraI and Asp85 of TrwC have been 

shown to interact directly with tyrosines, presumably for activation of the catalytic 

tyrosine or for structural maintenance of the active site [66, 67]. Asp120 of the HD 

domain could have similar roles. Alternatively, Asp120 could function in metal 

coordination by a mechanism similar to Glu104 of the MbeA HEN motif [332]. MbeA 

is the relaxase encoded by plasmid ColE1 that contains a variant of the canonical 3H 

motif, where His97, Glu104 and Asn106 of the HEN motif are required for the activity 

of the protein [332].  

In addition to the presence of the HD domain, another unusual feature of TraI is a 

hydrophobic region at the N-terminus. This region was initially identified as a possible 

signal sequence, suggesting a two-step secretion mechanism for TraI, as described for 

pertussis toxin [39] and some proteins of A. tumefaciens [333]. However, the data does 

not support this hypothesis. The predicted signal peptide was not functional in 

transporting TraI into inverted E. coli inner membrane vesicles (Fig. 5), and TraI was 

not detected in the periplasm of N. gonorrhoeae (Fig. 6). Further examination of the N-

terminal region revealed that, while highly hydrophobic, it contains several polar 

residues resulting in the secondary structure prediction of an amphipathic a helix. 

Disruption of the amphipathic nature of the region (by substitution of two hydrophobic 

residues with charged residues, L6K/L12K) indicated that the N-terminal region is 

necessary not only for membrane association but also for wild-type levels of DNA 

secretion. Secondary structure prediction analysis of the N-terminal region of proteins in 

the Ng TraI family revealed that almost all of these proteins contain predicted 

amphiphathic a helices (Fig. 3). Therefore, association with the membrane may be a 

general property of relaxases in the Ng TraI family. The advantage of this association 

may be to facilitate interaction with the T4SS apparatus. Interaction with the coupling 
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protein or other parts of the T4SS apparatus might still occur without membrane 

association, but might occur less often or be less stable. This idea is consistent with the 

reduced DNA secretion seen in the traI L6K/L12K mutant (Fig 1A). Alternatively, 

membrane association of TraI could be more important for the transformation steps after 

DNA secretion, possibly binding secreted DNA to the outer membrane or outer 

membrane vesicles of the donor for presentation to recipient cells or aiding in binding 

DNA to the outer membrane of recipients for DNA uptake.  

DNA processing for type IV secretion is extremely specific and occurs only at the oriT 

[323]. All of the known genes for type IV secretion in N. gonorrhoeae are found in a 57-

kb region of the chromosome called the GGI [45, 265]. We hypothesized that if a single 

oriT is present in the gonococcal chromosome that it would be present in this region. 

We found a sequence in the yaf-ltgX non-coding region of the GGI that has many of the 

characteristics of oriTs [323]. This sequence contains an inverted repeat, is located 

between divergently transcribed genes in an A-T rich region, and is close to traI. An 

insertion in the inverted repeat abolished DNA secretion, suggesting that this sequence 

is required for DNA processing for type IV secretion. Furthermore, complementation 

with the yaf-ltgX non-coding region at a distant location on the chromosome restored 

DNA secretion. Although it is possible that this region might encode a very small 

protein or a small RNA that we have not detected, we favor the hypothesis that this 

region is the oriT and may be cut by TraI to initiate DNA transfer. 

To date, relaxases have been identified that contain an N-terminal relaxase domain or an 

N-terminal relaxase domain with a C-terminal helicase or primase domain [312]. The 

TraI domain architecture, an N-terminal putative relaxase domain fused to the HD 

domain of phosphohydrolases (all within the first three-hundred amino acids), has not 

been previously described. However, the TraI N-terminal domain architecture is not 

unique to TraI; it is present in at least 53 uncharacterized proteins. These proteins 

conserve (i) Ng TraI Tyr93 and Tyr201, (ii) an H-rich motif of signature 

h(Q/H)xhPASExHHHx3GG(L/M)h (where x is any residue and h is a hydrophobic 

residue), (iii) the five motifs characteristic of the HD domain of phosphohydrolases, (iv) 

a predicted amphipathic a helix at the N-terminus proximal region, and (v) a conserved 

domain of unknown function (DUF1528) near the C-terminus. Therefore, we propose 

that these proteins are part of a previously undescribed family of relaxases or relaxase-
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like proteins and that their mechanism of DNA processing may be similar to TraI. The 

large majority of the proteins in the Ng TraI family are in transfer regions that are 

chromosomally encoded and most of these species also encode type IV pilus 

components, suggesting that they may be naturally transformable. Thus, it is likely that 

these relaxase homologues act in processing chromosomal DNA, and it is possible that 

some of them may export DNA by the same mechanism as N. gonorrhoeae. Regardless 

of whether DNA donation occurs by conjugation or direct secretion, the mechanism of 

TraI function appears to be a widespread process for chromosomal DNA donation. 

Experimental Procedures 

Bacterial strains and growth conditions 

The N. gonorrhoeae strain MS11 was used as the wild-type strain and for the 

construction of the gonococcal strains described in Table 2. Growth of gonococci on 

gonococcal base (GCB) (Difco) solid medium was performed as previously described 

[334]. E. coli strains were grown on Luria-Bertani (LB) agar plates or in LB broth 

[335]. The Graver-Wade (GW) medium (pH 6.8) was used for the growth of gonococci 

in liquid culture [336]. When required, chloramphenicol (Cm) was used at a 

concentration of 10 mg ml-1 (Cm10) or 25 mg ml-1 (Cm25) for gonococci and E. coli, 

respectively. Erythromycin was used at a concentration of 500 mg ml-1 (Em500) for E. 

coli and 10 mg ml-1 (Em10) for gonococci.  

Plasmid construction and generation of gonococcal mutants 

Plasmids used for mutagenesis and complementation are described in Table 2. The 

Bordo and Argos guidelines were used to determine which amino acids would be used 

for substitutions [337]. The TraI mutations were introduced into gonococci by allelic 

exchange without selection [334]. Complementation was achieved by introduction of 

the wild-type copy of traI or the yaf-ltgX non-coding region into the gonococcal 

chromosome between aspC and lctP along with the cat marker via the pKH37 vector 

[304]. 
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 Table 2: Plasmids and strains used in this study 

Plasmids Description Reference 

pIDN1 Cloning vector (EmR), 2 kb [298] 

pIDN2 Cloning vector (EmR), 2 kb [298] 

pIDN3 Cloning vector (EmR), 2 kb [298] 

pKS94 
Vector containing ~7 kb of the GGI from traI' to traB' in 
pIDN2, 9 kb [45] 

pKS124 
Vector containing traD plus upstream and downstream 
sequences, 9.5 kb [45] 

pKH37 
Complementation vector (CmR), identical to pKH35 
with inverted polylinker, 6.5 kb [45] 

pWSP3 
'yaf-traI'; ~0.8 kb BamHI-MfeI fragment of pKS94 

 in pIDN2, 2.8 kb 
This study 

pWSP4 
traIY200F/Y201F (TAT to TTT);  

mutagenesis PCR of pWSP3, 2.8 kb 
This study 

pWSP5 traIY93F (TAT to TTT); mutagenesis PCR of pWSP3, 
2.8 kb This study 

pWSP14 
Full-length traI;  PCR amplified from MS11,  

ClaI and SacI digested in pIDN1, 4.7 kb 
This study 

pWSP15 traI 3' end Flag tag; PCR of pWSP14 with primers 
containing the Flag tag; 4.7 kb This study 

pWSP16 traI 3' end Flag tag; ~2.7 kb ClaI-SacI fragment of 
pWSP15 in pKH37, 9 kb This study 

pWSP22 
traI Flag tag after predicted signal sequence (after amino 
acid 23); PCR amplified from WSP25, ClaI and SacI 
digested in pKH37, 9 kb 

This study 
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pWSP25 
traI' Flag tag after predicted signal sequence; PCR of 
pWSP3 with primers containing the Flag tag, 2.8 kb This study 

pWSP28 
3.3 kb XbaI-SalI fragment of pKS124, precursor 
plasmid for traD deletion This study 

pWSP29 
traD deletion;  pWSP28 PCR amplified away from traD, 
2.9 kb This study 

pWSP33 
traI 3' end Flag and His10 tags; PCR of pWSP15 with 
primers containing the His10 tag, 4.7 kb This study 

pWSP34 
traI 3' end Flag and His10 tags; ~2.7 kb ClaI-SacI 
fragment of pWSP33 in pKH37, 9 kb This study 

pWSP36 Full-length traI for complementation; PCR amplified 
(VENT polymerase, NEB) 

This study 

pWSP37 yaf-ltgX non-coding region; PCR amplified, ~750 bp in 
pIDN1 This study 

pWSP38 0.9 kb EcoRV-Nhe erm-containing fragment from 
pIDN3 in PsiI digested pWSP37 

This study 

pWSP42 
traIY200F (TAT to TTC);  

mutagenesis PCR of pWSP3, 2.8 kb 
This study 

pWSP43 
traIY201F (TAT to TTC);  

mutagenesis PCR of pWSP3, 2.8 kb 
This study 

pWSP44 
traIR99S (AGG to AGC); 

 mutagenesis PCR of pWSP3, 2.8 kb 
This study 

pWSP45 
traIH106S (CAT to TCG);  

mutagenesis PCR of pWSP3, 2.8 kb 
This study 

pWSP46 
traIH108S (CAT to AGC);  

mutagenesis PCR of pWSP3, 2.8 kb 
This study 

pWSP47 traI'; ~2.9 kb BseRI-XhoI fragment of pWSP14 This study 
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pWSP49 
traIH161S (CAC to AGT);  

mutagenesis PCR of pWSP47, 2.9 kb 
This study 

pWSP50 
traID162N (GAC to AAC);  

mutagenesis PCR of pWSP47, 2.9 kb 
This study 

pWSP54 
traIL6K/L12K (CTC and CTA to AAG);  

mutagenesis PCR of pWSP3, 2.8 kb 
This study 

pWSP59 
Full-length traD for complementation; PCR amplified 
from MS11, XhoI and SacI digested in pKH37, 8.5 kb This study 

pSJ001 
traI∆470-850; PCR amplified from MS11,  

BspHI and XhoI digested in pET15b 
This study 

pBSKftsQ Plasmid encoding FtsQ [300] 

pET147 Plasmid encoding proOmpA [338] 

Strains Description Reference 

MS11 Wild-type N. gonorrhoeae [297] 

ND500 Gonococcal genetic island deletion in MS11 [45] 

WSP4 MS11 transformed with pWSP4; traIY200F/Y201F This study 

WSP5 MS11 transformed with pWSP5; traIY93F This study 

WSP16 E. coli overexpressing TraI-FLAG (C-terminus tag) This study 

WSP22 
E. coli overexpressing TraI Flag tagged after predicted 
signal sequence This study 

WSP29 MS11 transformed with pWSP29; traD deletion This study 

WSP34 E. coli overexpressing TraI-FLAG-His10 (C-terminus 
tags) This study 

WSP36 
MS11 transformed with pWSP36;  

traI+OE from a distant location in the chromosome 
This study 
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WSP38 
MS11 transformed with pWSP38; traI+OE from native 
site This study 

WSP42 MS11 transformed with pWSP42; traIY200F This study 

WSP43 MS11 transformed with pWSP43; traIY201F This study 

WSP44 MS11 transformed with pWSP44; traIR99S This study 

WSP45 MS11 transformed with pWSP45; traIH106S This study 

WSP46 MS11 transformed with pWSP46; traIH108S This study 

WSP49 MS11 transformed with pWSP49; traIH161S This study 

WSP50 MS11 transformed with pWSP50; traID162N This study 

WSP54 MS11 transformed with pWSP54; traIL6K/L12K This study 

WSP59 
WSP29 transformed with pWSP59;  

traD deletion complement 
This study 

HH532 traI truncation [45] 

WSP532 
HH532 transformed with pWSP36;  

traI truncation complement 
This study 

WSP3604 
WSP4 transformed with pWSP36; 

 traIY200F/Y201F complement 
This study 

WSP3605 
WSP5 transformed with pWSP36;  

traIY93F complement 
This study 

WSP3643 
WSP43 transformed with pWSP36;  

traIY201F complement 
This study 

WSP3650 
WSP50 transformed with pWSP36;  

traID162N complement 
This study 
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WSP3854 
WSP54 transformed with pWSP38;  

traIL6K/L12KOE from native site 
This study 

 

DNA secretion assay 

This assay is a modification of the DNA secretion assay reported by Hamilton et al. 

[45]. Piliated (P+) gonococcal colonies from an overnight culture grown on GCB agar 

plates were harvested with a sterile dacron swab, resuspended in GW medium, diluted 

to an OD540 0.18 in a 3 ml culture, and grown for 2 h at 37°C with aeration. After the 

first round of growth, the cultures were vortexed for 1 min, a 600 ml volume was 

transferred to 2.4 ml fresh GW medium, and the cultures were grown for an additional 

2.5 h. Supernatants were collected at the beginning (t = 0 h) and end (t = 2.5 h) of the 

second round of growth in triplicate. DNA in culture supernatants was detected using 

the fluorescent DNA-binding dye PicoGreen (Invitrogen) and normalized to total cell 

protein (Bradford assay), as previously described [45]. For consistency across strains, 

only the results for which the final protein concentration (at t = 2.5 h) was within the 

range of 20-40 mg ml-1 were plotted. The results are an average of at least four 

independent experiments. Average background fluorescence, determined by performing 

the secretion assay with the ∆GGI N. gonorrhoeae strain (ND500), was subtracted from 

the average result of all the strains.   

In Vitro Transcription/Translation and Transport Assay 

The full-length TraI is relatively long to synthesize in an in vitro 

transcription/translation assay, and since sec-dependent protein translocation is only 

determined by the N-terminal signal peptide and normally not affected by C-terminal 

truncations, a truncated version of TraI (TraI∆261-850) was constructed. To detect even 

small amounts of transported protein, inverted inner membrane vesicles (IMVs) derived 

from a strain overexpressing the SecYEG translocase were also used. SecA, SecB, and 

wild-type or SecYEG overexpressing IMVs were isolated as described [339]. The in 

vitro transcription and translation reaction was performed as described previously [300]. 

Shortly, the RiboMax in vitro transcription kit (Promega) was used with plasmids 

pBSKftsQ [300], pET147 [338] or pSJ001 to generate 35S-labeled proteins. To study co-

translational transport, the in vitro translation reactions were carried out for 30 min at 

37°C in the presence or absence of wild-type or SecYEG IMVs (0.16 mg ml-1; [302]. 
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Reactions were started by the addition of the 35S-labeled methionine. After 30 min at 

37°C, a 10% synthesis control was removed and the remainder was treated with 0.4 mg 

ml-1 proteinase K for 30 min on ice in the presence or absence of 1% Triton X-100. 

Samples were trichloroacetic acid-precipitated and analyzed by 12% SDS-PAGE and 

phosphorimaging and quantified using the LumiAnalyst software from Roche Applied 

Science. FtsQ was used as the positive control. FtsQ is a membrane protein localized 

mostly in the periplasm. Therefore, only a small domain localizes to the cytoplasm and 

is accessible to degradation by proteinase K. To study post-translational transport, 35S-

labeled TraI∆261-850 and proOmpA (positive control, contains a signal peptide that 

transports the protein into the periplasm and is processed by leaderpeptidases) were 

synthesized in vitro, dissolved in 6 M urea, and used in post-translational translocation 

reactions as described [301]. Shortly, reaction mixtures contained 1.6 mg of SecB, 0.5 

mg of SecA, and wild-type or SecYEG E.coli IMVs in buffer [50 mM HEPES-KOH, 

pH 7.5, 30 mM KCl, 0.5 mg ml-1 BSA, 2 mM DTT, 2 mM Mg(OAc)2] in an 80 µl 

volume. 35S-proOmpA and 35S-TraI∆261-850 were diluted 50-fold from a solution 

containing 6 M urea. Translocation reactions were performed in the presence or absence 

of 2 mM ATP and an ATP regenerating system (10 mM creatine phosphate, 0.5 mg of 

creatine kinase) at 37°C for 30 min, chilled on ice, and treated with proteinase K (0.1 

mg ml-1) for 15 min. Transport of proteins into the E. coli IMVs was assayed by their 

accessibility to added proteinase K. Samples were analyzed by 12% SDS-PAGE and 

autoradiography. 

Generation of TraI-specific antibodies 

Strain WSP34, an E. coli strain harboring a plasmid encoding traIFLAG/His10, was 

grown in a 30 ml LB liquid culture (Cm25) supplemented with 1 M sorbitol at 37C, 

from OD600 0.2 to 0.5, induced with 1 mM IPTG, switched to 18C, and grown to an 

OD600 1. Soluble protein was obtained by sonication and centrifugation (15 000 g for 1 

min) of total cell extracts at 4C.  TraIFLAG/His10 was purified over a nickel column, 

according to the manufacturer’s instructions (Sigma), and verified by Western blot with 

an anti-FLAG M2 antibody (Sigma). TraI-specific polyclonal antiserum was generated 

in rabbits (Chemicon International). 
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Gonococcal growth for subcellular localization studies and detection of mutant proteins 

Growth of strains that overexpress (OE) TraI from an inducible construct at a distant 

site on the chromosome: WSP36 (traI+OE ectopic) and WSP536 (DGGI + traI OE 

ectopic) were grown in 3 ml liquid cultures (Cm10) with 1 mM IPTG from an OD600 

0.1 for 4 h at 37C with aeration. Growth of strains that overexpress TraI from its native 

site on the chromosome: WSP38 (traI+OE native) and WSP3854 (traIL6K/L12K OE 

native) were grown in 15 ml liquid cultures (Em10) from an OD600 0.1 for 4 h at 37C 

with aeration. Growth of strains for detection of TraI without overexpression: ND500 

(DGGI), MS11 (wild type), WSP5 (traIY93F), WSP4 (traIY200F/Y201F), and WSP52 

(traID120N) were grown in 30 ml liquid cultures from an OD600 0.1 for 4 h at 37C 

with aeration.  Approximately 0.5 mg of total cell extract was electrophoresed by SDS-

PAGE in a 10% polyacrylamide gel.   

Gonococcal fractionation 

The Judd and Porcella protocol, specific for N. gonorrhoeae, was followed for the 

extraction of gonococcal periplasm [340], and the membrane and soluble fractionations 

were performed as described [341]. Briefly, for extraction of periplasmic proteins, 20 

ml volume of chloroform was added to bacterial pellets collected from 3 ml log-phase 

cultures, vortexed, and incubated for 15 min at room temperature. Periplasmic proteins 

were recovered by the addition of 100-ml volume of 0.01 M Tris-HCl (pH 7.0), 

centrifugation (15 000 g for 1min), and collection of the aqueous fraction. The 

remaining cell pellet was washed with cold PBS buffer, resuspended in 500-ml volume 

of cold 0.01 M Tris-HCl, sonicated on ice, centrifuged at 4°C to remove unbroken cells, 

and cleared lysates ultracentrifuged for 1 h at 50 000 g. The cytoplasmic proteins were 

concentrated to 100-ml volume in a Nanosep centrifugal device (Pall, Ann Arbor, 

Michigan). The membrane pellet was washed with PBS and resuspended in 100 ml 

volume of 0.01 M Tris-HCl (pH 7.0) with 0.5% N-lauroylsarcosine (Sigma). Cellular 

fractions were electrophoresed by SDS-PAGE in 10% polyacrylamide gels.  In addition 

to recognizing TraI, the TraI antiserum consistently identified a band of ~35 kDa on 

Western blots. The band was found in the periplasmic fraction from gonococcal strains 

that produce TraI (wild type) or strains that lack the traI gene (DGGI), indicating that 

this cross-reactive band does not represent TraI. Detection of this band was used to 

identify periplasmic material. 
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Western blotting  

Electrophoresed proteins were transferred onto a polyvinylidene difluoride (PVDF) 

membrane, blocked for 1 h with 3% non-fat dry milk in Tris-buffered saline (TBS), 

incubated for 1 h with protein-specific rabbit antisera, washed for 10 min, incubated for 

1 h with anti-rabbit peroxidase-conjugated antibody (Santa Cruz Biotechnology, 1:10 

000 dilution), and washed 3 times for 10 min before addition of the peroxidase substrate 

(Immune Star, BioRad). The working dilutions of the rabbit antisera used are as 

follows: anti-TraI (1:10), anti-PilQ (1:10 000), and anti-CAT-1 (1:1000, Sigma). Anti-

PilQ serum was provided by Dr. H. S. Seifert.  

Nuclease treatment  

Wild-type N. gonorrhoeae was grown in liquid culture, essentially as described for the 

DNA secretion assay. However, a 600-ml volume of the initial culture was centrifuged 

(15 000 x g for 1 min), and the pellet was resuspended in fresh medium and transferred 

to a 3 ml culture for a second round of growth. Cultures were grown for 2 h and 

bacterial cells removed by centrifugation (3 000 g for 5 min). Culture supernatants were 

collected, filter sterilized (0.22 m filter) and stored at -20°C. DNaseI (4 U ml-1), 

Exonuclease III (400 U ml-1), Exonuclease I (80 U ml-1), RecJf (60 U ml-1), or BAL-

31 (4 U ml-1) purchased from New England Biolabs were used to treat culture 

supernatants in a 250-ml reaction, with their respective buffers, at 37°C for 12 h. GW 

medium alone or culture supernatants collected from the wild-type strain MS11 or the 

DNA-secretion deficient strain WSP5 supplemented with double- or single-stranded l-

HindIII DNA (0.625 mg ml-1, NE Biolabs) were used to test for activity of the 

enzymes. This concentration of l-HindIII DNA is 10 times the concentration of secreted 

gonococcal DNA in culture supernatants. Single-stranded l-HindIII DNA was generated 

by boiling the DNA for 15 min and quick cooling in an ice-water bath for 10 min. All 

the enzymes showed activity against their specific DNA substrate in GW medium alone 

(data not shown), WSP5 (traIY93F) conditioned medium (data not shown), or MS11 

conditioned medium.   

Co-culture transformation assay 

We used a modification of the method of Dillard and Seifert to measure transformation 

in co-culture [265]. Briefly, a RecA-deficient, chloramphenicol (Cm) resistant donor 

strain (JD1545) was grown together with a spectinomycin (Sp) resistant recipient strain 
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(MS11 Sp) in a 2 ml culture (GW medium) in the presence or absence of nucleases, and 

the frequency of CmRSpR transformants after 2 h of co-culture was determined. Co-

culture growth conditions: DNaseI (1 U ml-1), Exonuclease III (100 U ml-1), and 

EcoRI (40 U ml-1), pH 6.8 and 7 mM MgSO4; Exonuclease I (20 U ml-1), pH 7.4 and 

6.7 mM MgSO4; RecJf (15 U ml-1), pH 7.4 and 10 mM MgSO4; BAL-31 (4 U ml-1), 

pH 7.4, 12 mM MgSO4, and 12 mM CaCl2. ExoI was reported to exhibit 20% activity 

at pH 7.5 [342], which is approximately the expected activity of this nuclease in co-

culture where the pH is 7.4. All the enzymes showed activity against their specific DNA 

substrate. 

The LOOPP (Learning, Observing and Outputting Protein Patterns) server 

Using the full-length TraI amino acid sequence, secondary-structure-based threading 

detected secondary structure similarities between TraI (amino acids 86 to 606, 61.53% 

of the sequence) and the endo/exocellulose E4 domain from Thermomonospora fusca 

(DOI 10.2210/pdb1tf4/pdb). Threading of TraI to the T. fusca endo/exocellulose E4 

domain positioned Asp120 on an a-helix adjacent to the Tyr93 a-helix, where Asp120 

and Tyr93 are facing each other. 

Web-based programs used 

NCBI PSI BLAST (http://www.ncbi.nlm.nih.gov/BLAST), score value of P = 0.0001 as 
a threshold, CLUSTAL W (http://www.ebi.ac.uk/clustalw/index.html) [343], SignalP 
3.0 (http://www.cbs.dtu.dk/services/) [344], Helical Wheel Custom Images, 
(http://kael.net/helical.htm), The LOOPP server 
(http://cbsuapps.tc.cornell.edu/loopp.aspx), 

PROF- Secondary Structure Prediction System (http://www.aber.ac.uk/~phiwww/prof/), 

Simple Interactive Statistical Analysis (SISA) t-test (http://home.clara.net/sisa/).  
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Appendix to Chapter 3 

Transport and secretion of TraI in Neisseria gonorrhoeae 

 
Abstract 

To study the secretion mechanism of TraI encoded within the gonoccocal genetic island, 

attempts were made to localize TraI in the cytosol, the inner membrane, the outer 

membrane, in the medium, and in outer membrane derived vesicles.  TraI was detected 

in the cytoplasm, but was most prominently present in the inner membrane fraction. 

TraI could not be detected in the medium instead it was detected bound to outer 

membrane derived vesicles. This could indicate an effect of autolysis.  

  



Appendix Chapter 3 
 

 
113 

Introduction  

TraI, the relaxase encoded within the Gonococcal Genetic Island (GGI) of Neisseria 

gonorrhoeae belongs to a novel family of relaxases [267].  This family is characterized 

by a relaxase-like TraI_2 domain that overlaps with a HD domain metal dependent 

phosphohydrolase, and a C-terminal DUF1528 domain of unknown function [267]. An 

initial phylogenetic analysis classified these proteins into the MOBH family of relaxases 

[63].  It was shown that TraI is essential for the secretion of DNA, since the mutation of 

conserved Y93 completely abolished DNA secretion. DNA secreted via the T4SS 

encoded within the GGI is protected from degradation from its 5’ end, suggesting that 

the TraI relaxase processes the secreted DNA and remains covalently bound to the DNA 

after secretion.  

Several members of this novel relaxase family including the TraI encoded within the 

GGI, contain an N-terminal hydrophobic region which is important for membrane 

binding independent of other T4SS proteins. The membrane targeting function is 

important for secretion of DNA which is abolished in mutants that are no longer 

targeted to the membrane [267]. TraI is encoded within the yaf-yaa operon, which 

encodes next to the relaxase TraI, the coupling protein TraD and two hypothetical 

proteins, Yaa and Yaf. The expression levels of both TraI and TraD are increased in 

piliated N. gonorrhoeae strains [345] . The coupling protein TraD has a transmembrane 

domain and conserved walker motifs, and was proposed to target TraI to the T4SS 

transport complex.  

Phylogenetic analysis showed that the gonococcal relaxase and coupling protein cluster 

with proteins normally found in conjugative genetic islands, like the PAGI-2 and 

pKLC102 genomic islands of Pseudomonas aeruginosa and the PFGI-1 genetic island of 

P. fluorescens Pf-5. This suggests that the Type IV secretion system of the GGI is 

composed of a DNA binding, cleavage and targeting system that resembles conjugative 

systems found in genetic islands, but that the transport complex resembles more the 

T4SS of the F plasmid (Thesis Emilia Pachulec- Chapter 4).  

Complete deletion of the traD gene abolished DNA secretion demonstrating also the 

involvement of the coupling protein in DNA secretion. Surprisingly, a mutation in the 

Walker A motif of TraD did not affect DNA secretion, while a C-terminal truncation of 
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TraD led to intermediate levels of DNA secretion [345]. Currently, almost nothing is 

known about the exact DNA processing and transport mechanism of any of the 

relaxases of this novel family of relaxases.  

Here we set out to study the secretion mechanism of TraI in more detail. Our attempts to 

determine the cellular localization of TraI are described.  

 

Results 

Localization of TraI to the inner and outer membranes 

Previous experiments suggested that TraI is membrane bound via its N-terminal 

hydrophobic domain [267]. To obtain more insight in a possible transport mechanism, 

we set out to determine the localization of TraI within the membrane. Therefore, we 

isolated membranes of N. gonorrhoeae and separated these membranes, based on a 

previously described method for Neisseria meningitidis [346] into inner and outer 

membranes. This method included a step in which membranes are enriched and 

separated from non-broken cells on a 55% (w/w) sucrose cushion.  It was observed that 

when this step was employed for N. gonorrhoeae membranes, most of the inner 

membranes were lost. Thus the protocol was modified to overlay the entire membrane 

pellet on a 12-step discontinuous sucrose density gradient (20-60%). Isolated fractions 

from this gradient are shown in (Fig. 1). Coomassie staining of these fractions showed 

separation into different fractions. Further analysis by immunoblotting with an antibody 

directed against the outer membrane protein Imp showed that the outer membrane 

vesicles are localized around 50 % (w/v) sucrose. This was also confirmed by the 

presence of the major outer membrane protein porin P.IB (gi|59802130) and outer 

membrane protein Omp3 (gi|59801906) that are clearly visible on the coomassie stained 

gel. Unfortunately, localization of the position of the inner membranes using an 

antibody against the inner membrane marker protein DsbA1 [347] showed the presence 

of DsbA1 in many fractions. Small amounts of DsbA1 could be detected in fractions 

corresponding to approximately 35 % (w/v) sucrose, which is the location of the inner 

membranes of N. meningitidis in a sucrose gradient [348]. Much larger amounts of 

DsbA1 were localized at approximately 55 % (w/v) overlapping with the localization of  
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Figure 1: Membrane separation of N. gonorrhoeae and detection of TraI. Top panel 
shows the Coomassie stained SDS-PAGE gel of the membrane fractions separated over 
a sucrose density gradient ranging from 20% sucrose to 60% sucrose. Lower panels 
show immunoblots of the samples from strain MS11 using antibodies against TraI, Imp 
and DsbA. The TraI OE panel shows immunoblots of samples from the TraI over 
expressing strain WSP36.   
 

outer membranes. This suggests that two different forms of inner membranes exist. 

Localization of the positions of the inner and outer membranes with antibodies directed 

against SecY and Omp85, respectively, confirmed the results obtained with the Imp and 

DsbA1 antibodies (data not shown). These data suggest that the method described for 

the separation of the inner and outer membrane of N. meningitidis is not suitable for 

separation of N. gonorrhoeae membranes. Several attempts were made to further 

optimize the membrane separation for N. gonorrhoeae membranes including different 
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cell disruptions methods, like disruption with a one shot cell disruptor (Constant 

Systems Ltd.) and the use of glass beads in a Fast-prep shaker (Thermo Savant). 

Alternatively, the membranes were sonicated or treated either with mutanolysin to 

remove the peptidoglycan, or with 1% Triton X-100 before they were loaded on the 

sucrose gradient. Finally membranes were isolated from different growth phases, but 

none of this led to a better separation of inner and outer membranes. Since no better 

separation could be obtained, membrane fractions of N. gonorrhoeae strain MS11 with 

and without overexpressed TraI were also separated using this method, and analyzed 

with an antibody directed against TraI. Due to the low TraI expression in wild type 

cells, only faint signals were detected in membranes derived from strain MS11. In 

membranes derived from cells overexpressing TraI, TraI was detected in several 

fractions (Fig. 1). The localization pattern was similar to the pattern observed for inner 

membranes, suggesting that TraI is mainly bound to the inner membrane.  

 Table 1: Bacterial strains used in this study 
 

Strains Description Reference 

MS11A Neisseria gonorrhoeae strain [297] 

ND500 N. gonorrhoeae strain [45] 

WSP36 
MS11A strain with  traI +OE from an 
inducible promoter [267] 

SJ015-
MS 

N. gonorrhoeae MS11A with TraA 
complementation in chromosome denoted as 
flTraA(Chr.) 

(Thesis Emilia 
Pachulec- Chapter 2) 

EP019 
N. gonorrhoeae MS11A with TraA 
complementation in GGI denoted as 
flTraA(GGI) 

(Thesis Emilia 
Pachulec- Chapter 2) 

EP007 
N. gonorrhoeae strain MS11A with non polar 
insertion in TraL 

(Thesis Emilia 
Pachulec- Chapter 2) 

EP008 
N. gonorrhoeae strain MS11A with non polar 
insertion in TraE 

(Thesis Emilia 
Pachulec- Chapter 2) 
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Analysis of the secreted fraction of N. gonorrhoeae 

DNA secretion assays have shown that ssDNA is secreted via the T4SS into the 

medium [45].  Different models have been proposed for the transport of the relaxase. It 

has been demonstrated that relaxases like VirD2 of Agrobacterium tumefaciens [349], 

TraI of the F plasmid [58], TraA conjugative relaxase of pTi plasmids of Agrobacterium 

[350] and MobA [351]  are transported to the recipient cell, while for other relaxases, 

like TrwC of the R388 plasmid [352] it is proposed that they remain in the donor cell. 

DNA secreted by the T4SS of N. gonorrhoeae is protected from degradation at its 5’ end 

[267]. Although this suggests that TraI is also secreted into the medium, this still needs 

to be demonstrated. In order to detect TraI in the medium of N. gonorrhoeae, cultures 

were grown to OD600~0.5-0.6 in rich medium. As shown in (Fig. 2A).  

 
 

Figure 2: Analysis of the secreted fraction of N. gonorrhoeae. (A) Scheme of the 
method used to isolate the blebs fraction from the culture supernatant. (B) Coomassie 
stained SDS-PAGE gel of the blebs fraction obtained as shown in A, lane 1 shows the 
pellet fraction and lane 2 shows the ultrafiltration retenate fraction of scheme A. (C) 
Electron microscopic image of the blebs sample, the scale bar is 100 nm. (D) 
Comparative immunoblot using TraI antibody on the fractions of cytoplasm (250 fold 
concentrated) and the membrane (250 fold concentrated), blebs (1000 fold 
concentrated) and medium supernatant (100 fold concentrated).  
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After harvesting the cells, the medium was filtered through a 0.2 μm filter to remove the 

cell debris. Outer membrane derived vesicles (blebs) were separated from the medium, 

either by ultracentrifugation, or by concentration by passing the medium through a 

membrane with a 100 kDa. Outer membrane derived vesicles from N. meningitidis were 

shown to be primarily composed of outer membrane proteins and lipoproteins [353]. 

Analysis of the obtained bleb fractions by SDS-PAGE, showed that the bleb fractions 

obtained by both methods are very similar (Fig. 2B). Indeed the protein band pattern 

was also similar to that of the blebs described previously [353, 354]. Analysis of this 

fraction with electron microscopy (Fig. 2C) showed small membrane vesicles, similar 

to what has been visualized before [353]. The presence of TraI in the different isolated 

fractions was compared to the presence of TraI in the cytosol and in membranes by 

immunoblotting using TraI antibodies (Fig. 2D). Samples were also obtained after 

isolation of fractions containing the cytoplasm and of isolated total membranes (see 

above). The cytosolic and secreted fractions were concentrated by precipitation with 

trichloroacetic acid (TCA), while the total membrane and the belbs were concentrated 

by ultracentrifugation. The cytosolic and secreted fractions were also precipitated via 

the pyrogallol red-molybdate-methanol (PRMM) protocol [355] but no differences were 

observed with TCA precipitation (data not shown). Samples representing the respective 

fractions obtained from a similar amount of cell culture were finally concentrated 250 X 

(membrane fraction and the cytoplasm), 1000 X (the blebs fraction) and 100X (the TCA 

precipitated medium). TraI was detected in the cytoplasm and especially associated with 

the membranes of cells. Surprisingly, TraI could not be detected in the supernatant, but 

only in the blebs fraction (Fig. 2D). There are several possible mechanisms via which 

TraI could end up in the blebs. TraI could be secreted via the T4SS or TraI could be 

released from the cytoplasm via autolysis, and then bind to blebs.  A less likely 

possibility is that TraI is released in the periplasm, and then is transported inside the 

blebs.  

OMVs in the mutants of T4SS 

In order to see the correlation between the presence of TraI in blebs fraction and its 

secretion via the T4SS, a set of Neisseria gonorrhoeae mutant strains were chosen that 

are defective in the secretion of DNA into the medium. These strains include strains 

containing knockouts in the traE, traK and traL genes (Thesis Emilia Pachulec- Chapter 



Appendix Chapter 3 
 

 
119 

2). TraE and TraL are inner membrane proteins involved in pilus biogenesis and 

assembly [25, 356] and TraK is a component of the core complex of the T4SS [25]. 

Furthermore, strains were used that contained a copy of a full length TraA, incorporated 

in two different locations in the chromosome. These strains were also shown not to 

secrete any DNA (Thesis Emilia Pachulec- Chapter 2).  

Membrane and blebs fractions of these strains were analyzed for the presence of TraI by 

Western blotting. As seen in (Fig. 3), TraI was detected both in the membrane (Fig. 

3A) and the blebs (Fig. 3B) fractions. This demonstrates that the TraI that is found in 

the blebs fractions is not actively secreted via the T4SS and is most likely derived from 

autolysis. After autolysis, the membrane binding property of TraI targets TraI to the 

blebs. We have therefore shown here that the always-observed autolysis of N. 

gonorrhoeae interferes with the detection of TraI in the secreted medium.  

 
Figure 3: Analysis of the N. gonorrhoeae mutant strains defective in T4SS dependent 
secretion of DNA into the medium. (A) Immunoblot using TraI antibody on the 
membranes and (B) isolated blebs from different N. gonorrhoeae strains.  
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Discussion 

With this study, attempts were made to localize TraI in the cytosol, the inner membrane, 

the outer membrane, in the medium, and in outer membrane derived vesicles. As 

expected, TraI was detected in the cytoplasm, but was most prominently present in the 

membrane fraction. Remarkably, TraI could not be detected in the medium itself, but 

could be detected associated with outer membrane derived vesicles (blebs). Blebs are 

produced by both Gram-negative and Gram-positive bacteria [357].  

Blebs from Gram-negative bacteria are composed of LPS, outer membrane proteins, 

phospholipids and also periplasmic proteins [357]. These vesicles are about 50-250 nm 

in diameter that emerge as a bilayer membranous structure under electron microscope 

[358]. They are implicated in pathogenesis since they can transport virulence factors to 

host cells [358, 359]. Recently, it has been shown that OMVs from Pseudomonas 

aeruginosa fuse with the lipid rafts of the human plasma membrane thereby leading to 

direct target of toxic OMVs to host cytoplasm [360]. In Moraxella catarrhalis, OMVs 

interact with human tonsillar B cells thereby leading to the survival of bacterium in the 

host [361].  

Neisseria gonorrhoeae and N. meningitidis are known to secrete blebs into the culture 

supernatant which are probably involved in endotoxin delivery [362-364]. Blebbing 

meningitidis cells were also found in the infected blood and cerebrospinal fluids of 

patients [365]. Membrane blebs analyzed from N. meningitidis identified several outer 

membrane proteins, a few periplasmic proteins and about 20% of the total outer 

membrane LOS [353]. RNA, circular and linear forms of DNA were also found in blebs 

isolated from N. gonorrhoeae that were resistant to externally added DNAse [354]. In 

this study TraI was found associated with belbs. DNA secreted via the T4SS encoded 

within the GGI of N. gonorrhoeae was however shown to be accessible to DNAse [45], 

demonstrating that this DNA is most likely bound on the outside of blebs. Since the 

presence of TraI in belbs was found independent of a functional T4SS, this showed that 

autolysis in laboratory grown cultures releases enough TraI to prevent specific detection 

of TraI in the medium.  
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Experimental Procedures 

Bacterial strains and media 

Strains used in this study are described in Table 1. N. gonorrhoeae strains were grown 

at 37 ºC in 5% CO2 on GCB (Difco) plates containing Kellog’s supplement [294] or 

GCB liquid medium (GCBL) containing 0.042% NaHCO3 and Kellog’s supplements. 

When necessary, erythromycin and chloramphenicol was used at 10 μg/ml. 

 
Membrane Isolation of N. gonorrhoeae 

To isolate membranes of N. gonorrhoeae, the strain was plated on GCB plates with the 

appropriate antibiotic. After overnight growth, cells were scraped from the plate and 

transferred to 3 ml GCBL medium. Cells were grown to an OD660 of 0.6 and 

consecutively diluted into increasing volumes until a final volume of 1 liter with an 

OD660 of 1.0 was obtained. Cells were centrifuged at 8000 rpm and resuspended in 

buffer A (50 mM Tris-HCl pH 7.5). Cells were broken by three passes through a French 

press at 15psi. Cell debris was removed by centrifugation at 6000 rpm for 10 min. The 

membranes were spun down at 40,000 rpm for 1 hr, resuspended in 2 ml of buffer A 

and overlaid on a 11 step (2 ml each) sucrose gradient with increasing sucrose 

concentration from 20 to 60% (i.e. 20, 24, 28, 32, 36, 40, 44, 46, 52, 56 and 60 (w/v) 

sucrose) and centrifuged at 25,000 rpm for 18 hours. 12 fractions of 2 ml each were 

collected, diluted in 50 mM Tris-HCl pH 7.5 and membranes were collected by 

centrifugation at 80,000 rpm for 30min and resuspended in 200µl of 50 mM Tris-HCl 

pH 7.5. For disruption of cells using glass beads in a Fast-prep shaker, cells were mixed 

with 0.1 mm Glass beads and broken twice with speed of 6 for time of 40 sec. When 

Mutanolysin treatment or Triton X-100 solubilization was included in the procedure, the 

total membranes were incubated with 20 mg/ml of Mutanolysin (N-acetylmuramidase, 

Sigma) or 1% Triton X-100 respectively for 20 minutes at room temperature and then 

overlaid on sucrose gradient. When EDTA was used in the membrane separation, 5 mM 

final concentration of EDTA was added to the sucrose gradients.  

Purification of Secreted fraction of N. gonorrhoeae 

To analyze the secreted fraction of N. gonorrhoeae, a 1 L culture was grown to 

OD600~0.5-0.6 in GCBL medium. Cells were then harvested by centrifugation at 8000 

rpm for 10 minutes. The medium supernatant was filtered through a 0.2 μm filter to 
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remove the cell debris. The supernatant was either spun down at 40000 rpm in Ti45 

rotor for 1 hour at 4 ºC to obtain the pellet containing the membranes or an ultra 

filtration step was incorporated where the medium supernatant was passed through a 

100 kDa cut off membrane (Millipore) to obtain about 6 ml of retanate from 1 lit of the 

starting material. This retanate fraction was then spun down at 80,000 rpm for 1hr at 

4ºC in a MLA80 rotor. The pellets obtained from both methods were resuspended in 

buffer A. After removal of the pellet, the supernatant fractions were concentrated by 

either TCA precipitation or by the PRMM protocol described previously [355]. Using 

either method, the fractions could not be concentrated more than 100 fold. In order to 

compare equal amounts of membrane, cytoplasm and blebs from N. gonorrhoeae cells, 

200 ml of cell culture was harvested and the cell pellet was resuspended into 20 ml of 

buffer A (50 mM Tris-HCl pH 7.5) and disrupted using a French press as above. 1 ml 

(representing ~10 ml of the total cell culture) of broken cells was separated into 

membrane pellet and cytoplasmic supernatant by centrifugation at 100,000 rpm in a 

TLA100.2 rotor for 30 minutes. The membrane pellet and 1 ml TCA precipitated 

cytoplasmic supernatant were resuspended into 40µl of 2X sample buffer (SB). This 

represents a 250X concentration of the starting culture. The blebs fraction obtained from 

200 ml culture supernatant was resuspended in 200 µl of 2X SB representing 1000X 

concentration. 20 µl from each sample was loaded on the gel. 

Western Blotting 

7.5% polyacrylamide SDS-PAGE gels were run for all the analysis with TraI. Western 

blotting was performed by electroblotting the gels on PVDF membranes and incubating 

with 6 ml undiluted TraI polyclonal antibody [267], which was generously donated by 

Joseph P. Dillard. Followed by overnight incubation with primary antibody at 4ºC and 

washes, the blot was incubated with a 1.20000 dilution of anti-Rabbit alkaline 

phosphatase-conjugated secondary antibody (Sigma). The blot was washed, and 

developed with the CDP-star substrate (Roche) using a Roche Lumi-imager. 

Electron microscopy 

5 µl of the isolated belbs was incubated on a glow-discharged carbon-coated copper 

grid. Carbon grids were then washed three times with water before straining with uranyl 

acetate. The grids were analyzed by electron microscopy which was performed on a 

Philips CM120 equipped with a LaB6 tip operating at 120 kV.  
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Abstract 

 

Most strains of Neisseria gonorrhoeae carry a 57-kb gonococcal genetic island (GGI). 

This GGI encodes, next to genes specifying a type IV secretion system (T4SS) involved 

in the secretion of single stranded DNA, several other genes, mostly of unknown 

function. Here the single stranded DNA binding protein SsbB encoded within the GGI 

is characterized. The ssbB gene is expressed during growth of N. gonorrhoeae and is 

encoded within an operon with the topB, yeh, yegB and yegA genes. Expression of the 

operon was not influenced by the piliation state of the cells, suggesting that its 

expression is not coupled to the expression of targeting components of the T4SS. SsbB 

was purified to homogeneity and forms a stable tetramer. SsbB binds ssDNA with high 

affinity, but the observed binding mode differs from previously characterized SSBs. 

Electrophoretic mobility shift assays, fluorescence titrations, and atomic force 

microscopy demonstrated that tetrameric SsbB binds with two of its four monomers to 

ssDNA in a non- cooperative manner. The minimal binding frame of SsbB is 

approximately 15 nucleotides and two SsbBs require at least 69 nucleotides for binding. 

Binding of SsbB to DNA is not influenced by Mg2+ or NaCl concentrations. To 

determine the physiological role of SsbB, the influence of SsbB on ssDNA secretion 

and DNA uptake was tested, but no effects were observed. Since purified SsbB strongly 

stimulates the activity of Topoisomerase I, it is proposed that SsbB plays a role in DNA 

stability and maintenance. 

. 
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Introduction 

Single stranded DNA binding proteins (SSBs) are highly conserved, essential proteins 

found in all kingdoms of life. These proteins bind to single-stranded DNA (ssDNA) 

with high affinity and low sequence specificity. They play a crucial role in processes 

involved in DNA metabolism like DNA repair, replication and recombination by 

modulating the functions of many DNA processing enzymes either by controlling the 

accessibility to ssDNA or via protein–protein interactions [366]. The Escherichia coli 

SSB protein has been studied in most detail, and was shown to form a stable 

homotetramer. The N-terminal domain of each monomer contains an 

oligonucleotide/oligosaccharide binding (OB) fold [367] that is involved in ssDNA 

binding and in formation of the tetramer. Many SSBs also contain a disordered acidic 

C-terminus which is essential for interactions with other proteins [366, 368, 369]. Some 

bacteria and archaea form homodimeric SSBs and in eukaryotes, heterotrimeric SSBs 

have been found [366]. However, almost all known eubacterial and mitochondrial SSBs 

function as homotetramers.  

Depending on the conditions, different binding modes have been observed for 

tetrameric SSBs. At high protein to DNA ratios, low salt concentrations (<10 mM 

NaCl) and low Mg2+ concentrations (< 3 mM), the E. coli SSB tetramer binds to ssDNA 

in the highly cooperative (SSB)35 mode. In this mode, ssDNA binding occludes 

approximately 35 nucleotides and shows high intratetramer cooperativity. However, at 

higher salt (>0.2 M NaCl) or Mg2+ (> 3 mM) concentrations, ssDNA binding occludes 

approximately 65 nucleotides [370, 371]. This binding mode showed only low 

cooperativity and was called the (SSB)65 mode. Both modes can be interchanged in 

solution and the physiological relevance of the two binding modes in vivo is not clear. 

The crystal structure of SSB from E. coli has been determined in the apo-form and with 

two (dC)35 oligonucleotides bound [371]. Each (dC)35 oligonucleotide was bound to two 

OB folds. The ssDNA is bound in a groove in which both nucleic acid backbone and 

bases interact with the protein. It has been proposed that in the (SSB)65 mode, the 

ssDNA wraps completely around the SSB tetramer. The cooperative binding of SSB has 

been visualized by electron microscopy for E. coli SSB [372] , VirE2 [373-376] and 

with Atomic Force Microscopy (AFM) for E. coli SSB, the bacteriophage T4 gene 32 

protein (gp32) and the yeast Replication Protein A [377]. 
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Several bacteria contain, next to the main SSB, a second SSB. The second SSB can 

either be found on the chromosome or is located on a plasmid. The presence of a second 

chromosomal paralog is often related to natural competence [378-380]. Nearly all 

conjugative plasmids also encode an SSB homologue. The exact function of these SSBs 

is still unclear; they seem not to be necessary for conjugal transfer of the plasmids, but 

might be involved in plasmid stability [381]. Remarkably, the SSB homologue VirE2 

encoded on the Agrobacterium tumefaciens Ti plasmid is essential for infection of the 

host plant cells [382, 383]. VirE2 is transported via the T4SS on the Ti plasmid [384] 

independently of the ssDNA. In the recipient cell, it probably functions as a molecular 

motor facilitating the import of the Ti ssDNA [375] and helps to import the bound 

single stranded DNA to the nucleus [385].  

N. gonorrhoeae is a highly naturally competent organism [17, 386]. It encodes a 

chromosomal SSB that showed DNA binding properties comparable to E. coli SSB 

[387] and an SSB (SsbB) that is encoded within a 57 kb horizontally acquired genetic 

island called the Gonococcal Genetic Island (GGI). This GGI is found in 85 % of the 

clinical isolates [265]. Approximately half of the GGI encodes a T4SS which is 

involved in the secretion of ssDNA directly into the medium [45]. The secreted DNA is 

rapidly taken up by the highly active competence system of Neisseria species and 

incorporated in the genome. The presence of the T4SS in the GGI increases the transfer 

rate of chromosomal markers approximately 500 fold [265]. The function of the other 

half of the GGI is currently unknown. It contains mostly hypothetical proteins, but also 

putative DNA processing proteins like partitioning proteins parA and parB, single 

stranded DNA binding protein ssbB, DNA topoisomerase topB, DNA helicase yea and 

DNA methylases ydg and ydhA[45].  

The role of the SsbB encoded within this region has not been characterized. We analyze 

here the physiological role of this protein and characterize the function biochemically. It 

is demonstrated that the protein is expressed, but that it is not involved in DNA 

secretion or uptake. Since purified SsbB stimulates topoisomerase activity, it is most 

likely involved in DNA stability. Remarkably, fluorescence titrations, electrophoretic 
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mobility shift assays and atomic force microscopy showed that the protein binds in a 

non-cooperative (SSB)35 mode under all conditions tested.   

Results 

Sequence analysis of SsbB 

The SSB encoded with the GGI was previously annotated as SsbB on the basis of 28% 

identity to Xylella fastidiosa XF1778 SsbB [45]. SsbB shares low sequence similarity 

with the essential chromosomal SSBs from E. coli and N. gonorrhoeae. The N-terminal 

region has the conserved OB fold in the region between residues 5 and 108[367]. The 

conserved disordered acidic C-terminus of E. coli SSB has been implicated in protein-

protein interactions [388]. Although SsbB also contains this acidic tail (residues 136-

143), the C-terminus region is not entirely conserved. As compared to the essential 

chromosomal SSB, a stretch of about 38 residues is lacking. 

SsbB is expressed in N. gonorrhoeae  

Currently no information is available about the expression and function of the SsbB 

protein encoded within the GGI. The ssbB gene is located between several genes 

transcribed in the same direction (Fig. 1A). The putative functions of the proteins 

encoded by these genes are shown in Table 1. The yegA gene is followed by a 

previously unnamed gene (annotated as NgonM_04872 in the MS11 whole genome 

shotgun sequence) which encodes a 149 amino acids long conserved hypothetical 

protein with a DUF3577 domain. This gene was named yef. Generally, intergenic 

regions between the open reading frames (ORFs) of these genes are small (Table 1), 

suggesting transcription in polycistronic messengers.  

To analyze the transcriptional linkage of these genes, reverse transcription PCR (RT-

PCR) was performed with primer pairs spanning different intergenic regions (Fig. 1A). 

Successful amplification by these primer pairs was confirmed on chromosomal DNA 

(data not shown). The RT-PCR analysis demonstrated that the ssbB, topB, yeh, yegB 

and yegA genes form an operon (Fig. 1A). No amplification products were detected in 

control reactions in the absence of reverse transcriptase (Fig. 1A). Attempts to detect 
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the ~4000 bp long RNA using Northern blot analysis failed, most likely due to the 

relatively low expression of these genes (see below).  

  Table 1: Genes encoded in the same transcript as SsbB in GGI 

Gene 
name 

protein 
length 
(aa) 

protein function 

distance between 
stop codon and the 
start codon of the 
adjacent gene (bp) 

yfb 349 conserved hypothetical protein with a 
DUF1845 domain 

115 

yfa 184 hypothetical protein, no homology 586

ssbB 143 single stranded DNA binding protein 190

topB 679 Topoisomerase I 13

yeh 188 hypothetical protein, no homology 11

yegB 32 hypothetical protein, no homology overlap of 7 

yegA 190 

Belongs to Peptidase_M15_2 family 
(DUF882 ) with conserved 
hypothetical proteins of unknown 
function 

262 

yef 149 
conserved hypothetic protein with a 

DUF3577 domain 
19 

 

The first operon of the GGI containing the traI and traD genes which encode proteins 

involved in targeting the secreted DNA to the secretion apparatus is upregulated in 

piliated cells compared to non-piliated cells [175]. To test whether a similar difference 

could be observed in the expression of the ssbB-yegA operon, quantitative real time 

RT-PCR (qRT-PCR) was performed on mRNA isolated from piliated and non-piliated 

strains using primers designed against the ssbB, topB, traI and traD genes and against 

the secY gene as a control. The qRT-PCR revealed relatively low levels of transcription 

compared to the transcript containing the secY gene but higher levels of transcription 

than the traI and traD genes. However no differences in the expression level of the ssbB 

and topB genes were observed between piliated and non-piliated cells. 
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Figure 1: Analysis of the transcription of the yfa-yef region. (A) Reverse 
transcriptase was used to determine the co-transcription of the ssb-yegA region in N. 
gonorrhoeae. The upper panel is the schematic representation of the yfa-yef region of 
the GGI. Genes are indicated by arrows and the expected PCR products by lines over 
the genes. Primer combinations for which a PCR product was obtained are indicated by 
black boxes and for which no PCR product was obtained are indicated by white boxes. 
The lower panel shows the operon mapping of the ssb-yegA operon. Transcripts were 
determined by PCR. (+) indicates reactions on cDNA created in the presence of reverse 
transcriptase and (–) indicates reactions in the absence of reverse transcriptase. (B) 
Quantitative gene expression levels of ssbB, topB, traI and traD of piliated and non-
piliated N. gonorrhoeae strains were determined by qRT-PCR. The graph shows the 
mRNA levels as comparative gene expression after referencing each gene to secY. 
Values depict means ± standard deviation of six biological replicates.
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Overexpression, purification and determination of the oligomeric state of SsbB 

SsbB was expressed in E. coli as the native protein and with N-terminal and OneSTrEP-  

and His-tags. The three proteins were purified to homogeneity (> 99% purity as assayed 

by Silver staining) with yields of 1.7, 3.5 and 10 mg/g wet cells for native, His-tagged 

and OneSTrep-tagged SsbB respectively. Analysis by gel filtration chromatography 

revealed single peaks for the WT and N- His- and OneSTrEP tagged proteins 

respectively, indicating that all three proteins form stable tetramers (data not shown). 

Attempts to destabilize the tetramer by incubations at increasingly higher temperatures 

or with increasing concentrations of chaotrophic agents like guanidinium and urea led to 

aggregation of the protein before any monomeric proteins could be detected (data not 

shown), demonstrating that SsbB forms a stable tetramer that is difficult to dissociate.  

SsbB binds ssDNA in a non-cooperative manner independent of Mg2+ and 

NaCl concentrations 

To determine whether purified SbbB binds ssDNA, fluorescently labeled dT35 and dT75 

oligonucleotides were used in electrophoretic mobility shift assays (EMSA). The 

binding reaction was carried out in SBA buffer and similar experiments were performed 

in the same buffer supplemented with either 10 mM MgCl2 or 200 or 500 mM NaCl. 

The 35-mer oligonucleotide showed a single mobility shift upon binding to SsbB (Fig. 

2A), which was independent of the presence of Mg2+ (Fig. 2B) or higher concentrations 

of NaCl (data not shown). Remarkably, binding occurred with a stoichiometry of one 

dT35 oligonucleotide per tetramer. A similar experiment performed with the 75-mer 

showed two complexes with different motilities (Fig. 2C). The first complex was 

formed at an (SsbB)4/dT75 ratio below 1 and most likely contains one SsbB tetramer per 

dT75. At higher (SsbB)4/dT75 ratios, a complex with even lower mobility is observed. 

Comparison with experiments performed with E. coli SSB [379] suggests that this 

complex is formed by the binding of two tetramers of SsbB to the dT75 primer. In the 

presence of Mg2+ or at higher NaCl concentrations, the E. coli SSB switches its binding 

from the (SSB)35 to the (SSB)65 mode, allowing only the binding of one SSB per dT75 

oligonucleotide. Such a transition was not observed for SsbB at higher concentrations of 

Mg2+ (Fig. 2D) or higher concentrations of NaCl (data not shown). Independent of the 

buffer composition used, it was observed that when the concentration of the dTn 
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oligonucleotide was higher than the concentration of the SsbB tetramer ((SsbB)4/dTn <1) 

only one SsbB bound per dTn. This was independent of the SsbB concentration and the 

primer length, since similar results were obtained when the concentration of the SsbB 

tetramer was increased up to 1 μM of (SsbB)4. Formation of the second complex where 

two tetramers of SsbB are bound in the (SSB)35 mode to a dTn primer, was only 

observed when the concentration of the SsbB tetramer is higher than the concentration 

of the dTn oligonucleotide i.e. when all the DNA is already complexed with one 

tetramer. This suggests that under all the conditions tested, SsbB binds in (SSB)35 mode 

in a non- cooperative manner. To compare the effects of N-terminal tags on ssDNA 

binding, the EMSAs described above were also performed with native SsbB, His-tagged 

SsbB and OneSTrEP-tagged SsbB. No differences were found between native SsbB and 

OneSTrEP-tagged SsbB, but His-tagged SsbB bound ssDNA with a lower affinity (data 

not shown). Therefore, the following experiments were only performed using native or 

OneSTrEP-tagged SsbB.  

 

Figure 2: Analysis of the binding mode of SsbB by electrophoretic mobility 
shift assays. 8 nM of fluorescently labeled dT35 (A and B) and dT75 (C and D) 
oligonucleotides were used in EMSAs. The binding reaction was carried out in SBA 
buffer (10 mM NaOH, 2 mM EDTA, titrated to pH 7.5 with Boric acid) without (A and 
C) or with 10 mM MgCl2 (B and D) and increasing concentrations (0-64 nM) of 
tetrameric SsbB. The reactions were analyzed by polyacrylamide gel electrophoresis. 
The fluorescently labeled primers were visualized using a Lumi Imager.  
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Determination of the minimal binding frame for one or two SsbB tetramers 

To determine the minimal binding frame of SsbB, EMSAs were performed with 

poly(dT) oligonucleotides with different lengths (Fig. 3A). In these experiments, the 

gels were coomassie stained to detect the SsbB protein. These experiments were 

performed in an excess of oligonucleotides and showed a small mobility shift for 15 

nucleotides and larger shifts for oligonucleotides of increasing lengths. This 

demonstrated that SsbB can bind 15 nucleotides and longer. To determine the minimal 

length required to bind two SsbBs, EMSAs were performed with even longer 

oligonucleotides (Fig. 3B).  

 
Figure 3: Analysis of the minimal binding frame of SsbB by electrophoretic 
mobility shift assays (A) Determination of the minimal binding frame of one SsbB 
tetramer. Each binding reaction contained 1 μM (SsbB)4 and 5 μM poly(dT)n of 
different lengths (6-35 nucleotides). (B) Determination of the minimal binding frame of 
two SsbB tetramers. The binding reaction contained 1 μM (SsbB)4 and 0.25 μM 
poly(dT)n of different lengths (67-74 nucleotides). The reactions were performed in 
SBA buffer, analyzed by polyacrylamide gel electrophoresis and visualized by 
Coomassie staining. 

 
When these EMSAs were performed at low protein to nucleotide ratios ((SsbB)4/dTn<1) 

only binding of one tetramer per dTn was observed, again demonstrating the lack of 

cooperative binding (data not shown). Further experiments were performed at a 

tetrameric SSB to nucleotide ratio of 4 ((SsbB)4/dTn=4).  Upon increasing the length of 

the added oligonucleotide, lengths smaller than 69 nucleotides resulted in a shift to a 

faster mobility as compared to the free protein indicating binding of one SsbB tetramer. 

In contrast, at oligonucleotide lengths larger than 69 nucleotides a small shift was 
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observed to a slower mobility, indicating the binding of two SsbB tetramers. These 

experiments show that the minimal binding frame for two SsbB tetramers is 69 

nucleotides.  

 

Fluorescence characterization of the binding of SsbB to ssDNA 

To further study the binding behavior of SsbB to ssDNA, fluorescence titrations were 

performed. In these experiments, the quenching of the two tryptophans of SsbB upon 

binding was used to analyze ssDNA binding. Fluorescence titrations with poly(dT) 

under low (20 mM NaCl), medium (200 mM NaCl) and high (500 mM NaCl) salt 

conditions and in the presence of 10 mM MgCl2 are shown in Fig. 4A.  

 

 

The average length of the poly(dT) was approximately 1000 bases as estimated by 

agarose gel electrophoresis. When binding to poly(dT), the intrinsic tryptophan 

fluorescence of SsbB decreases with only 35 %. The shape of the curve, confirms that 

Figure 4: Fluorescence 
titrations of SsbB (A) 0.4 
µM SsbB was titrated with 
increasing concentrations of 
poly(dT) in a buffer containing 
20 mM Tris pH 7.5 and either 
20 mM NaCl (closed squares), 
200 mM NaCl (open squares), 
500 mM NaCl (closed circles) 
or 200 mM NaCl and 10 mM 
MgCl2 (open circles). (B) 0.4 
µM SsbB was titrated with 
increasing concentrations of 
(dT)n of 25 (closed squares), 35 
(open squares) and 45 (closed 
circles) nucleotides in a buffer 
containing 20 mM Tris pH 7.5 
and 200 mM NaCl 
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SsbB binding is non-cooperative. These data however could not be fitted using standard 

equation. The fluorescence quenching is lower than normally seen for other SSBs and 

the quenching is not dependent on either the salt or the Mg2+ concentration. In a 

subsequent experiment, titrations were performed with (dT)n oligomers of fixed lengths. 

Titrations with lengths of 25, 35 and 45 nucleotides are shown in Fig. 4B. These data 

show a biphasic curve. The initial phase shows that SsbB binds with high affinity to 

these oligonucleotides with a stoichiometry of 1 oligonucleotide per SsbB tetramer. The 

initial phase results in approximately 35 % quenching, similar to what was observed for 

the poly(dT). The second phase represents a second binding event with much lower 

affinity. These data thus demonstrate that SsbB binds these oligonucleotides with one 

oligonucleotide per SsbB tetramer, most likely in a (SSB)35 like manner. This binding is 

non-cooperative and independent of salt and Mg2+ concentrations. 

SsbB binding to ssDNA visualized by atomic force microscopy 

AFM experiments were performed in air to analyze the architecture of SsbB-ssDNA 

complexes at a single molecule-level (Fig. 5). SsbB protein was incubated with M13 

ssDNA, which is a 6407 nt-long circular DNA molecule. Images were recorded of 

deposited reactions with concentration ratios (R) ranging from 1/707 to 1/44 

(corresponding to tetramer/nucleotides). In order to improve the adsorption of the 

ssDNA molecules and complexes, the trivalent cationic polyamine spermidine was 

included in the reaction mixtures, as described before [13]. Adsorbed unbound ssDNA 

molecules visualized with AFM, appear condensed because of hairpins and other 

secundary structures that are formed between complementary regions (Fig. 5A). At low 

ratios, SsbB tetramers bind the DNA apparently randomly, observed as individual 

“blobs” on the nucleoprotein complexes (Fig. 5B and C). Tetramers do not bind in 

arrays or clusters, but are rather distributed independently over the ssDNA molecules. 

This result confirms our previous observations of a non-cooperative binding mode. 

However, the co-existence of different types of structures (quasi-naked ssDNA, more or 

less saturated complexes) was observed in the same deposition. This indicates that there 

is still some limited cooperativity in the SsbB-ssDNA interaction, upon binding to 

longer ssDNA molecules [13]. At higher R, DNA molecules are saturated by SsbB 

protein, thereby resolving the condensed ssDNA structures (Fig. 5D and E). Evidence 

is also provided that SsbB binds specifically to ssDNA, and not to dsDNA. A deposition 
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of a reaction mixture containing both types of DNA visualized a saturated SsbB-ssDNA 

complex adsorbed next to an unbound dsDNA molecule (Fig. 5F). 

 

 

Figure 5: SsbB binding to M13 ssDNA visualized by Atomic force microscopy. 
A selection of AFM images zoomed to display one DNA molecule or complex per 
image. The scale bar in all pictures equals 100 nm.These images were made for SsbB-
ssDNA complexes at an R of 0 (A), 1/707 (B), 1/354 (C), 1/88 (D) and 1/44 (E). 
(F)SsbB binds only to ssDNA (indicated by 1) and not to dsDNA (indicated by 2). The 
two bound proteins on the dsDNA are probably not SsbB, as indicated by their larger 
apparent volume, but impurities present in the M13 preparation. 
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SsbB has no effect on DNA secretion or uptake 

Since it was demonstrated that SsbB is expressed and forms an active ssDNA binding 

protein, we commenced to study possible functions of SsbB. SsbB is encoded within the 

GGI that encodes a T4SS involved in the secretion of ssDNA. The ssDNA binding 

protein VirE2 encoded by the Agrobacterium tumefaciens T4SS is transported to the 

recipient cells [384] where it helps in importing the bound single stranded DNA to the 

nucleus [385]. DNA secretion studies of the GGI demonstrated that deletion of ssbB 

had no effect on the secretion of ssDNA (Pachulec et. al., manuscript in preparation). To 

test whether overexpression of SsbB had any effect on ssDNA secretion, WT or 

OneSTrEP-tagged SsbB expressed from an inducible lac promoter was inserted into the 

chromosome of N. gonorrhoeae strain MS11. DNA secretion assays showed that there 

was no significant effect of SsbB overexpression on DNA release (Fig. 6A). To test 

whether SsbB might be secreted, different fractions were isolated, and compared to an 

isolated cytosolic fraction. The medium was concentrated by trichloroacetic acid (TCA) 

and the outer membrane derived vesicles, called blebs [353], were concentrated by 

ultracentrifugation respectively. OneStrep-tagged SsbB could only be detected in the 

cytoplasmic fraction (Fig. 6B, left panel). Western blotting with purified OneSTrEP-

tagged SsbB showed that the detection limit is 50 fmol (corresponding to 1 ng or 10 µl 

of 5 nM solution). In a further attempt to detect SsbB, cytosolic and OneSTrEP-tagged 

SsbB was purified from cells and medium using a Strep-tactin Sepharose column, but 

again significant amounts of SsbB could be purified only from the cytosolic fraction, 

but not of the medium fraction (data not shown). It is concluded that One-Strep-tagged 

SsbB is not secreted via the Type IV secretion system at significant levels. 

Several SSBs like YwpH of Bacillus subtilis[378] and SsbB of Streptococcus 

pneumoniae [379] play an important role in DNA uptake and competence. To test 

whether SsbB might play a similar role, the effect of SsbB on the efficiency of DNA 

uptake by N. gonorrhoeae was tested in co-culture experiments. In these experiments, 

strains in which the recA gene is disrupted by an erythromycin (erm) marker to ensure 

unidirectional transfer of DNA were used as donor strains, whereas strains with a 

chloramphenicol marker (cat) were used as acceptor strains.   
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(B) Western blots using anti-Strep II antibody to detect SsbB. Left panel shows 
different fractions of the Neisseria gonorrhoeae strain SJ023-MS expressing N-terminal 
OneSTrEP-tagged SsbB from an inducible lac promoter. The different lanes are 
representative of the cytosolic, blebs and the medium fractions, isolated from 240 μl, 20 
ml and 2 ml of a logarithmically growing culture of OD600 ~ 0.5. Right panel shows 
decreasing amounts (100, 50, 20, 15, 10, 5, 2 and 1 ng) of purified OneSTrEP-tagged 
SsbB. (C) Co-culture DNA transfer assay to determine the effect of SsbB on the DNA 
uptake efficiency. Donor and recipient strains were mixed and grown together at 37ºC 
for 5 hrs and plated on selective media. The donor strains contain the erythromycin 
(erm) marker in the recA gene and the recipients contain the pKH37 or pSJ038 plasmids 
that contain the chloramphenicol (cat) marker. The transfer of the erm was measured as 
transfer frequency (CFU of transconjugants per CFU of donor). The values are the 
average from three independent experiments. It is indicated when purified SsbB (3.5 
µM) and DNase I were added to the medium.   

Figure 6: In vivo 
functional 
analysis of SsbB 
in Neisseria 
gonorrhoeae. (A) 
DNA secretion 
assay with 
fluorimetric 
detection of the 
secreted DNA in 
the culture 
supernatant. MS11 
is the GGI+ wild 
type strain and 
ND500 is the ΔGGI 
strain in MS11 
background which 
does not secrete 
DNA. MS11-
SsbBOE+ is strain 
MS11 transformed 
with plasmid 
pKH37-SsbB 
(SJ038-MS) 
expressing SsbB 
from an inducible 
lac promoter. 
Results depicted are 
the average of at 
least 3 independent 
experiments. 
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As was observed previously, transfer of chromosomal markers increased strongly in 

strains containing the GGI, whereas the transfer decreased in strains not containing the 

GGI [265]. Similar transfer rates were observed when the transfer frequencies of 

chromosomal markers to either acceptor strains with or without the GGI were 

determined. Transfer of the markers was abolished when DNase was added to the 

medium, but the addition of high concentrations of SsbB (3.5 μM) to the medium had 

no effect. When SsbB was overexpressed in the acceptor strain, a lower transformation 

rate was observed. Thus overexpression of SsbB either affects DNA uptake, DNA 

stability in the acceptor strain, or the efficiency of recombination. It has previously been 

shown that SSB overexpression could have a negative effect on RecA recombinase 

activity [389]. Thus these data show that SsbB has no influence on ssDNA secretion 

and/or DNA uptake. 

SsbB stimulates topoisomerase activity 

Since SsbB does not affect DNA secretion or uptake, further possible functions of SsbB 

were studied. In the GGI, ssbB is co-transcribed with topB, a topoisomerase I. It has 

been previously shown that other SSBs, like the SSBs of E. coli and of Mycobacterium 

tuberculosis could stimulate E. coli topoisomerase I activity [390]. It was shown that the 

stimulating effects occurred by enhancing DNA binding to toposiomerase I, and not via 

any direct interaction between the SSB and the Topoisomerase I. Here, we observe that 

SsbB stimulated the activity of E. coli topoisomerase in a concentration dependent 

manner (Fig. 7). This demonstrates that SsbB can stimulate a heterologous DNA 

processing enzyme and that this stimulation is not dependent on the cooperative DNA 

binding properties  
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Figure 7: SsbB stimulates E. coli Topoisomerase I activity. Supercoiled plasmid 
DNA was incubated with 0.12 units of topoisomerase and with increasing amounts of 
purified SsbB, as indicated. Reactions were carried out at 37ºC for 30 min. DNA was 
resolved on a 1% agarose gel and stained with ethidium bromide. Arrow heads indicate 
the relaxed and supercoiled forms of plasmid DNA. 

 

Complementation of the E. coli SSB mutant 

The above results demonstrate that SsbB, comparable to most other SSBs, forms a 

highly stable tetramer that binds ssDNA with high affinity. Many SSBs, independently 

of whether they were derived from plasmids or were encoded on the chromosome [391-

394] have been shown to be able to complement the essential chromosomal E. coli ssb 

gene for cellular viability. To test whether SsbB could complement the E. coli SSB, 

ssbB was cloned downstream of a lac promoter in an E. coli expression vector, and 

tested using a complementation assay described previously [394]. Contrary to many 

other SSBs, SsbB was not able to complement the E. coli SSB mutation. A main 

difference with the other SSBs is that SsbB shows no cooperative binding mode. This 

might suggest that for the complementation of the chromosomal SSB, the cooperative 

binding mode is an essential feature. 

Discussion 

To study the function and the role of the SSB encoded within the GGI, SsbB was 

purified to homogeneity. Similar to many other SSBs, SsbB was shown to form a stable 

tetramer. The tetramer bound ssDNA with a high affinity, characterized by equilibrium 

dissociation constant lower than 10 nM. The minimal binding frame of SsbB was 
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determined to be approximately 15 nucleotides, which is similar to the E. coli and 

Mycobacterium SSB binding frames that vary between 15 and 17 nucleotides [395, 

396]. In contrast, the VirE2 binding frame lies between 28-30 [374]. A second SsbB 

tetramer could only bind if the ssDNA was longer than 69 nucleotides. Indeed, many 

different SSBs can bind with 2 SSB tetramers to an oligonucleotide of 75 nucleotides at 

low salt or low Mg2+ concentrations [368]. Generally, these SSBs, like for example the 

E. coli SSB, bind DNA with two of the OB folds occluding approximately 35 

nucleotides in a highly cooperative mode. At higher salt or Mg2+ concentrations, the 

binding mode changes to a mode with lower cooperativity where the ssDNA is bound to 

four OB folds occluding approximately 65 nucleotides. In this mode only one SSB 

tetramer can bind to an oligonucleotide of 75 nucleotides [368]. Remarkably, the 

observed binding mode for SsbB differs strongly from previously characterized SSBs. 

SsbB was shown to bind with two of its four monomers to ssDNA in a non-cooperative 

manner. At high Mg2+ or NaCl concentrations, SsbB binding to the ssDNA remained 

non-cooperative. SsbB differed from the other SSBs in the absence of a cooperative 

binding mode. Furthermore, like VirE2 [374], SsbB did not functionally complement a 

genomic deletion mutant of the E. coli SSB. VirE2 however works in a highly 

cooperative fashion [374]. As most tested SSBs can complement the genomic deletion 

mutant of the E. coli SSB, this suggested that for the complementation of the 

chromosomal SSB, it could be an important feature to be able to bind according to both 

binding modes.  

DNA relaxation mechanism of Topoisomerase I takes place in consecutive steps of 

DNA binding, nicking, formation of phosphotyrosine linkage and religation [397]. 

Previous study of SSB stimulation of topoisomerase I activity indicate that the initial 

step of relaxation, of non-covalent DNA binding, is enhanced by SSB [390]. SsbB not 

only stimulated the activity of topoisomerase I, but was also encoded within an operon 

with a topoisomerase. This operon was expressed at low levels during logarithmic 

growth. The role of the TopB protein encoded within the GGI is still unknown, but 

deletion of both genes showed that they are not involved in ssDNA secretion (Pachulec 

et. al., manuscript in preparation). The GGI is maintained in the chromosome of 

gonococcus. It is flanked by one perfect and another imperfect dif site. When repaired, 

the presence of both the correct dif sites causes excision of GGI from the chromosome 
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that is brought about by XerCD recombinase [266]. The excised circular GGI that can 

be detected transiently even in wild type strain may serve to mediate GGI transfer from 

one cell to another. Possibly, the topoisomerase I and SsbB were involved in the 

stability and maintenance of the the GGI during transfer. 

Next to this, three other possible roles for SsbB were studied. The first role studied was 

the involvement of SsbB in ssDNA secretion. Neither deletion of the ssbB gene nor the 

overexpression of SsbB affected ssDNA secretion, demonstrating that SsbB was not 

involved in this process. The second possibility studied was whether SsbB performed a 

similar role as VirE2 of the Ti plasmid.  VirE2 is necessary for transport of the T-DNA 

to the plant cell nucleus. VirE2 is transported directly to the target cell, where it binds 

and protects the ssDNA [398]. It was demonstrated that the binding of the transported 

VirE2 to the ssDNA pulls the DNA into the target cell [375]. Before transport to the 

target cell, VirE2 is kept transport competent by VirE1[384]. No homolog of VirE1 

could however be detected within the GGI, and SsbB could not be detected in the 

medium isolated from strains involved in ssDNA secretion via the type IV secretion 

system. Also the addition of purified SsbB to the culture supernatant at concentrations 

1000 fold higher then detected in the medium did not affect the GGI dependent transfer 

of chromosomal markers. This makes it unlikely that SsbB is secreted into the medium 

where it could assist the transport of the ssDNA. The third possibility would be that 

SsbB functions not in the process of export of ssDNA, but in the process of the uptake 

of ssDNA. If SsbB is involved in competence, it is expected that the presence of SsbB 

increases the transformation efficiency. Surprisingly, when SSB was overexpressed in 

the recipient cell, the transformation efficiency was reduced. Most likely the 

overexpression of SsbB interferes with the activity of RecA in the recombination 

process [389, 399].  

The in vivo and in vitro data presented here indicate that SsbB encoded within the GGI 

is expressed along with the other genes in the operon. It is not involved in DNA 

secretion and uptake but together with topoisomerase I, it might serve to stabilize the 

GGI. Its unique DNA binding properties and the possible interaction with other genes of 

the operon should be explored for further functional characterization of GGI.   
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Experimental Procedures 

Materials and Methods 

Poly(dT) was purchased from SigmaAldrich. Polynucleotide concentrations are given 

per nucleotide for poly(dT), and for the complete oligonucleotide for oligonucleotides 

of determined length (dT)n. Oligonucleotide concentrations were determined 

spectrophotometrically using an absorption coefficient of 8600 M-1 cm-1 at 260 nm. 

Protein concentrations were determined spectrophotometrically at 280 nm using the 

absorption coefficients calculated from amino acid composition. These concentrations 

were confirmed by a colorimetric assay using the Bradford reagent from Fermentas. 

Bacterial strains and plasmids 

E. coli strains were grown in Luria-Bertani (LB) at 37C with the appropriate 

antibiotics, ampicillin (100 μg/ml), erythromycin (500 µg/ml) and chloramphenicol (34 

μg/ml). N. gonorrhoeae strains were grown on GCB plates containing Kellogg’s 

supplement at 37 ºC under 5% CO2[294]or in GCBL liquid medium (15gr protease 

peptone , 34 gr K2HPO4,1gr KH2PO4 and 1gr NaCl in 1 l water) containing 0.042% 

NaHCO3 and Kellogg’s supplements or in defined medium (Graver-Wade medium) 

[336], supplemented with Kellogg’s supplements and 0.042% NaHCO3. When 

necessary, chloramphenicol and/or erythromycin were used at a concentration of 10 

μg/ml.  

Construction of plasmids and strains 

The strains, and plasmids used in this study and their construction are listed in Table 2 

and 3. Primers used in this study are described in Table 4. 
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 Table 2: Strains used in this study 

Strains Description References 

DH5α 

E. coli strain with genotype F- endA1 glnV44 

thi-1 recA1 relA1 gyrA96 deoR nupG 

Φ80dlacZΔM15 Δ(lacZYA-argF)U169, 

hsdR17(rK- mK+), λ– 

Invitrogen 

Tuner (DE3) 
E. coli strain with genotype F– ompT 

hsdSB(rB– mB–) gal dcm lacY1 (DE3) 
Novagen 

C43 (DE3) E. coli strain used for overexpression [400] 

RDP268 E. coli ssb mutant [394] 

MS11A Neisseria gonorrhoeae strain [297] 

ND500 MS11AΔGGI [45] 

SJ023-MS 

MS11 strain transformed with plasmid 

pSJ023. N-terminal one strep tagged SSB+OE 

behind a lac promoter inserted between lctP 

and aspC on the chromosome, (CmR) 

This study 

SJ038-MS 

MS11 strain transformed with plasmid 

pSJ038; SSB+OE behind a lac promoter 

inserted between lctP and aspC on the 

chromosome, (CmR) 

This study 

EP006 MS11AΔrecA, (ErmR) [401] 

EP030 ND500ΔrecA, (ErmR) [401] 

EP015 

MS11 strain transformed with plasmid 

pKH35 vector between lctP and aspC region 

on the chromosome, (CmR) 

[401] 

EP029 

ND500 strain transformed with plasmid 

pKH35 vector between lctP and aspC region 

on the chromosome, (CmR) 

[401] 
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 Table 3: Plasmids used in this study 

Plasmids Description References 

pET-20b(+) Cloning/expression vector, (AmpR) Novagen 

pBR-IBA 

102 

N-terminal OneStrep vector pRR-IBA 102

(AmpR) 
IBA GmbH 

pIDN3 IDM vector (ErmR) [298] 

pKH35 Complementation vector (CmR), 6.5kb [45]

pKH37 Complementation vector (CmR), 6.5kb [402] 

pMV003 

N-terminal fusion of 10-His to ssbB gene cloned 

in the pET-20b(+) vector.  

PCR product of the full length ssbB gene created 

with primers 401R-GGI and 400F-GGI on MS11A 

genomic DNA cloned in the NdeI and XhoI sites 

of pET-20b(+), (Amp) 

 

This study 

 

pMV009 

SsbB gene cloned in the pET-20b(+) vector.

PCR product of the full length ssbB gene created 

with primers 423F-GGI and 424R-GGI on MS11A 

genomic DNA cloned in the NdeI and XhoI sites 

of pET-20b(+), (Amp) 

This study 

pHJ002 

ssb gene with N-terminus one strep tag cloned in 

the pBR-IBA102 vector. PCR product of the full 

length ssb gene created with primers pHJ002_For 

and pHJ002_Rev using MS11A genomic DNA as 

template and cloned in the BsaI site of pBR-

IBA102. 

This study 

pSJ023 

N-terminus one strep tagged ssb gene cloned in 

pKH37 vector. ssb gene cloned from pHJ002 in 

the XbaI and HindIII sites of pKH37. 

This study 

pSJ038 
ssb gene cloned in pKH37 vector. PCR product of 

the full length ssb gene created with primers 
This study 
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pSJ038_For and pSJ038_Rev using MS11A 

genomic DNA as template and cloned in the XhoI 

and NdeI sites of pKH37. 

pRPZ146 
a pBR322 derivative that carries the ssb gene from 

the E. coli chromosome, (TetR) 
[394] 

pKH113 

ssb gene cloned in pIDN3 vector. PCR product of 

the full length ssb gene created with primers ssb-

Hind and ssb-Xho using MS11A genomic DNA as 

template and cloned in the HindIII and XhoI sites 

of pIDN3. 

This study 

pKH114 

ermC and ssb gene cloned from pKH113 in 

pRPZ146 using PstI and SphI; replacing the E. 

coli ssb and tet from pRPZ146.  

This study 

 

 Table 4: Primers used in this study 

Primer 
name 

Primer sequence 

pHJ002_For 5’-GCGGTAGGTCTCAGCGCCATGTCAGTTCAACTTTTT 
GTTCGTG-3’ 

pHJ002_Rev 
5’-
CGCGGTAGGTCTCATATCACAATGGGATGTCATCATCAG
CGT-3’ 

pSJ038_For 
5’-
GCGGCCATATGATATGTCAGTTCAACTTTTTGTTCGTGG-
3’ 

pSJ038_Rev 5’- GCGCCTCGAGCGTGGCCATATATTTACAATGGG-3’ 

ssb-Hind 5’-GCTAAGCTTTCAGCCCATAATGCAGCAAG-3’ 

ssb-Xho  5’-ACTCGAGATGACTGTCCGTGGGCATTT-3’ 

400F-GGI 5’-CACACCTCGAGTTACAATGGGATGTCATCATCAGC-3’ 

401R-GGI 
5’-
CTCTCCATATGCACCATCACCATCACCATCACCATCACC
ACATGTCAGTTCAACTTTTTGTTCG-3’ 

407F-GGI 
5’-
AGGGAAGGTCTCGTATCATTACAATGGGATGTCATCATC
AGC-3’ 
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423F-GGI 
5’-AGGCCACTCGAGTTACAATGGGATGTCATCATCAGC-
3’ 

424R-GGI 5’-AGGCCACATATGTCAGTTCAACTTTTTGTTCG-3’ 

427R-GGI 
5’-
GTACGATTGAGGCTTCACAGTTTTTAGGGCTAGCTACAG
GACGC-3’ 

428F-GGI 
5’-
TGAAGCCTCAATCGTACTGAATTTTTCAGTTGCCTCACC-
3’ 

472R-GGI 5’-GATATGCCCGAGTCTGAAGC-3’ 

473F-GGI 5’-CCCAATGCGTCAATAAGAGG-3’ 

474R-GGI 5’-GTCTATCCAACCGGTGACAG-3’ 

475F-GGI 5’-CCCGGTTCTTTAGCTTTCTC-3’ 

498R-GGI 5’-GACGGAATGCGACTATTGAG-3’ 

499F-GGI 5’-ACTTTCCAGTATGCTGGTAGAGGGC-3’ 

701R-GGI 5’-GTGGTTGAACACCGACAATC-3’ 

702F-GGI 5’-TTACGGTAGCCACAGTAGTC-3’ 

703R-GGI 5’-CTGAGCGTGTAGAAGCTATC-3’ 

705R-GGI 5’-TTCTGTGCCGATGACTGTCC-3’ 

708R-GGI 5’-ATGTCTGTCCGACCTGTAAG-3’ 

709F-GGI 5’-CTTCAGGATTGTCGGTGTTC-3’ 

726F-GGI 5’-GGTTAAGTTGCGGCTTTCAC-3’ 

766R-GGI 5’-ATCGTGATGCTGCCCATCTC-3’ 

767F-GGI 5’-ACGCTCAGTTGGAACAATGAATAC-3’ 

769F-GGI 5’-CCTGCCACAGTGTAGTAAAC-3’ 

770R-GGI 5’-TCGATCGGACGGATTCAAAC-3’ 

697 5’-GCTTACGGCGTTGCTTATTG-3’ 

698 5’-CCCGCCCTACCATTAAACTG-3’ 
 

Transcriptional Mapping 

N. gonorrhoeae strains were grown in GCBL liquid medium containing 0.042% 

NaHCO3 and Kellogg’s supplements until OD600 ~0,6 was reached. Total RNA of 1 ml 

culture was isolated using the peqGOLD TriFast® reagent (peqLab, Erlangen, 
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Germany). To remove contaminating DNA, total RNA was treated with 1 unit RNase-

free DNaseI (Fermentas, St. Leon-Roth, Germany) for 30 min at 37 °C. RNA was 

quantified spectrophotometrically, and quality assessed by agarose gel electrophoresis. 

The MuLV transcriptase and the random hexamer primer of the first strand cDNA 

synthesis kit (Fermentas, St. Leon-Roth, Germany) were used to generate cDNA. A 

control of cDNA synthesis was performed without MuLV transcriptase. Transcripts 

were mapped using the following primers: for yaf-ssbB, 705R-GGI and 767F-GGI, for 

ssb-topB, 703R-GGI and 702F-GGI, for topB-yeh, 708R-GGI and 709F-GGI, for yeh-

yegB, 701R-GGI and 499F-GGI and for yegA-yef, 498R-GGI and 726F-GGI (See 

Table 4). 

Quantitative PCR 

Transcript levels of ssbB, topB, traI and traD and the reference gene secY of were 

determined for piliated (EP006) and non piliated (SJ001) N. gonorrhoeae by 

quantitative Real-Time PCR (qRT-PCR). Oligonucleotide primers were designed using 

clonemanager 9 profession edition (Sci-Ed Software). The primers used were as 

follows: for ssbB, 766R-GGI and 767F-GGI, for topB, 769F-GGI and 770R-GGI, for 

traI, 474R-GGI and 475F-GGI, for traD, 472R-GGI and 473F-GGI and for secY, 697 

and 698 (Table 4). cDNA was isolated as described above. qRT-PCRs were performed 

using the SYBR Green/ ROX qPCR Master Mix (Fermentas, St. Leon-Roth, Germany) 

in a 7300 Real Time PCR System of Applied Biosystems. Reaction mixtures were 

prepared in a 25 µl volume and run in triplicate for each gene. N. gonorrhoeae strain 

MS11 chromosomal DNA was used to establish the primer efficiency. Six biological 

replicates were performed. Results were depicted as level of transcript compared with 

the secY gene (2^-ΔCt). 

Expression and purification of SsbB 

SsbB proteins were overexpressed in E. coli strain C43 (DE3). Cells were grown in 1 L 

of Luria-Broth medium at 37 °C to an OD600 of 0.5 and induced with 0.5 mM Isopropyl 

β-D-1-thiogalactopyranoside (IPTG). After 3 hours the cells were harvested by 

centrifugation, resuspended in 30 ml of buffer A (50 mM NaPO4, 300 mM NaCl, pH 8) 

and stored at -80 °C. Before purification, frozen cell pellets were thawed on ice. After 

thawing, the solution was supplemented with 1 tablet of Protease Inhibitor Cocktail 

(Roche) and 1 mgr of DNaseI (Roche), and the cells were disrupted 3 times in a high-
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pressure Cell Disrupter (Constant Cell Disruption Systems, Northans) at 2.300 bar. Cell 

debris was removed by centrifugation at 10.000 rpm in an F10-6x500y rotor (FiberLite) 

and the supernatant was filtered through a 0.45 µm filter. Purifications were performed 

on an AKTA-Purifier system (GE Healthcare, Germany). His-tagged SsbB was purified 

by loading the clarified supernatant on a 1 ml Hi-Trap Chelating column (GE 

Healthcare) preloaded with 0.1 M NiSO4 and equilibrated in buffer A. The column was 

washed with 10 column volumes of buffer A and eluted with a linear gradient of buffer 

A supplemented with 400 mM imidazol. Peak fractions containing SsbB were pooled 

and diluted with two volumes of buffer B (10 mM Tris-HCl pH 8, 10 mM NaCl). This 

sample was loaded on a Hi-Trap Q column (GE Healthcare) equilibrated with buffer B, 

and the protein was eluted with a linear gradient up to 1M NaCl in buffer B. Fractions 

containing SsbB were concentrated to 2 ml using Amicon Ultra – 10K Concentrators 

(Millipore). Finally these fractions were loaded on a Superdex SD200 gelfiltration 

column (GE Healthcare), equilibrated with 20 mM Tris-HCl pH 8, 150 mM NaCl. 

Fractions containing tetrameric SsbB were pooled, and frozen in liquid N2 until further 

usage. OneSTrEP-tagged SsbB was purified by loading the clarified supernatant on a 

Strep-tactin Sepharose column (IBA go) equilibrated with buffer D (100mM Tris-HCl 

pH 8, 150mM NaCl, 1mM EDTA). SsbB was eluted with buffer D containing 2.5 mM 

desthibiotin. Peak fractions containing SsbB were pooled and diluted with two volumes 

of buffer B and purified over Hi-Trap Q and Superdex SD200 columns as described 

above. Native SsbB was purified over a HiTrapQ column, as described above. Peak 

fractions were loaded on a 5ml HiTrap Desalting column (GE Healthcare) equilibrated 

with buffer E (50 mM NaCl, 1mM EDTA, 1mM TCEP, 20 mM Tris-HCl, pH 8), 

fractions containing SsbB were collected. Desalted SsbB fractions were loaded on the 

DNA-cellulose column (Amersham Bioscience) equilibrated in buffer E and eluted over 

night at 4oC with buffer E containing 1M NaCl. Finally SsbB was further purified on a 

Superdex SD200.  

Polyacrylamide Gel Electrophoresis Mobility Shift Assays  

The ssDNA binding reaction solutions were performed in SBA buffer (10 mM NaOH, 2 

mM EDTA, titrated to pH 7.5 with Boric acid) which was when indicated supplemented 

with 10 mM MgCl2 and/or 200 or 500 mM NaCl. To determine the binding mode of 

SsbB, fluorescently labeled (dT)n primers were used. 8 nM of 5’ Cy3 labeled (dT)35 or 
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(dT)75 primers were mixed with increasing concentrations of (SsbB)4 [ 0 – 64 nM]. The 

reaction solutions were incubated at 4 °C for 15 min after which12 μl of the reaction 

was mixed with 3 μl gel loading solution (0.25% bromphenol blue, 40% sucrose). The 

aliquots were analyzed by electrophoresis on 7.5 % native polyacrylamide gels using a 

buffer system consisting of SBA buffer supplemented with the same MgCl2 

concentration as used in the binding reaction. The fluorescently labeled primers were 

visualized on a Lumi Imager. To determine the minimal binding frame of one SsbB 

tetramer, 1 μM (SsbB)4 was incubated with 5 μM of unlabeled (dT)n oligonucleotide. To 

determine the minimal binding frame of two SsbB tetramers, 1 μM (SsbB)4 was 

incubated with 0,25 μM of unlabeled (dT)n oligonucleotide. A similar incubation and 

separation protocol as described above was used, except that the bands corresponding to 

the SsbB protein were visualized by G-250 BioSafe Coomassie Brilliant Blue staining. 

Fluoresence titrations. 

Titrations were performed on a temperature-controlled ISS PC1 spectrofluorometer (ISS 

Inc., USA) with a cooled photomultiplier. The excitation wavelength was set to 285 nm 

and the emission wavelength to 340 nm. The slit widths for the excitation and the 

emission beam were set to 1 and 2 nm respectively. Experiments were performed at 8 

ºC in a buffer containing 20 mM Tris pH 7.5 and 1 mM dithiothreithol. When 

applicable, 20, 200 or 500 mM NaCl or 10 mM MgCl2 was added. Samples were 

allowed to equilibrate for 90 s between measurements.  

Atomic Force Microscopy 

For AFM measurements, 20 µl-binding reactions were prepared in a buffer containing 

20 mM Tris (pH 7.5), 150 mM NaCl and 150 µM SpdCl3. Each reaction mixture 

contained 50 ng M13 ssDNA and different concentrations of native SsbB. Samples were 

incubated at 37°C during 10 minutes to allow complex formation, after which 10 µl was 

deposited on freshly cleaved mica. This was incubated during 1 minute at room 

temperature to allow adsorption of the nucleoprotein complexes. Subsequently, the mica 

surface was rinsed with 100 µl 0.02% uranyl acetate, which stabilizes adsorbed SSB-

ssDNA complexes [13]. The mica was rinsed with deionized ultrapure water several 

times and excess water was blotted off with adsorbing paper. Finally, the mica surface 

was blown dry in a stream of filtered air. A Nanoscope IIIa microscope (Digital 

Instruments/Veeco) was operated in the tapping mode, in air. Nanoprobe SPM tips, type 
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RTESP7 (Veeco) were used for imaging of 512 x 512 pixel images. These tips have a 

115-135 µM cantilever, a nominal spring constant of 50 N/m and resonance frequencies 

in the range from 244 to 295 kHz. Nanoscope 6.11r1 software (Digital 

Instruments/Veeco) was used to flatten the images and to create zoomed 3D surface 

plots. 

DNA secretion assays 

N. gonorrhoeae strains MS11A, ND500 and SJ038-MS were grown overnight on GCB 

agar plates at 37 °C under 5 % CO2 and inoculated in 3 ml of defined medium (Graver-

Wade medium) [336] supplemented with Kellogg’s supplements and 0.042% 

NaHCO3[9]. These cultures were grown while shaking for 1.5 h at 37 °C under 5 % CO2 

and then diluted to an OD600 ~ 0.2. To remove DNA derived from the initial starting 

culture, the cultures were diluted to OD600 ~ 0.1 and growth was continued for 2 hours. 

After three dilutions, samples were collected directly after the dilution and after 2 hrs. 

At these times also the OD600 was determined. Cells were directly removed by 

centrifugation for 5 minutes in a table top centrifuge at 14.000 rpm. Supernatants were 

assayed for the amount of DNA using PicoGreen (Invitrogen). The amount of secreted 

DNA was calculated by comparison to a DNA standard curve. The amount of secreted 

DNA was expressed as amount of µgr secreted DNA/∆OD600. In all assays N. 

gonorrhoeae ND500 (MS11:∆GGI) was included as a background.  

Isolation of secreted fraction 

To analyze the secreted fraction of N. gonorrhoeae, a 250 ml culture of SJ023-MS was 

grown to OD600 of 0.5 in GCBL medium. Cells were then harvested by centrifugation at 

8000 rpm for 10 minutes. The medium supernatant was filtered through a 0.2 μm filter 

to remove the cell debris. The supernatant was centrifuged at 40.000 rpm in Ti45 rotor 

for 1 hour at 4 C to obtain the pellet containing the blebs. The pellet was resuspended in 

250 µl 2X sample buffer (SB) with 0.5M Tris-HCl pH 6.8, 10% w/v SDS, 0.1% w/v 

bromophenol blue, 20% glycerol and 10mM DTT . After removal of the pellet, the 

supernatant fraction was concentrated by TCA precipitation 100 fold, since at higher 

concentrations the obtained pellets could not be fully resuspended anymore. The 

harvested cell pellet was resuspended into 20 ml of buffer A (50 mM Tris-HCl pH 7.5) 

and disrupted using a French press at 15psi. Cell debris was removed by centrifugation 

at 6000 rpm for 10 min and 40 µl supernatant was dissolved with 40 µl of 2X SB and 
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loaded (20 µl) on the gel. Alternatively, either the cytoplasmic supernatant or the 

medium supernatant obtained from 120ml culture of SJ023-MS were applied to a Strep-

tactin Sepharose column (IBA) equilibrated with buffer D (100mM Tris-HCl pH 8, 

150mM NaCl, 1mM EDTA). Bound proteins were eluted with buffer D containing 2.5 

mM desthibiotin, separated on a 15 % SDS-PAGE gel and analyzed by Coomassie 

staining and Western blotting using an anti-StrepII antibody. 

Western Blotting 

15% polyacrylamide SDS-PAGE gels were run for all the analysis with SsbB. Western 

blotting was performed by electroblotting the gels on PVDF membranes and incubating 

with 1:4000 dilution of Strep-Tactin AP conjugate antibody (IBA). The 

chemiluminescence signal was obtained using the CSDP-star substrate (Roche) on a 

Roche Lumi-imager. 

Co-culture assay for DNA uptake and transformation 

The assay was performed as described previously [26]. N. gonorrhoeae strains EP006 or 

EP030 which has an erythromycin marker inserted within the recA gene to ensure one 

directional transfer was used as a donor, while N. gonorrhoeae strains EP015, EP029 

and SJ038-MS which contain a chromosomal chloramphenicol marker were used as 

acceptor strains. Shortly, piliated N. gonorrhoeae strains were grown overnight on GCB 

agar plates at 37 °C under 5 % CO2 and transferred to 3 ml of GCBL (Difco) medium 

supplemented with Kellogg's supplements and 0.042% NaHCO3. Cultures were grown 

for 2.5 h at 37 °C with shaking under 5% CO2. 1 ml of both donor and recipient cultures 

were centrifuged and pellets were resuspended in 3 ml of GCBL. 0.5 ml of donor and 

recipient cells were mixed in 3 ml of GCBL, and growth was continued. After 5 hrs, 

serial dilutions were spread on selective media containing erythromycin and 

chloramphenicol. Transfer frequencies were calculated as CFU of transformants per 

CFU of donor. To study the effect of SsbB on DNA transformation, a similar assay was 

performed after addition of 50 μl of 2 mg/ml purified OneSTrEP- tagged SsbB directly 

after mixing the strains and again after 2.5 hrs. 
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Complementation of E. coli SSB 

To determine if the GGI SSB could substitute for E. coli SSB, we attempted to replace 

pRDP146 with pKH114 in E. coli SSB mutant RDP268. pKH114 carries ermC and the 

GGI ssb in place of E. coli ssb and tet that are on pRPZ146 [394]. RDP268 carries the 

aphA gene in place of ssb on the chromosome and is unable to grow unless 

complemented with an ssb gene [394]. pRDP146 is capable of complementing the 

mutation as is a similar plasmid carrying the E. coli F-plasmid single-stranded binding 

protein gene ssf. Electroporation was used to introduce pKH114 into RDP268, and 

transformants were selected on LB agar plates containing erythromycin. Fifty ErmR 

colonies were replica plated to plates containing tetracycline or erythromycin. All fifty 

transformants grew on both selective media. Plasmid screening by the method of Kado 

and Liu [403] demonstrated that the ErmR TetR colonies carried both plasmids, pKH114 

and pRDP146. Since these two plasmids carry the same origin of replication, they 

should be incompatible, and growth without selection for the antibiotic resistance 

markers would allow for loss of one plasmid if it were not essential for growth [394]. 

To determine if pRDP146 could be lost, two transformants were grown overnight in 

Luria broth with erythromycin, but without tetracycline. Dilutions of the culture were 

plated on LB agar containing erythromycin. 856 ErmR colonies were replica-plated to 

LB agar containing tetracycline. All ErmR colonies maintained TetR, suggesting that 

pRDP146 was required for growth and that the GGI SSB could not substitute for E. coli 

SSB in the SSB mutant RDP268. 

Topoisomerase DNA relaxation assay 

For the DNA relaxation assay, supercoiled plasmid DNA of vector pSJ077 was 

prepared using the Nucleobond kit (Bioké). 500 ng of supercoiled plasmid DNA was 

incubated with 0.12 units of Topoisomerase I (New England Biolabs) in the buffer 

supplied by the manufacturer with increasing amounts of SsbB. A total reaction volume 

of 25 μl was incubated at 37 ºC for 30 minutes and stopped by the addition of 10 mM 

EDTA and incubation at 65 ºC for 20 minutes. The samples were run on a 1% agarose 

gel at 100 V for 1 hr and then stained in buffer containing ethidium bromide for 30 min 

and visualized using an UV gel documentation system (Bio-Rad).  
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Abstract 
 

Structures of the type IV pili secretin complexes from Neisseria gonorrhoeae and 

Neisseria meningitidis, embedded in outer membranes were investigated by 

transmission electron microscopy. Single particle averaging revealed additional 

domains not observed previously. Secretin complexes of N. gonorrhoeae showed a 

double ring structure with a 14-15-fold symmetry in the central ring, and a 14-fold 

symmetry of the peripheral ring with 7 spikes protruding. In secretin complexes of N. 

meningitidis, the spikes were absent and the peripheral ring was partly or completely 

lacking. When present, it had a 19-fold symmetry. The structures of the complexes in 

several pil mutants were determined. Structures obtained from the pilC1/C2 adhesin and 

the pilW minor pilin deletion strains were similar to wild-type, whereas deletion of the 

homologue of N. meningitidis PilW resulted in the absence of secretin structures. 

Remarkably, the pilE pilin subunit and pilP lipoprotein deletion mutants showed a 

change in the symmetry of the peripheral ring from 14 to 19 and loss of spikes. The pilF 

ATPase mutant also lost the spikes, but maintained 14-fold symmetry. These results 

show that secretin complexes contain previously unidentified large and flexible extra 

domains with a probable role in stabilization or assembly of type IV pili. 
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Introduction 

Neisseria species are Gram-negative β-proteobacteria, whose pathogenic members 

Neisseria meningitidis, which normally inhabits the human nasopharynx, and Neisseria 

gonorrhoeae, which normally colonizes urogenital mucosal surfaces, are responsible for 

bacterial meningitis and septicemia, and the sexually transmitted disease gonorrhea, 

respectively. During the infection process, several factors contribute to the interaction 

with the host cells [176]. Among these factors are type IV pili which mediate binding of 

the bacteria to the host cells. Type IV pili are long fibrous structures extending from the 

bacterial surface which can be extended and retracted [182, 404]. They are involved in a 

variety of processes; not only do they mediate cellular attachment to tissue receptors 

[176, 177], but they are also involved in several other processes, including bacterial 

auto-agglutination [405, 406], twitching motility [178], biofilm formation [180, 404, 

407, 408], and natural competence for DNA uptake [224, 226, 409]  

Type IV pili are dynamic structures which consist of approximately 500–2000 subunits 

of the major pilin protein, PilE [410] and which are assembled and disassembled by a 

complex machinery of approximately 10 conserved core proteins and several additional 

proteins [182, 404, 411]. This machinery shows similarity to the complexes involved in 

secretion of proteins via the type II secretion pathway [412, 413]. The nomenclature of 

components of type IV pili systems often differs between organisms. In this manuscript 

we will refer to the N. gonorrhoeae genes and proteins if not indicated otherwise. The 

first step of pilus assembly is the insertion of the pilin into the cytoplasmic membrane. 

After membrane insertion, the leader peptide is both cleaved at the cytosolic side of the 

membrane and methylated on the N-terminal amino acid by the pre-pilin peptidase PilD 

[414, 415]. The PilE subunits are assembled and extruded from the inner membrane by 

the PilF hexameric ATPase (a homologue of GspE, and a member of the AAA 

chaperone/mechanico-enzyme family) with the aid of a polytopic inner membrane 

protein, PilG [416]. Remarkably, PilT which is a similar ATPase to PilF, is involved in 

the disassembly of the PilE subunits at the cytoplasmic membrane. Disassembly takes 

place at a rate of approximately 700 pilin subunits/s, resulting in retraction of the pilus 

with a force of over 100 pN [185, 186]. Several other proteins, called pseudo-pilins or 

minor pilins, are similarly processed by PilD and can also be integrated into the growing 
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pilus, and were proposed to affect pilus dynamics by influencing the membrane-

localization and/or polymerization state [417]. The pilus passes the outer membrane 

through PilQ [418, 419]. PilQ is one of the most abundant Neisserial outer membrane 

proteins and it has previously been estimated that PilQ comprises 10-13 % of the total 

outer membrane proteins [420]. PilQ is a member of the GspD secretin superfamily of 

integral outer membrane proteins involved in type IV pili and in type II and type III 

secretion systems [210]. 

Transmission electron microscopy (TEM) of purified members of the secretin 

superfamily, such as XcpQ and PilQ from Pseudomonas aeruginosa [421], PulD from 

Klebsiella oxytoca [227, 233, 422], the pIV filamentous phage protein [235], GspD 

from Vibrio cholerae [423] and PilQ of N. meningitidis [418, 419, 424, 425], indicated 

that these proteins form a multimeric ring-like structure. A 3D structure of the N. 

meningitidis PilQ (Nme PilQ) was determined by using single particle averaging 

methods applied to transmission electron microscopy (EM) images of the purified 

multimer visualized by cryo-negative EM staining. This structure showed 4-fold 

rotational symmetry (and 12 fold quasi-symmetry) with four ‘arm’-like structures 

extending from the structure and a large central cavity which was closed on both sides. 

[418, 419, 424, 425]. The observed structure was flexible, and showed conformational 

changes upon interaction with isolated pili [419] and purified NMe PilP [426]. A higher 

resolution 3D structure of a secretin was obtained for K. oxytoca PulD [227, 233, 422]. 

This complex consists of a dodecameric structure composed of a closed disc with ring-

like structures on both sides. The two rings form chambers on either side of a central 

plug that is part of the middle disc. A recently published dodecameric cryo-EM 

structure of the purified GspD secretin of Vibrio cholera shows a 200 Å long complex 

with a periplasmic domain, an outer membrane domain and a unique extracellular cap. 

The structure was obtained in its “closed” state and has an outer diameter of 155Å. It 

has a prominent periplasmic gate and a conserved constricted region. It was proposed 

that this region interacts with the substrate and renders conformational changes to the 

structure for toxin secretion [423]. 

Members of the secretin superfamily often interact with small lipoproteins, also known 

as pilotins, or pilot proteins. These lipoproteins are involved in oligomerization, 

stabilization, and/or outer membrane localization of the secretin. For example, the K. 
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oxytoca PulD requires the PulS pilotin for proper outer membrane association; in its 

absence, PulD remains associated with the inner membrane [238]. Similarly the Shigella 

flexneri MxiM and Yersinia enterocolitica YscW pilotins are required for outer 

membrane localization of the Type III secretion secretins MxiD and YscC, respectively 

[427, 428]. The interaction between MxiM and MxiD has been studied using NMR 

spectroscopy [429]. It has been demonstrated that Nme PilP and Nme PilW interact 

with Nme PilQ. Purified Nme PilP was shown to interact with Nme PilQ and was 

proposed to localize to the cap region of the Nme PilQ structure [426]. Although Nme 

PilQ does not need Nme PilP for its stabilization or membrane localization, Nme pilP 

mutants showed a loss of piliation and of natural competence [426]. In a Nme pilW 

deletion mutant, the total amount of outer membrane localization of Nme PilQ 

monomers was not changed, but the stability of the Nme PilQ multimer was strongly 

affected [430]. Another protein that has been proposed to interact with PilQ is PilC. 

Two copies of pilC (pilC1 and pilC2) are found in pathogenic Neisseria species. In N. 

gonorrhoeae, each copy can function as a pilus tip adhesin, while in N. meningitidis, 

only PilC1 promotes adhesion [431]. The Nme PilC proteins are associated with the 

outer membrane but can also be recovered from purified pili, where they seem to be 

located at the top of the pilus [432].  

Although the observations made by different authors have been useful in establishing 

that secretins adopt ring-like structures with 12-14 fold symmetry, there are still many 

remaining questions. All structural information about the secretins obtained to date has 

been obtained from purified proteins, and structural information about the interaction of 

the secretins with other components is lacking. Multi-subunit membrane complexes can 

loose subunits during the purification procedure [433]. Therefore we set out to study the 

structure of the PilQ secretin within the membrane using Transmission Electron 

Microscopy and single particle averaging. To obtain further information on the PilQ 

complex, we studied the structure of the complex in membranes derived from different 

pil deletion mutants. Implications for the assembly and structure of the observed PilQ 

mega-complex are discussed. 
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Results 

Transmission electron microscopy on isolated membranes and whole cells of 

Neisseria gonorrhoeae 

To study the structure of the PilQ secretin of N. gonorrhoeae in its native environment, 

total membranes were isolated and separated on a sucrose gradient. Fractions containing 

the highest amount of PilQ (from 45 to 51 % (w/v) sucrose) were collected and 

concentrated. This fraction contained both inner and outer membranes as determined by 

antibodies against SecY and DsbA inner membrane markers) and Omp85 and Imp 

(outer membrane markers). Although several methods, including different disruption 

methods in combination with a large variety of density gradients were tested to separate 

inner and outer membranes, no complete separation was obtained. PilQ containing 

fractions were analyzed with transmission electron microscopy. Both inner membranes, 

which appear as vesicles, and outer membranes, which appear as flattened sheets, could 

be identified [434]. Roughly 25 % of the vesicles seem to be derived from inner 

membranes. The membranes form intact closed vesicles because upon air-dried negative 

staining the membranes collapse and become superimposed. This can be seen at the 

edges where a white rim marks the curvature (Fig. 1A). The outer membranes 

contained prominent stain-filled indentations (Fig. 1A) which were absent in the inner 

membranes, with an average density of 350 indentations per μm2  

 

Figure: 1 Overview of negatively stained N. gonorrhoeae membranes. (A) Membranes 
isolated from strain MS11. (B) Membranes isolated from a pilQ deletion mutant strain. 
(C) Immungold labeling of membranes from strain MS11 with PilQ antibody.   The 
scale bar is 1000 Å. 
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Since these stain-filled indentations were most likely formed by the PilQ secretin, a 

pilQ deletion strain was constructed. Comparison of the outer membrane enriched 

samples of MS11 and the pilQ deletion strain confirmed both the abundance of PilQ in 

the outer membrane samples, and the absence of PilQ in the deletion strain (see Fig. 

S1A). Isolated membranes of the pilQ deletion strain were analyzed by electron 

microscopy (Fig. 1B). The stain filled indentations were absent in the membranes of 

the pilQ deletion strain demonstrating that they are indeed related to the presence of 

PilQ. Interestingly, the stain filled indentations were also evident on whole cells of 

Neisseria gonorrhoeae when observed using electron microscopy (Fig. 2). While 

comparing piliated and non piliated cells, some of the thin, long type IV pili structures 

on the piliated cells seemed to extend from the stain filled indentations. These results 

further demonstrated the outer membrane localization of the stain filled indentations 

(Fig. 2A and 2B). To further confirm that these indentations contain PilQ, nanogold 

labeling was performed on the outer membrane enriched fractions using a 

N.meningitidis PilQ monoclonal antibody [435]. 

 
 
Figure: 2 Secretin structures observed by negative stain imaging of whole cells. (A) 
Piliated and (B) non-piliated cells of N. gonorrhoeae strain were imaged by electron 
microscopy. The scale bar is 1000 Å. 
 

This monoclonal antibody specifically cross reacts with N. gonorrhoeae PilQ (see Fig. 

S1B). Here we observed labeling of the indentations in PilQ containing membranes 

(See Fig. 1C). When similar experiments were performed in the absence of the PilQ 

antibody only very low levels of nano-gold labeling were observed (see Fig. S3A). 
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Similarly, very low levels of nano-gold labeling were observed for inner membranes 

and for membranes derived from the pilQ deletion strain (Fig. S3B). To-gether this 

showed that labeling is specific for the presence of PilQ in the indentations. Since the 

gold labeling influences the alignment procedure, single particle averaging was not 

performed on gold labeled particles instead, about a hundred images were visually 

analyzed (Fig. 1C, see also Fig. S2). Labeling was strongly reduced for the observed 

inner membranes, or when control experiments were performed in the absence of the 

PilQ antibody (Fig. 1C).   

Projection structure of the N. gonorrhoeae PilQ complex 

To further analyze this PilQ-containing structure, a large data set of about 20,000 single 

projections of the stain-filled indentations was obtained from EM images and analyzed 

by single particle analysis. After several cycles of multi-reference alignment, 

multivariate statistical analysis and classification, final class sums from all analyzed 

particles were obtained (Fig. 3A). The 2D map shows a circular particle composed of a 

double ring with extending spike-like densities. The central ring has a diameter of 150 

Å and has a large central cavity, whereas the peripheral ring has a diameter of 210 Å. 

The spikes further extend the diameter to 310 Å. The second ring has a 14-fold 

symmetry, while the spike-like densities show a 7-fold symmetry. After applying 7-fold 

symmetry, the features of both the second ring and the spikes improve (Fig. 3B). When 

this figure was used for further improvement as a reference in a next alignment 

procedure, it appears that the spike features became stronger, but at the cost of the 

resolution of the peripheral ring, which now becomes less well defined (Fig. 3C). This 

suggests that the structure has some flexibility between the second ring and the spikes. 

The symmetry of the central ring could not be resolved from either the class averages 

without symmetry applied or from the class averages with 7-fold symmetry applied. In 

an attempt to determine the symmetry of the central ring, the second ring was masked 

out during analysis. After repeated alignment and classification, the final projection map 

showed two striking features. First, densities in the central ring come into focus (Fig. 

3D). At least 11 densities are well separated, with a average center-to-center distance of 

about 25 Å (bars, Fig. 3E).  
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Figure: 3. Class averages of single particle electron microscopy images of the PilQ 
complex from N .gonorrhoeae. (A) wild-type projection map (B) with 7-fold symmetry 
imposed on the peripheral spikes (C) with 7-fold symmetry imposed using the class 
average of (B) as template (D) class average of the central ring, after masking out the 
second ring and spikes (E) central ring 2D map with positions of densities indicated (F) 
central ring 2D map with imposed 14-fold symmetry. The projection map of the PilQ 
complex in frame A has a resolution of 20 Å. The scale bar is 100 Å 
 

However, in two areas the features are not well resolved (blurred red bars), despite the 

fact that we increased the number of analyzed projections from 20,000 to 36,000. This 

indicates that at the current resolution of this map, which is in the range of the 25 Å of 

the center-to- center distance of the central ring densities, we cannot prove the 

symmetry. It appears most likely that the symmetry is 14 or 15. By imposing 14-fold 

symmetry, as performed in Fig. 3F, the features become stronger as compared with any 

other imposed symmetry between 12 and 16. A second result from this analysis is the 

total disappearance of the features of the second ring. This can either be caused by a 

symmetry mismatch between the central and peripheral rings or by a flexible association 

of the central and peripheral rings.  

Transmission electron microscopy on isolated membranes of N. meningitidis 

To enable us to compare the previously published structure of the purified Nme PilQ 

complex with the structure observed in the membrane, membranes of N. meningitidis 
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were isolated and analyzed by transmission electron microscopy. The membranes of N. 

meningitidis also showed the presence of indentations but in much smaller numbers 

compared to N. gonorrhoeae. Moreover, the pores were less homogeneously distributed 

in the membrane and some of them are found in small clusters (Fig. 4A). Single 

particle analysis showed a structure composed of only one ring (Fig. 4B) or with an 

additional second ring in about 20% of the data set (Fig. 4C). Some particles (10 %) 

showed an incomplete second ring (Fig. 4D). The central and peripheral rings have the 

same diameter as observed in the N. gonorrhoeae structure (Fig. 4E). Remarkably, 

there was no indication of spikes attached to the second ring. Comparison with the 

previously published purified Nme PilQ structure, which has a diameter of 

approximately 15.5 to 16.5 nm and a 6.0- to 6.5-nm-diameter cavity showed that PilQ 

forms the central ring of both the N. meningitidis and N. gonorrhoeae structures, 

whereas the peripheral ring and the spikes are formed by additional proteins. The 

symmetry number of the peripheral ring observed for N. meningitidis was substantially 

bigger than that observed for N. gonorrhoeae, indicating that this ring is possibly 

composed of a larger number of copies of the same or a smaller protein. Symmetry 

analysis performed to evaluate the copy number shows that imposing 2-, 3-, or 7- fold 

does not enhance this feature. Since the motif is smaller than in N. gonorrhoeae, 

symmetries above 14 were evaluated (Fig. 4F-J). This approach strongly pointed to a 

19-fold symmetry in the second ring. Based on the high similarities of the PilQ proteins 

of N. meningitidis and N. gonorrhoeae (89 % identity and 91 % similarity), the 

observed differences were unexpected. To ensure that the observed differences in the 

PilQ complexes are species specific, membranes of different strains were isolated. Two 

additional N. meningitidis strains, strain H44/76, the wild-type parent of HB-1 (to 

ensure that the absence of the capsule locus did not affect PilQ appearance), and wild-

type strain M986, belonging to a different clonal lineage were tested. Furthermore, N. 

gonorrhoeae strain FA1090 was examined. Both N. meningitidis strains gave very 

similar results as strain HB-1. Similarly FA1090 gave identical results as were obtained 

for MS11. To further exclude that the strains used in our study contained any mutations 

in pilP or pilQ, the entire pilP/Q operon and flanking regions were sequenced, but no 

differences were observed with the published sequences [436].  
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Figure: 4. Electron microscopy analysis of the PilQ complexes in isolated membranes. 
(A) N. meningitidis membranes negatively stained with 2% uranyl acetate. (B-D) 
Average of 8,000 projections of the PilQ complexes from N. meningitidis showing 
classes with single, double and incomplete rings, respectively. (E) Average of 10,000 
projections of PilQ complex from N. gonorrhoeae showing central and the peripheral 
ring having 14-fold symmetry. (F-J) To investigate the number of copies of the 
peripheral ring, 17- to 21-fold rotational symmetry (white numbering) was imposed on 
the classes after completion of the analysis. The strongest rotational symmetry within 
the second ring is in frame H. The scale bar for frame (A) is 1000 Å, and equals 100 Å 
for frame (B-J).  
 

One of the differences between the N. meningitidis and N. gonorrhoeae PilQ is the 

presence of a small octapeptide (PAKQQAAA) basic repeat of which four to seven 

copies are present in N. meningitidis PilQ, whereas N. gonorrhoeae PilQ contains either 

two or three copies [437]. However, the 14-fold symmetry of the peripheral ring and the 

spikes were still observed in the N. gonorrhoeae strain in which the 2 repeats of MS11 

were replaced with the 6 repeats of N. meningitidis strain HB1 (data not shown). 



Secretin of Tfp 
 

 
168 

Structure and assembly of the PilQ complex of N. gonorrhoeae 

Our analysis of the structure of the PilQ complex in isolated outer membranes 

unequivocally shows extra domains, i.e. a peripheral ring with associated spikes, not 

observed in purified Nme PilQ complexes. To attempt to identify these novel features, 

we set out to generate deletion mutants for genes of possible candidates for the extra 

observed densities. PilC is a protein normally present in two copies, is involved in 

adhesion to epithelial cells, and is located in the outer membrane and at the tip of the 

pilus. Since the N. gonorrhoeae MS11 strain used for our study, contains a non 

functional copy of pilC1 that is not expressed due to a frame-shift mutation [438], we 

generated a pilC2 deletion mutant in MS11. The pilC1/C2 mutation resulted in non-

piliated cells, as seen in previous studies. The pilC1 gene was sequenced in the pilC2 

deletion mutant and this re-confirmed the presence of the frame-shift mutation. Hence, 

we conclude that a true pilC1/C2 mutant was generated. Single particle analysis was 

performed and 6,000 projections were analyzed. The pilC1/C2 mutant yielded 

projection maps showing a similar structure as observed for wild-type with the presence 

of central and peripheral rings and 7 extending spikes (Fig. 5C). Again, these features 

became more visible after imposing symmetry (Fig. 5D). This demonstrated that PilC 

is not a subunit of the observed PilQ complex.  

In a next step, we generated a deletion mutant of N. gonorrhoeae NgonM_03101, a 

small (28 kDa) lipoprotein containing six tetratricopeptide repeats (TPR) motifs. N. 

gonorrhoeae NgonM_03101 is a homologue of Nme PilW and Pseudomonas aeruginosa 

PilF, which have been shown to be involved in stabilization of the PilQ oligomer [206, 

430, 439]. In membranes isolated from the NgonM_03101 deletion mutant, no stain 

filled indentations were observed demonstrating that NgonM_03101 is involved either 

in assembly or stabilization of the PilQ oligomer. Since no structures were observed, we 

cannot discriminate between the possibility that NgonM_03101 functions as a 

chaperone for oligomerisation of the secretin, or that it is part of the larger PilQ 

complex.  

PilP is an 18 kDa lipoprotein shown to interact with PilQ. Both in N. meningitidis and 

N. gonorrhoeae pilP and pilQ are co-transcribed [426]. pilP mutants show a loss of 

piliation and natural competence [440]. In a previous study additional densities were  
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Figure: 5 Single particle analysis of particles derived from membranes of different N. 
gonorrhoeae deletion mutant strains. Projection maps derived from membranes isolated 
from (A) N. gonorrhoeae strain MS11, (B) with 7-fold symmetry imposed, (C) the 
pilC1/C2 deletion mutant, (D) the pilC1/C2 deletion mutant with 7-fold symmetry 
imposed, (E) the pilP deletion mutant, (F) the pilP deletion mutant with 19-fold 
symmetry imposed, (G) the pilF deletion mutant, (H) the pilF deletion mutant with 7-
fold symmetry imposed, (I) the the pilE deletion mutant, (J) the pilE deletion mutant 
with 19-fold symmetry imposed, (K) the pilW deletion mutant, and (L) the pilW 
deletion mutant with 7-fold symmetry imposed, Scale bar equals 100 Å. 
 

observed when purified Nme PilQ was incubated with recombinant Nme PilP [426]. To 

study the localization of PilP in PilQ-containing complexes within the membrane, a pilP 

deletion mutant was created. Western blotting confirmed the expression of PilQ in the 

pilP deletion mutant strain. An increased degradation of full length PilQ was however 

observed (Fig. S4) and the observed density of indentations in the membranes derived 

from the pilP deletion mutant was reduced to ~30 % compared to the wild-type 

membranes, suggesting that PilP influences the stability of PilQ multimers.  Differences 

were observed when the class averages of 6,000 particles of the pilP mutant without 

(Fig. 5E) and with applied symmetry (Fig. 5F) were compared to the class averages 
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obtained from wild-type membranes (Fig. 5A and B). The pilP deletion mutant not 

only lost the extending spike-like densities, but remarkably the symmetry of the 

peripheral ring changed from 14 to 19. 

Even more surprisingly, the structure of the PilQ-containing complex in membranes 

derived of the N. gonorrhoeae pilP deletion mutant showed a notable similarity to the 

structure of the PilQ complex in N. meningitidis membranes. Based on a possible 

localization of PilP between the central and peripheral rings of the PilQ complex, it 

could be proposed that absence of PilP affects the interface between the central and 

peripheral ring, resulting in a reassembly of the second ring. The reassembled second 

ring does not appear to be able to bind the spike-like extensions.  

It has been previously demonstrated that incubation of purified Nme PilQ complexes 

with isolated pili can induce structural changes in Nme PilQ [419]. To compare the 

structures of PilQ-containing complexes that have interacted with the pilus and those 

that have not interacted with the pilus, membranes derived from pilF and pilE deletion 

mutants were studied. PilF is an ATPase, localized in the inner membrane and essential 

for the assembly and extrusion of pilin subunits. PilE is the pilus subunit, which forms 

thin pilin filaments of ~60-80 Ǻ [441]. When the class averages of 6,000 particles 

obtained from membranes of the pilF and pilE deletion mutants without (Fig. 5G and 

5I) and with applied symmetry (Fig. 5H and 5J) were compared to the class averages 

obtained from wild-type membranes, it appeared that the secretin structures of both 

mutants lost the extending spike-like densities. This suggests that the secretin complex 

changes its conformation upon interaction with the pilus resulting in assembly of the 

extending spike-like structures or that the spike-like structures are formed by a protein 

transported across the outer membrane along with the extension of the pilus. 

Interestingly, in addition to disappearance of the spike-like densities, the pilE mutant 

also showed a 19-fold symmetry similar to the pilP deletion mutant and the secretin of 

wild-type N. meningitidis. Phase variation could have changed the expression levels of 

PilE in the pilP mutant and in the N. meningitidis strains, and lowered levels of PilE in 

the pilE and pilP mutants of N. gonorrhoeae and in the N. meningitidis strains might 

explain the change in symmetry. To test this, the expression levels of PilE in N. 

gonorrhoeae strain MS11 and the pilQ, pilP and pilE deletion mutants and in the N. 
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meningitides strain HB1, H44/76 and M986 were determined by Western blotting using 

a PilE-SM1 monoclonal antibody [442] (Fig. S4). This demonstrated that PilE 

expression could be detected in all strains except in the N. gonorhoeae pilE deletion 

mutant and the N. meningitidis strain M986. The N. meningitidis strain M986 strain 

expresses a class II pilin that cannot be detected with the class I pilE-SM1 antibody 

[443] but most likely also expresses PilE. Since the pilP mutant that has an 19 fold 

symmetry of the outer ring still expresses PilE, phase variation of PilE expression could 

be excluded as a possible reason for the structural change of the outer ring of the 

secretin complex. Why the absence of PilP/PilE in the structure of the N. gonorrhoeae 

PilQ complex results in a structural change to a complex resembling the PilQ complex 

in N. meningitidis remains an open question. 

To examine the possible effect of the deletion of a minor pilin, a deletion mutant was 

created of pilW, a minor pilin located in an operon with pilV and pilX. Single particle 

analysis was performed and yielded projection maps showing a similar structure as 

observed for wild-type (Fig. 5K and 5L), demonstrating that at least deletion of the 

pilW minor pilin has no effect on the domain structure of the secretin complex.  

Discussion 

In this study we analyzed the structure of the PilQ secretin within isolated outer 

membranes using transmission electron microscopy and single particle averaging. 

Several lines of evidence demonstrate that the observed stain filled indentations are 

formed by PilQ: I) The structures are not observed in the pilQ deletion mutant (Fig. 1A 

and 1B). II) The structures are also not observed in the ngonM_03101 mutant. 

NgonM_03101 is a homologue of N. meningitidis PilW. Deletion of the N. meningitidis 

pilW gene was shown to abolish the formation of the PilQ oligomer [444]. III) The 

symmetry of the outer ring of the structure is affected in deletion mutants of several 

other pil genes, e.g. pilE, pilP, and pilF. It is unlikely that these mutants would affect 

the structures of another membrane complex than PilQ. IV) The structures are labeled 

using immuno-gold labeling with an antibody specific for N. gonorrhoeae PilQ (Fig. 

1C). V) The inner ring of strain filled indentations has the same diameter as the purified 

PilQ complex of N. meningitidis. VI) The observed structure is present only in outer 

membrane sheets. Inner and outer membranes can be easily distinguished in electron 



Secretin of Tfp 
 

 
172 

microscopy, and the structures are also seen on electron microcopy images of whole 

cells. VII) The abundance of the structure correlates with the abundance of PilQ in the 

outer membrane [420]. Our approach revealed features of a large structure not seen 

previously. Compared to the published structures derived from purified PilQ of N. 

meningidis, the complexes observed in N. meningitidis membranes contained an extra 

peripheral proteinous ring with a 19-fold symmetry. In our analysis, we also observed 

structures lacking or having a partial peripheral ring, indicating that the extra domains 

are not tightly attached and may be dissociated during the membrane isolation 

procedure. Apparently, this extra ring structure is also lost during the previously 

described purification of the PilQ complex [426]. Also for other purified secretins, no 

additional ring structures were observed. Only after purification of PulD-PulS complex 

from K. oxytoca  radial spokes, most likely formed by PulS were observed [227].  

These spokes seem however of a much small mass then the extra ring structure observed 

for the PilQ complex. 

Remarkably, the secretin complexes observed in membranes isolated from N. 

gonorrhoeae appear much more stable, and showed a double ring structure with a 14-

fold symmetry of the peripheral ring, from which seven external spikes protrude. These 

data demonstrate that the study of these multi-component membrane inserted complexes 

within their native lipid environment by electron microscopy can identify extra 

components and/or structures which are lost during purification. Compared to the 

previously published structures derived from purified PilQ complexes of N. 

meningitidis, the central ring in our structures consists of PilQ. The symmetry of the 

central ring of N. meningitidis has previously been determined to be 12, while the 

symmetries of the K. oxocyta PulD and the pIV protein of filamentous phages were 12 

and 14, respectively. Unfortunately, we were unable to conclusively determine the 

symmetry of the central ring of N. gonorrhoeae, but our analysis indicates that it is most 

likely 14, and thus could differ from the central ring of N. meningitidis.  

Another interesting feature of the secretin complexes investigated is the high flexibility 

between the different rings and the spikes. In particular, the observation that the number 

of protein copies in the second ring changes from 14 to 19 in the pilP and pilE mutants 

is intriguing. A comparison of the pilP and pilE mutants with an 19-fold symmetry to 

those of wild-type and the pilC1/C2 mutant with an 14-fold symmetry shows that the 
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overall diameter of the peripheral ring is smaller in the pilP and pilE deletion mutants, 

whereas the size of the central ring is equal for all complexes. This indicates that it is 

unlikely that there is a higher copy number of the same protein in the structure with the 

19-fold symmetry (which would increase the size of the peripheral ring), but instead 

suggests that the structure with the 19-fold symmetry either arises from processing of 

the peripheral ring protein(s), or that the peripheral ring protein(s) are replaced by other 

protein(s). It appears that the spikes can only attach to the structure with the 14-fold 

symmetry. Since also structure with a 14-fold symmetry without the spikes are observed 

it is unlikely that that the presence of spikes forces the inner ring into the 14 fold 

symmetry.  

A comparable change in symmetry between rings has been observed for photosystem I 

(PSI) of Synechocystis PCC. Monomeric photosystem I (PSI) is a membrane protein 

complex of 330 kDa which is mainly present as trimers in cyanobacteria. Under stress 

conditions, it forms supercomplexes IsiA, with a 37 kDa integral membrane protein. 

These complexes have been extensively studied by electron microscopy [445, 446] and 

it was shown that IsiA can form complete and incomplete single and double rings 

around monomeric or trimeric PSI. The number of IsiA copies was variable; in the case 

of monomers the inner IsiA ring was composed of 12, 13 or 14 copies and these 

numbers corresponded to 19, 20 or 21 copies in the peripheral ring, respectively. On 

trimers with two IsiA rings, the inner ring is composed of 18 copies and the peripheral 

ring is formed by 25. However, the positions of IsiA in incomplete second rings with 

12-19 copies were slightly different. If extrapolated to the complete rings, they appeared 

to consist of only 24 copies. These data illustrate how IsiA is flexibly attached to PSI 

([445] and unpublished data). Similarly, it is possible that the protein(s) making the 

second ring around the secretin of the type IV pilus are flexible in their self-association.  

Within this study we also attempted to identify the proteins located within the second 

ring and in the spike-like extensions. Initially, we expected that the peripheral rings 

and/or spikes were formed by PilC, since PilC is a large (110 kDa) protein which was 

shown to be located in the outer membrane and at the tip of the pilus [432, 438], and 

Nme pilQ mutants were shown to shed Nme PilC to the medium [440]. However, a 

mutant of pilC1/C2 showed similar complexes as observed in wild-type membranes 

demonstrating that PilC is not a component of the peripheral ring or the spike-like 
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extensions. Another candidate was the homologue of N. menigitidis PilW 

(NgonM_03101), a small (28 kDa) putative lipoprotein containing six tetratricopeptide 

repeats (TPR) motifs, necessary for the stabilization of pili fibers but not for their 

assembly or surface localization. A deletion mutant of the N. gonorrhoeae homologue of 

NMe PilW strongly affected the stability of Nme PilQ multimers [430]. Similar results 

were obtained for the N. meningitidis PilW homologues of Myxococcus xanthus (Tgl) 

[447] and of Pseudomonas aeruginosa (PilF) [439]. In membranes of the deletion 

mutant of the N. gonorrhoeae homologue of N. menigitidis PilW, no secretin complexes 

are observed, confirming that also the N. gonorrhoeae NgonM_03101 affects the 

stability of PilQ. Therefore we cannot rule out that NgonM_03101 is part of the second 

ring or the spikes, although the small size of the protein might not account for the 

densities of the peripheral ring subunits.  

Interestingly, our study demonstrated that the symmetry of the peripheral ring of the 

secretin complex in the pilP and pilE deletion mutants changed from 14 to 19, and that 

the structure lost the extending spike-like densities in the pilP, pilE and pilF deletion 

mutants. These results demonstrate that both PilE and PilP are important for the 

assembly of the peripheral ring. PilP is a small protein (21 kDa) previously suggested to 

be localized in the inner membrane, and to attach to the cap region of the PilQ complex 

[426]. This would place the PilP protein on the periplamic interface possibly between 

the central and peripheral ring. These data and the small size of PilP make it unlikely 

that PilP forms either the second ring or the spike-like extension, but PilP could be 

involved in aligning the central and peripheral ring. The effects of mutations in the pilin 

protein PilE, and the PilF secretion ATPase, which both inhibit formation of the pilus 

structure, demonstrate that pilus formation influences the PilQ complex. The changes 

observed in the PilQ complexes can be a direct effect of an interaction between the pilus 

and PilQ, or an indirect effect on the export or assembly of minor pilins or pilus 

associated proteins in the absence of a formed pilus. Our data cannot discriminate 

between these two possibilities. 

Our approach has revealed that the PilQ secretin complex of the type IV pili of Neissera 

gonorrhoeae interacts with other proteins in the peripheral membrane to form a large 

multi-domain complex. The function of these extra domains is currently unknown, but 

they may simply be involved in anchoring the secretin stably into the outer membrane 
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during pilus extension and retraction. Alternatively, the extra domains could be 

involved in attaching proteins to the pilus, modifying the pilus or play a specific role in 

type IV pili dependent natural transformation. It will be important to identify the protein 

within the extra domains and to determine whether these domains can also be found in 

Type II secretion systems or in the Type IV pili systems of other organism.  

Experimental Procedures 

Strains, plasmids, primers and media 

Strains used in this study are described in Table 1. N. gonorrhoeae strains were grown 

at 37 ºC in 5% CO2 on GCB (Difco) plates containing Kellog’s supplement [448] or 

GCB liquid medium (GCBL) containing 0.042% NaHCO3 and Kellog’s supplements. 

N. meningitidis was also grown at 37 ºC in 5% CO2 on GC-agar plates or in tryptic soy 

broth (TSB). When necessary, erythromycin was used at 5 μg/ml.  

Construction of deletion mutant strains  

Deletion mutants in pilC and pilF were made using the insertion-duplication 

mutagenesis method [449]. Using this method, the gene is disrupted and expression of 

genes downstream of the disrupted gene is driven from the erythromycin promotor. 

PCR products encoding 541 bp (primers PilC-for and PilC-rev) , 524 bp (primers PilF-

for and PilF-rev) and 452 bp (primers PilW-for and PilW-rev) fragments of pilC, pilF 

and pilW were amplified from isolated chromosomal DNA of N. gonorrhoeae strain 

MS11 (for a list of used primers, see Table 2). The pilC and pilW PCR fragment was 

digested with BamHI and KpnI and ligated into the BamHI/KpnI sites of pIND3 [450], 

resulting in plasmid pSJ030 and pSJ032 respectively. The pilF PCR fragment was 

digested with XhoI and KpnI and ligated into XhoI /KpnI site of pIND3, resulting in 

plasmid pEP057. Plasmids pSJ030, pSJ032 and pEP057 were transformed to MS11 and 

colonies were selected on GCB plates containing erythromycin. Correct clones were 

identified by performing a PCR on isolated chromosomal DNA of these colonies 

resulting in strains SJ030-MS, SJ032-MS and EP060, respectively (Table 1). To create 

marker-less non-polar deletion mutants of pilP, NgonM_03101, pilQ and pilE, PCR 

fragments of the flanking regions of the respective genes were annealed using the 

splicing by overlapping extension PCR (SOE-PCR) [451] method. To create the PCR 

products for pilP, NgonM_03101, pilQ and pilE, the primer combinations of PilP-
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for1/PilP-rev1 and PilP-for2/PilP-rev2; NgonM_03101-for1/ NgonM_03101-rev1 and 

NgonM_03101-for2/ NgonM_03101-rev2, PilQ-for1/PilQ-rev1 and PilQ-for2/PilQ-rev2 

and PilE-for1/PilE-rev1 and PilE-for2/PilE-rev2 were used. The obtained PCR products 

were diluted and amplified with the external primers which also contained the 

gonoccocal DNA uptake sequence (DUS). The PCR product was transformed to strain 

MS11 or FA1090 and the mutant colonies were checked using colony PCR. The 

marker-less insertion of the SBR containing region of the N. meningitidis HB1 strain 

was introduced into N .gonorrhoeae MS11 by transformation of a PCR fragment 

carrying the extra region. The PCR product was obtained by using the SBR-for and 

SBR-rev primers. Correct clones were identified by performing a PCR on isolated 

chromosomal DNA of several colonies resulting in strains SJ031-MS, SJ007-MS, 

SJ001-MS, SJ006-FA1090 and SJ002-MS (Table 1). To further confirm the correct 

deletion of the gene, the deletion site and the flanking regions were determined by 

sequencing. 

 Table 1: Strains used in this study 

 

Strains Description Reference 

HB1 Neisseria meningitidis strain [452] 

M986 Neisseria meningitidis strain  [453] 

MS11 Neisseria gonorrhoeae strain [406] 

FA1090 Neisseria gonorrhoeae strain [454] 

SJ001-MS MS11 strain with pilQ truncation This work 

SJ030-MS 
MS11 strain transformed with pSJ030; non polar 
insertion in pilC, ErmC This work 

SJ031-MS 
MS11 strain transformed with PCR product to 
introduce in frame deletion of aa 1 to 181 of pilP This work 

SJ007-MS 
MS11 strain transformed with PCR product to 
introduce in frame deletion of aa 1 to 145 of  
NgonM_03101 

This work 
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EP060 
MS11 strain transformed with pEP057; non polar  

Insertion in pilF, ErmC 
This work 

SJ006-
FA1090 

FA1090 strain transformed with PCR product to 
introduce in frame deletion of aa 1 to 31 of pilE This work 

SJ002-MS 
MS11 transformed with SBR repeat containing 
pilQ region of HB1 This work 

SJ032-MS 
MS11 strain transformed with pSJ032; non polar 
insertion of pilW, ErmC This work 

 

 Table 2: Primers used in this study 

 

Primer name Primer sequence 

PilC-for 5’-TGGCGGTACCCTCGCTGCCCAAATTGAAAG-3’ 

PilC-rev 5’-GCGCGGATCCGTAAATACGCTATTATCATGGACG-3’ 

NgonM_03101-
for1 

5’-
GACGTCATAGTCAGCAATTACCCCTGTTGTCCGATTAA
A-3’ 

NgonM_03101-
rev1 

5’-TTCAGACGGCATGACCACGGCTACGGTTTGAG-3’ 

NgonM_03101-
for2 

5’-ATGCCGTCTGAAGCTGTTGACGGTAATCCGCAC-3’ 

NgonM_03101-
rev2 

5’-
GCTGACTATGACGTCCCTGAATAAAGGTATATGCAGC
G-3’ 

PilF-for 5’-ATGCTCGAGACGGCGCGACACCCATATTC-3’ 

PilF-rev 5’-TACGGTACCCGGCAAGCCTGTCGATTTCC-3’ 

PilP-for1 
5’-
GGTTTCCCTAACGTAAGTTATTTTTGCTCGGCATTTTGT
G-3’ 
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PilP-rev1 
5’ATGCCGTCTGAACAACCTATCGTAAAGGCGGCCGAA
TCCAA-3’ 

PilP-for2 5’-TTCAGACGGCATGCCGCCAATTCGATAATGCC-3’ 

PilP-rev2 
5’-
ACTTACGTTAGGGAAACCATGAATACCAAACTGACAA
AAATC-3’ 

PilQ-for1 
5’GCTGACTATGACGTCCAGACATCAAAGTTTCCTCCCT
GCC-3’ 

PilQ-rev1 5’-TTCAGACGGCATGCCGCCAATTCGATAATGCC-3’ 

PilQ-for2 5’-ATGCCGTCTGAAACCTTTCCAAGCACCTACCC-3’ 

PilQ-rev2 
5’-
GACGTCATAGTCAGCATGGAGTAATCCTCTTCTTAAT-
3’ 

PilE-for1 5’-ATGCCGTCTGAAGCCTTATTTGGCAGTTGG 

PilE-rev1 5’-GCTGACTATGACGTCCCTACCAAGACTACACCGCCC 

PilE-for2 5’-TTCAGACGGCATACGCTTCATCTGCCGGTTGCATAG 

PilE-rev2 
5’-
GACGTCATAGTCAGCGGCGACAACTGCGTATTATAAA
GC 

SBR-for 5’GCTGACTATGACGTCCAGACATCAAAGTTTCCTCCCT
GCC-3’ 

SBR-rev 5’-TTCAGACGGCATGCTTTGTCTTTGGCAAGCAG-3’ 

PilW-for 5’-GCGCGGTACCTTGTCCGCGATGCAAGAATG-3’ 

PilW-rev 5’-GCGCGGATCCCGACCGCATAGGCATTGACCAC-3’ 
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Membrane Preparation 

To isolate membranes of N. gonorrhoeae, the strain was plated on GCB plates with the 

appropriate antibiotic, and (when possible) piliated cells were scraped from the plate 

and transferred to 3 ml GCBL medium. Cells were grown to an OD660 of 0.6 and 

consecutively diluted into increasing volumes until a final volume of 1 liter with an 

OD660 of 1.0 was obtained. Cells were centrifuged at 8,000 rpm in a JLA-16.25 rotor 

and resuspended in 50 mM Tris-HCl pH 7.5. Cells were broken by three passes through 

a French press at 15 kpsi. Cell debris was removed by centrifugation at 6,000 rpm in a 

SS34 rotor for 10 min. The membranes were pelleted at 40,000 rpm in a Ti-45 rotor for 

1 h, resuspended in 1 ml of 50 mM Tris-HCl pH7.5 and overlaid on a 4 step (1, 1.8, 0.8 

and 0.8 ml) sucrose gradient of 54, 51, 45 and 36 (w/v) sucrose) and centrifuged at 

80,000 rpm in a MLA-80 rotor for 30 min. The lower two fractions were collected, 

diluted in 50 mM Tris-HCl pH 7.5, membranes were collected by centrifugation at 

40,000 rpm in a Ti-45 rotor for 1 h, and resuspended in 1 ml 50 mM Tris-HCl pH 7.5. 

To isolate membranes of N. meningitidis, the strain was inoculated from an overnight 

GC-agar plate in 40 ml tryptic soy broth at an OD550 of 0.1 and grown for 7 h to OD550 

of 4. Cells were collected by centrifugation, resuspended in 50 mM Tris/HCl, 5 mM 

EDTA pH8 and frozen at -80ºC. After thawing, aliquots were plated to verify killing of 

the bacteria. The suspensions were sonicated for 4 min (Branson 450, setting 6, output 

40%) and spun at 10,000 rpm in an SS34 rotor. The resulting supernatant was spun for 8 

min at 40,000 rpm in a Ti-70. Cell envelope pellets were dissolved in 2 mM Tris/HCl 

pH 7.6 and overlaid on a 4 step (1, 1.8, 0.8 and 0.8 ml) sucrose gradient of 54, 51, 45 

and 36 % (w/v) sucrose and centrifuged at 80,000 rpm in a MLA-80 rotor for 30 min. 

The lower two fractions were collected, diluted in 50 mM Tris-HCl pH 7.5 and 

membranes were collected by centrifugation at 40,000 rpm in a Ti-45 rotor for 1 h. The 

final membrane preparation was resuspended in 50 mM Tris-HCl, pH 7.5, and used for 

EM analysis. 

Electron Microscopy and single particle analysis  

For image processing, whole membranes from N. gonorrhoeae and N. meningitidis 

were negatively stained with 2% uranyl acetate on glow-discharged carbon-coated 

copper grids. Electron microscopy was performed on a Philips CM120 equipped with a 

LaB6 tip operating at 120 kV. The “GRACE” system for semi-automated specimen 
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selection and data acquisition [455] was used to record 2048 x 2048 pixel images at 

60,000x calibrated magnification with a Gatan 4000 SP 4K slow-scan CCD camera. 

About 9,000 images were recorded. From the images we selected about 20,000 single 

particle projections of the PilQ complex from N. gonorrhoea, 8,000 projections of the 

PilQ complex from N. meningitidis, 7,000 projections of the pilC deletion mutant and 

approximately 5,000 of the pilE and pilP deletion mutants from N. gonorrhoea, 

respectively. Single particle analysis was performed using the Groningen Image 

Processing (“GRIP”) software packages (see http://bfcemw0.chem.rug.nl/progs-

grip.html for a description) on PC clusters. Single particles of PilQ were repeatedly 

aligned with multireference and nonreference alignments and treated with multivariate 

statistical analysis and hierarchical ascendant classification [456]. In the final step, the 

best 50% of the class-members of the best 50% of the classes were taken for the final 

sums, with the correlation coefficient from alignments as a quality parameter. 

Rotational symmetry was analyzed in a similar way, as described previously [457]. 

Nanogold labeling of isolated membranes with PilQ antibodies 

5µl of the outer membrane enriched fraction of wild type N.gonorrhoea MS11A strain 

was immobilized on a glow-discharged carbon-coated copper grid. The grid was then 

incubated with N.meningitidis PilQ monoclonal antibody [435] diluted 1:1 in wash 

buffer (20mM Tris-HCl pH7.5, 150mM NaCl) for 1 hr. After 3 washes with wash 

buffer, the grid was incubated for 1 hr with 1:10 diluted gold labeled Protein G 

secondary antibody (Aurion, The Netherlands). After 3 washes with wash buffer the 

sample was fixed with 2% glutaraldehyde for 5 minutes before staining with 2% uranyl 

acetate. Electron microscopy was then performed as described above. To exclude 

aspecific labeling, membranes were labeled using a similar protocol as described above, 

with the difference that the PilQ monoclonal antibody was replaced by buffer. To test 

whether the labeling was specific for the presence of the indentations, membranes from 

the outer membrane enriched fractions of the wild type N.gonorrhoea MS11A strain and 

the pilQ deletion mutant strain were mixed and immobilized on a grid. Labeling was 

then performed as above. 

  



  Chapter 5 
 

 
181 

Electron microscopy on whole cells 

Piliated and non-piliated colonies of N. gonorrhoeae strain MS11 were selected and 

transfered to GCB plates. After 18 hrs of growth, the cells were scraped from the 

surface of the plate and resuspended in 1 ml of GCBL medium. 5 µl of this suspension 

was incubated on a glow-discharged carbon-coated copper grid. Carbon grids were then 

washed three times with water before straining with uranyl acetate. The grids were 

analyzed by electron microscopy as described above.  

SDS-PAGE and Western blotting 

In order to test the cross-reactivity of the PilQ monoclonal antibody [435] directed 

against N. meninigitidis PilQ to that of N. gonorrhoeae PilQ; isolated outer membrane 

enriched samples were treated with phenol to generate momomeric PilQ as described 

previously [458]. Briefly, 200 µl (about 500 µg protein) was mixed with equal volume 

of 88% phenol and incubated at 70 ºC for 10 minutes. The samples were then cooled to 

4 ºC and centrifuged at 5000 X g for 10 minutes. The upper aqueous phase was 

discarded and the intermediate and lower phase was retained and mixed with equal 

volume of water. After incubation at 70 ºC for 10 minutes, samples were centrifuged at 

5000 X g for 10 minutes to remove the aqueous phase once again. The protein was then 

precipitated with 1ml ice cold acetone and the pellet was resuspended in sample buffer 

and run on a 10% SDS-PAGE gel either for coomassie staining or for immunoblotting. 

Western blotting was performed using PVDF membranes. Blots were developed by 

incubating with a 1:1000 dilution of the PilQ [435] and the PilE monoclonal [442] 

antibody, followed by washes, and incubation with a 1.10000 dilution of anti-Mouse 

alkaline phosphatase-conjugated secondary antibody (Sigma). The chemiluminescence 

signal was obtained using the CSDP-star substrate (Roche) on a Roche Lumi-imager. 
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Supplementary Information 

 

 

Figure S1: PilQ is a major outer membrane protein in Neisseria species. (A) 
Coomassie stained PAGE gel and (B) Western blot  using the monoclonal antibody 
raised against N. meningitidis PilQ [435] of phenol treated outer membrane enriched 
samples from N. meningitidis (lane 1 and 4), N. gonorrhoeae MS11 (lane 2 and 5) and 
the N. gonorrhoeae pilQ mutant (lane 3 and 6 ). 

 

 

 

Figure S2: Nanogold labeling of isolated N. gonorrhoeae membranes with 
PilQ monoclonal antibody. Membranes are labeled with PilQ antibody-gold 
conjugate. Besides uncoated pores (red boxes), some pores are covered with gold 
clusters; they are right on top of the pores and are visible from the bright circular 
circumference or “halo” around the gold clusters (green boxes). The scale bar is 100 
nm.  
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Figure S3: The PilQ monoclonal antibody specifically labels PilQ (A) Labeling 
of membranes of N. gonorrhoeae MS11 (WT) with secondary antibody-gold conjugate 
in the absence of the primary PilQ antibody shows no gold-conjugates. (B) Labeling of 
mixed membranes of the N. gonorrhoeae pilQ mutant (left) and N. gonorrhoeae MS11 
(WT, right) on the same electron microscopy grid with PilQ antibody, followed by 
detection with a secondary antibody-gold conjugate directed against the PilQ antibody 
labels only membranes containing PilQ (right).  

 
Figure S4: Immunoblots on Neisseria membranes with PilE and PilQ 
antibody. (A) Western blot using a monoclonal antibody raised against N.meningitidis 
PilE-SM1. Lanes show outer membrane enriched samples from N. gonorrhoeae MS11 
(lane 1), and the pilQ (Lane 2), pilP (Lane 3) and pilE mutants (Lane 4), and 
N.meningitidis strains M986 (lane 5), H44/76 (lane 6) and HB1 (lane 7). (B) Western 
blot using the monoclonal antibody raised against N.meningitidis PilQ on phenol treated 
outer membrane enriched samples from N. gonorrhoeae MS11 (lane 1), and pilQ (Lane 
2), pilP (Lane 3), and pilE (Lane 4) mutants. 
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Summary and Concluding Remarks 

The cells of living organisms are encircled by a membrane that protects them from their 

surroundings. Interactions of organism with their environment have to take place across 

this membrane. Examples of such interactions are the sensing of the surroundings, 

communication with other cells, or the uptake or secretion of substrates, enzymes or 

waste products.  Gram negative bacteria are surrounded by two membranes, the inner 

and the outer membrane. For the transport of substrates across the outer membrane, at 

least seven secretion systems have been described [459]. Of these, the type IV secretion 

system (T4SS) and type IV pili (Tfp), which show homology to Type II secretion 

systems, are described in chapter 1.  

T4SS are multiprotein complex involved in functions like conjugation, substrate/toxin 

secretion and DNA uptake or release. They consist of targeting components, 2-3 

ATPases and channel forming Mpf or the mating pair formation complex. The T4SS of 

the Ti plasmid of A. tumefaciens is currently the best characterized T4SS. It consists of 

the targeting components VirD1 through VirD4 and 11 other VirB proteins called 

VirB1 to VirB11 (Fig. 1, left panel). The Tfp systems are involved in functions like 

motility, adhesion and DNA uptake. They consist of an assembly of protein complexes 

and ATPases that bring about extension and retraction of the pilus. The Tfp proteins 

encoded by the pil genes of N. gonorrhoeae are depicted in Fig. 1, right panel. The aim 

of this thesis is the study of the two systems in the Gram negative pathogen Neisseria 

gonorrhoeae. This human pathogen causes the sexually transmitted disease called 

“gonorrhea” and is introduced in chapter 1.  

Maturation of the pilin encoded by the GGI 

The T4SS in N. gonorrhoeae is encoded by the horizontally acquired gonococcal 

genetic island (GGI) [265]. This is the first, and currently only system that is described 

to utilize a T4SS to secrete DNA into the medium [45]. The GGI encodes a pilin protein 

called TraA. Pilin proteins assemble into a pilus structure, which is used to bridge the 

donor and recipient cells. The pilus structure might also form a conduit for the secretion 

of substrates. Pilins of T4SSs are often modified before they are assembled into the 
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pilus. The mechanism of pilus insertion and processing is studied in detail in chapter 2. 

Here it is shown that, after co-translation insertion of TraAGGI into the membrane,  

TraAGGI is cleaved on its N-terminus by leader peptidase, and circularized by the pilus 

processing protein TrbIGGI. TrbI is a protein encoded within the GGI that has homology 

to TraFRP4, the protein which was demonstrated to circularize the pilin protein TrbCRP4 

from the RP4 pilus, before it is assembled into the P-type pilus. This is the first example 

of circularization of a pilus in a system that resembles the well studied conjugative 

T4SSs encoded on the F plasmid, which make the F-type pili, and also the smallest (68 

amino acids) circular sex pilus found to date. It is shown that several mutations on the C 

and the N-terminus of the pilin are tolerated. A study of the mechanism shows that the 

circularization reaction occurs via an intermediate in which TraAGGI is covalently bound 

to TrbIGGI.  Remarkably, the reaction does not seem to involve a serine-lysine catalytic 

dyad, as has been proposed previously, since mutagenesis of possible catalytic serine 

residues had no effect on the circularization reaction. 

Relaxase encoded by the GGI 

T4SSs involved in conjugative transport of DNA encode a pilot protein called relaxase 

that first binds and cleaves DNA in a sequence specific manner and then mediates the 

transport of DNA to the recipient organism. The relaxase encoded by the GGI however 

shares low sequence homology to other relaxases and differs from them in several ways. 

Chapter 3 describes the study of the novel relaxase, TraI of the GGI.  Sequence 

analysis revealed the presence of three novel features of this relaxase; an N-terminal 

hydrophobic domain, an HD domain of the metal-dependent phosphohydrolase family 

and a C-terminal DUF 1528 domain. Fifty-three other uncharacterized proteins belong 

to this new family.  

The N-terminal hydrophobic domain is shown to target the relaxase to the membrane 

independent of the presence of other components encoded within the GGI. Since the N-

terminal domain contains a putative signal sequence, the secretion of TraI was tested in 

an in vitro assay, but no secretion of TraI was detected, demonstrating that TraI is not 

translocated via a sec-dependent manner. This ruled out the possibility for a two-step 

secretion mechanism as has been observed for the ptl toxin [35]. 



Summary 
 

 
190 

 
Figure 1: Schematic of the type IV secretion system (left panel) and the type IV 
pili system (right panel). OM and IM denotes outer and inner membrane respectively. 
VirD2 and DNA are the substrates, VirB2 and VirB5 are the pilus forming proteins; 
VirB7-VirB9-VirB10 forms the core complex, VirB6 and VirB8 are the inner 
membrane proteins; VirD4 is the coupling protein ATPase and VirB4 and VirB11 are 
the other ATPases of the type IV secretion system. The type IV pili system consists of 
PilE major pilin subunit, PilC adhesion protein, PilW lipoprotein, the outer membrane 
secretin complex of PilQ, inner membrane complex of PilM-PilN-PilO-PilP, inner 
membrane protein PilG, prepilin peptidase PilD and the ATPases PilT and PilF.  

 
Several important residues with the relaxase were identified. Mutational analysis of 

TraIGGI, showed that the tyrosine-93 residue of the relaxase domain is absolutely 

essential for DNA secretion. Mutation of the second tyrosine residue, tyrosine-201 

shows reduced DNA secretion. Although the histidine residues of the HD domain 

surprisingly did not inhibit DNA secretion, a reduction of DNA secretion after 

mutagenesis of aspartate-162 was observed. Sequence specific DNAse treatment 

indicated that the secreted DNA is single stranded and blocked at the 5’-end. And 
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finally, an oriT region was identified in the GGI that possessed an inverted repeat 

sequence and markedly reduced DNA secretion when removed.  

In the appendix to chapter 3, attempts are described to detect TraI in the supernatant. 

TraI was only identified in the outer membrane derived vesicles (OMVs) present in 

supernatants of cultures. Due to the possible contamination of TraI released by 

autolysis, TraI was also found in OMVs from the mutants that show no DNA secretion.  

Single stranded DNA binding protein (SSB) encoded by the GGI 

SSBs are proteins that bind single stranded DNA with high affinity, and that often 

perform essential functions. They function in DNA metabolism like recombination; 

replication and repair and are highly conserved. SSBs encoded by T4SS are known to 

be involved in functions like plasmid segregation and DNA transport. N. gonorrhoeae 

contains a SSB on its chromosome, and a second SSB, (annotated as SsbB) encoded 

within the GGI.  In Chapter 4, the function and biochemistry of this protein is further 

characterized.  In vivo studies using either strains without SsbBGGI, or strains 

overexpressing SsbBGGI did not show any differences in DNA secretion, or DNA uptake 

by N. gonorrhoeae. Contrary to most SSBs, SsbBGGI was not able to complement an E. 

coli deletion mutant, but purification of SsbBGGI showed that it formed an active and 

stable homotetramer that bound ssDNA with high affinity (<10nm). Remarkably, 

SsbBGGI bound DNA in a magnesium independent non-cooperative manner, a binding 

mode not observed previously. Also, purified SsbBGGI stimulated topoisomerase I 

activity in vitro.  

Secretin of the Tfp system of Neisseria 

Members of the GSP secretin superfamily form large oligomeric integral outer 

membrane protein complexes that are involved in the terminal translocation of proteins 

and macromolecules across the outer membrane. The PilQ secretins from N. 

gonorrhoeae and N. meningitidis are members of this family. They play a crucial role in 

the biogenesis of Tfp and are studied in chapter 5. They form the outer membrane 

channel through which the Type IV pilus extends and retracts. Secretin complexes of N. 

gonorrhoeae when observed in their native membrane environment revealed additional 

domains. The secretin complex showed a double ring structure with a 14-15-fold 



Summary 
 

 
192 

symmetry in the central ring, and a 14-fold symmetry of the peripheral ring with 7 

spikes protruding. PilQ forms the central ring of the complex. In secretin complexes of 

N. meningitidis, the spikes were absent and the peripheral ring was partly or completely 

lacking. However, they had a 19-fold symmetry when present. The pilE pilin subunit 

and pilP lipoprotein deletion mutants showed a change in the symmetry of the 

peripheral ring and loss of spikes. The pilC adhesin mutant and the minor pilin pilW 

mutant did not affect the structure. On the other hand, no complexes were observed in 

the pilot protein NgonM_03101 mutant, consistent with previous biochemical data. 

These results show that secretin complexes contain previously unidentified large and 

flexible extra domains with a probable role in stabilization or assembly of type IV pili. 

Outlook 

The T4SS encoded within the GGI is unique and further studies on the transport of the 

relaxase and/or other effector proteins will be useful in understanding the mechanism of 

T4SSs. In vitro analysis of purified relaxase and its DNA binding behavior, studies on 

pilus polymerization and components of the T4SS involved in the above processes will 

help determine the mechanism of DNA secretion into the medium by the GGI.  

In the future, identification of the extra subunits associated with secretin complex will 

be very important for a better understanding of the Tfp mechanism. In light of the 

current data, it seems unlikely that one of the known Tfp proteins is part of the complex. 

It would be interesting to determine whether the extra ring is specific for N. 

gonorrhoeae or is also found for the Tfp of other organisms. It is also intriguing to find 

a difference between the secretin complex of N. gonorrhoeae and N. meningitidis that 

share highly conserved regions of Tfp encoding sequences.
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Summary for the unacquainted 

Bacteria are single celled microorganism. Each bacteria is enclosed by a membrane 

made of lipids which separates the inside of a cell from its outside. Gram-negative 

bacteria are surrounded by two membranes, the outer and the inner membrane. The 

inner membrane encloses the ‘cytoplasm’, whereas the space between the two 

membranes is called the ‘periplasm’ (Figure 1). Cells need to interact with the 

environment and hence there is a regulated movement of molecules across the cell 

envelope, crossing the inner membrane, the periplasm and the outer membrane. Some of 

these molecules are very large such as proteins and DNA, as termed macromolecules. 

Since it is important that no leakage across the membrane occurs during this transport, 

several machines have evolved that function in the transport of many different 

molecules. The machines that mediate the transport of macromolecules across the 

membrane are embedded in the inner and outer membranes and are called secretion 

systems. They are often very large structures made up of several building blocks. These 

building blocks are called proteins. Proteins are chains of amino acids that can fold 

together to form a molecule. A protein alone or together with other proteins can perform 

a specific function. Transport across the inner membrane is mainly performed by a 

machine that is called the Sec (= secretion) system. For the transport across the outer 

membrane, at least seven different secretion systems have been described. These 

systems have been numbered type I to type 7 secretion system. Within this thesis, 

members of two of these secretion systems are studied.  

The first system is a Type IV Secretion System (T4SS). T4SSs are involved in the 

delivery of genetic material (DNA) or toxins to other cells. The receiving cells can be 

from the same or another species of bacteria or even from a higher organism like plant 

or human cells. Bacteria use T4SS to spread genetic information like antibiotic 

resistance and the proteins. Often these proteins are important in many diseases caused 

by bacteria. For example, the bacterium Helicobacter pylorus uses a T4SS to deliver 

virulence proteins to human cells to cause chronic gastritis and ulcers. T4SSs have been 

studied in several different organisms, and these studies have shown that the system can 

be divided into three different parts (Figure 1, left panel). The first part consists of the 

molecules that are transported. T4SS that transport DNA, encode a protein called 
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relaxase that binds to DNA at a specific position. Often with the help of other proteins, 

relaxase breaks one of the two strands of the DNA and connect to it. The complex of the 

relaxase bound to DNA is then transported to the other cell.  The second part two 

consists of 2-3 proteins that work as motors. They provide energy to drive the transport 

from the inside to the outside of the cell. The third part encodes many proteins that 

come together and form a channel through which the substances are exported. This 

channel spans both the inner and the outer membrane. From this channel a long rod-like 

structure called pilus can be extended (and sometimes even retracted) to attach to other 

cells. The pilus is formed from many copies of pilin proteins.  

The second system is a member of the Type II secretion systems. This system is used to 

transport pilin proteins across the outer membrane to the surface of the cell. The pilin 

proteins are assembled into a long protein chains that extend from the cells. These are 

called type IV pili (Tfp). Remarkably these type IV pili can be extended and retracted 

with high force. The pilin protein is first inserted into the inner membrane by the Sec 

system. The Tfp system, which consists of several proteins in both the inner and outer 

membrane, can then assemble the pilin protein into a pilus, and this pilus can be 

extended from or through the outer membrane. The extension and retraction of the pilin 

proteins is driven by motors bound to the cytosolic side of the Tfp system. The pilin 

proteins are secreted across the outer membrane through a large protein complex called 

the secretin (Figure 1, right panel). The Tfp are involved in functions like mobility, 

attachment to a surface and DNA import. They are essential for the pathogenicity of 

many bacteria. For example, the bacterium Neisseria gonorrhoeae uses Tfp to adhere to 

human cells and to colonize them. Our current knowledge about type IV secretion 

systems and the type IV pili assembly systems is described in Chapter 1. The aim of 

this thesis is the study of the two systems in the bacterium Neisseria gonorrhoeae. This 

obligate human pathogen causes the sexually transmitted disease called “gonorrhea” and 

is introduced in Chapter 1.  

Different components of the T4SS of N. gonorrhoeae are studied in Chapters 2, 3 and 

4. The T4SS, which is studied in this thesis, is encoded within a genetic island found in 

approximately 80 % of the clinical isolates of N. gonorrhoeae. All information to build 

proteins, which determines the characteristics of a cell, is encoded into the chromosomal 

DNA of a cell. A genetic island is a large additional piece of DNA, which is inserted 
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into the chromosome. In Neisseria gonorrhoeae, the genetic island is called the 

Gonococcal Genetic Island (GGI). The DNA of the GGI contains the information to 

create 60 proteins, 18 of these proteins seem to function in T4SS, 8 of them are 

probably involved in the processing of DNA, but the function of many of the others is 

still not known. The T4SS encoded within the GGI resembles the T4SS encoded with 

the F-plasmid. The F-plasmid is an extra-chromosomal circular piece of DNA that can 

be transferred between different cells via the T4SS. Unlike the system encoded on the F 

plasmid, the T4SS encoded within the GGI N. gonorrhoeae is not involved in transport 

of DNA to another cell, but the system exports the DNA to the outside of the cell into 

the environment. From the environment, the exported DNA can be taken up by 

neighboring gonococci. This occurs via the Type IV pili which can bind the secreted 

DNA and import the DNA across the outer membrane. A second system is involved in 

importing DNA across the inner membrane. The systems of N. gonorrhoeae to take up 

DNA are very efficient.  

Thus by secretion of DNA via the T4SS and uptake of DNA via the Tfp system, DNA 

(or new information) is exchanged between the cells. The exchange of DNA can help 

the cells to adapt to a changing environment and thus to survive better. In this thesis, 4 

proteins, TraA, TrbI, TraI, and SsbB encoded within the GGI and the secretin complex 

formed by the PilQ protein of Tfp system are studied. 

In Chapter 2, the TraA and TrbI proteins are studied. TraA is the protein from which 

the pilus of the T4SS is formed. It is produced in the cytoplasm and then inserted into 

the inner membrane where it undergoes several processing steps, which finally lead to 

the circularization of TraA. Once processed, it is assembled into the rod-like pilus. 

Processing and assembly are two different and independent processes. The processing 

of the pilus protein is studied here in detail in the bacterium Escherichia coli that is 

commonly used in the laboratory. It is shown that the protein TraA is first processed on 

one side by a protein called LepB. LepB is involved in the removal of a small part at the 

beginning of the TraA protein called the signal sequence. This signal sequence is used 

to target the protein to the inner membrane via the sec-system. This processing step 

occurs for many proteins that are secreted. In a next step, the TraA protein is bound by 

TrbI which first cleaves the last three amino acids off, and then forms a bond with the 

same end of TraA. In the final step, the bond between TraA and TrbI is broken, and a 
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link is made between the beginning and the end regions of the TraA protein, thus 

circularizing it. By mutational studies, different regions of TraA and TrbI proteins 

necessary for the mechanism were identified.  

 
Figure 1: Schematic of the type IV secretion system (left panel) and the type IV pili 
system (right panel). OM and IM denotes outer and inner membrane respectively. 

 
The relaxase encoded within the GGI is called TraI, and a study of this protein is 

described in Chapter 3. TraI is a member of a novel family of relaxases, which exhibits 

features of relaxases but also has features that are absent in previously characterized 

relaxase families. TraI starts with a hydrophobic region which is also found in other 

members of this novel family. It was demonstrated that this hydrophobic region does 

not function as a signal sequence but is important for binding of TraI to the membrane. 

Interestingly, when amino acids in this hydrophobic region are changed, the relaxase is 

no longer exported. The hydrophobic region is followed by a region that is also found in 
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a protein class called HD phosphohydrolases. These proteins are named after the two 

conserved amino acids; histidine (H) and aspartate (D) which are characteristic for this 

family. Indeed this aspartate in TraI was required for DNA secretion. The HD domain 

overlaps with a domain that has some similarity with the relaxase domain of other 

relaxases. Indeed a conserved tyrosine amino acid found in both domains is important 

for the processing of DNA. It was further found that only one strand of the DNA is 

secreted which is protected from degradation from one side, probably by the bound 

relaxase. Disruption of a DNA sequence located near the DNA sequence that encodes 

for TraI protein, eliminated DNA secretion. When this sequence was introduced 

elsewhere in the chromosome, DNA secretion was restored. This suggested that the 

secretion of the DNA starts from this specific sequence. In the appendix of Chapter 

3, attempts are described to demonstrate the presence of TraI in the medium. 

In Chapter 4, SsbB, a protein that binds and stabilizes single strands of DNA is 

studied. SsbB is encoded within the GGI, and is expressed, but no evidence could be 

found that SsbB is transported along with the ssDNA. A detailed study of the DNA 

binding properties of SsbB was performed. Using different techniques it was 

demonstrated that SsbB binds ssDNA in a manner not observed previously.  

In Chapter 5, the secretin complex of the Tfp system of N. gonorrhoeae is studied. 

Outer membranes of Neisseria meningitides and N. gonorrhoeae were isolated and 

analyzed by electron microscopy. Within these membranes, an elaborate structure was 

observed after alignment of many different electron microscopy pictures. The structure 

is composed of an inner ring enclosing a channel, an outer ring and extending outer 

spikes. The inner ring is made up of a protein called PilQ, of which several copies form 

a symmetrical ring. Such a ring like structure was also observed in previous studies. The 

outer ring and spikes have not been observed for other secretins and are made of 

unknown proteins. These extra features were most likely lost during the purification of 

other secretin complexes, but are now observed as the secretin is studied in its native 

membranous environment. In order to identify these proteins, several components of the 

Tfp system were removed and analyzed.  This analysis revealed that the loss of certain 

components resulted in a change in the symmetry of the outer ring and a loss of the 

outer spikes. The study for the identification of these proteins is still ongoing.
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Samenvatting voor de leek 

Bacteriën zijn eencellige micro-organismen. Elke bacterie wordt omsloten door een 

celmembraan, samengesteld uit lipiden, die de binnenkant van de cel gescheiden houdt 

van de buitenkant. Gram-negatieve bacteriën hebben twee membranen, de buiten- en 

binnenmembraan. De binnenmembraan omsluit het “cytoplasma”, de ruimte tussen de 

twee membranen wordt het “periplasma” genoemd (Figuur 1). Cellen hebben interactie 

met de omgeving nodig en daarom vindt er een gereguleerde beweging van moleculen 

door de cel plaats, zowel door de binnenmembraan, het periplasma als de 

buitenmembraan. Sommige van deze moleculen zijn relatief groot zoals eiwitten en 

erfelijk material, het DNA. Deze moleculen worden macromoleculen genoemd. Het is 

belangrijk dat er tijdens dit transportproces geen “lekkage” plaats vindt, en daarom zijn 

er verscheidene systemen ontstaan met een transport functie voor veel verschillende 

moleculen. De systemen die het transport van macromoleculen over de membranen 

bewerkstelligen zijn ingebed in de binnen- en buitenmembranen en worden secretie 

systemen genoemd. Dit zijn vaak grote structuren die samengesteld zijn uit 

verschillende bouwstenen, deze bouwstenen worden proteïnen, of eiwit, genoemd. 

Proteïnen zijn strengen van aminozuren die kunnen samenvouwen, en op deze manier 

een molecuul vormen. Een enkel proteïne, of in complex met andere proteïnen, kan een 

specifieke functie uitvoeren. Transport over de binnenmembraan wordt hoofdzakelijk 

door een specifieke machine uitgevoerd, namelijk het Sec (= secretie) systeem. Voor het 

transport over de buitenmembraan zijn ten minste zeven verschillende secretie systemen 

beschreven. Deze systemen zijn genummerd als type I tot en met type 7 secretie 

systeem. In dit proefschrift zijn transport systemen die behoren tot twee van deze 

secretie systemen bestudeerd. 

Het eerste systeem is een Type IV secretie systeem (T4SS). T4SSen zijn 

verantwoordelijk voor het overbrengen van genetisch materiaal (DNA) of toxines naar 

andere cellen. De ontvangende cel kan van hetzelfde soort of een andere soort bacterie 

zijn, of zelfs een hoger organisme bijvoorbeeld een plantencel. Bacteriën kunnen het 

T4SS gebruiken voor de overdracht van genetische informatie, zoals antibiotica 

resistentie, en proteïnen. Vaak zijn deze proteïnen belangrijk voor het veroorzaken van 

ziekte door de bacteriën in kwestie. Een voorbeeld hiervan is Helicobacter pylorus, deze 
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bacterie gebruikt het T4SS om virulentie proteïnen over te brengen naar humane cellen. 

Overdracht van deze virulentie factoren veroorzaakt onder andere chronische gastritis 

en maagzweren. T4SSen zijn bestudeerd in verschillende organismen, en deze studies 

hebben aangetoond dat het systeem kan worden onderverdeeld in drie verschillende 

onderdelen (Figuur 1, linkerkant). Het eerste onderdeel bestaat uit de moleculen die 

worden getransporteerd. T4SS die DNA transporteren, gebruiken een proteïne genaamd 

relaxase voor transport dat DNA kan binden op een specifieke positie. Het relaxase 

breekt een van de DNA strengen, vaak met hulp van andere eiwitten, en koppelt zichzelf 

aan het DNA. Het complex van relaxase gebonden DNA kan daarna naar de andere cel 

worden getransporteerd. Het tweede onderdeel bestaat uit 2-3 proteïnen die als motor 

fungeren. Deze zorgen voor de energie die het transport van binnen naar de buitenkant 

van de cel aandrijven. Onderdeel drie omvat veel eiwitten die samen een kanaal vormen 

waardoor de stoffen, bijvoorbeeld DNA of toxines, getransporteerd worden. Dit kanaal 

overspant zowel de binnen- als de buitenmembraan. Een staafvormige structuur, 

genaamd pilus, kan door dit kanaal worden uitgeschoven (en soms zelfs ingetrokken) 

om aan andere cellen hechten. Deze pilus wordt door meerdere kopieën van pilin 

proteïnen gevormd.  

Het tweede bestudeerde systeem behoort tot de Type II secretie systemen. Dit systeem 

wordt gebruikt voor transport van pilin proteïnen over de buitenmembraan naar het 

celoppervlak. De pilin proteïnen worden geassembleerd tot lange eiwitstrengen die uit 

de cel steken, deze worden Type IV pili (Tfp) genoemd. Het is opmerkelijk dat deze 

type IV pili met grote kracht kunnen worden uitgeschoven en ingetrokken. Het pilin 

eiwit wordt eerst door het Sec systeem in de binnenmembraan geplaatst. Vervolgens 

kan het Tfp systeem, dat bestaat uit verschillende proteïnen in zowel de binnen- als 

buitenmembraan, het pilin eiwit assembleren tot een pilus, deze pilus kan daarna 

worden uitgeschoven door de buitenmembraan. Het uitschuiven en intrekken van de 

pilin eiwitten wordt aangedreven door motoren die gebonden zijn aan de 

cytoplasmatische zijde van het Tfp systeem. Secretie van pilin eiwitten door de 

buitenmembraan wordt uitgevoerd door een groot eiwitcomplex, namelijk het secretin 

(Figuur 1, rechterkant). Tfps spelen een rol in functies als mobiliteit, aanhechting aan 

oppervlakken en DNA import en zijn essentieel voor de virulentie van veel bacteriën. 

Een voorbeeld hiervan is de bacterie Neisseria gonorrhoeae, deze bacterie gebruikt Tfp 
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voor adhesie aan humane cellen om op deze manier de gastheer te koloniseren. Recente 

bevindingen over het type IV secretie systeem en de type IV pili assemblage zijn 

beschreven in hoofdstuk 1. Het doel van dit proefschrift is de studie van deze twee 

systemen in Neisseria gonorrhoeae. Deze humane pathogeen veroorzaakt de sexueel 

overdraagbare aandoening “gonorroe” en wordt geïntroduceerd in hoofdstuk 1. 

 
Figuur 1: Schematische weergave van het type IV secretie systeem (links) het het type 
IV pili systeem (rechts). IM-complex staat voor het binnenmembraan eiwitcomplex 

Onderdelen van het T4SS van N. gonorrhoeae zijn bestudeerd in hoofdstukken 2, 3 

en 4. Het bestudeerde T4SS in dit proefschrift is gecodeerd in een genetisch eiland dat 

aanwezig is in ongeveer 80% van de klinische isolaten van N. gonorrhoeae. Alle 

informatie die nodig is voor het aanmaken van eiwitten, die nodig zijn voor de 

karakteristieke eigenschappen van een cel, zijn gecodeerd in het chromosomale DNA 

van de cel. Een genetisch eiland is een groot stuk DNA wat geïntegreerd is in het 
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chromosoom. Het genetische eiland aanwezig in Neisseria gonorrhoeae wordt ook wel 

het “Gonococcal Genetic Island” (GGI) genoemd. Het DNA van het GGI bevat 

genetische informatie voor 60 eiwitten, 18 van deze eiwitten lijken een functie in T4SS 

te hebben, 8 spelen waarschijnlijk een rol in DNA processing, maar de functie van de 

meeste overige proteïnen is nog onbekend. Het T4SS gecodeerd in het GGI lijkt erg op 

het T4SS van het F-plasmide. Het F-plasmide is een extra-chromosomaal circulair stuk 

DNA dat kan worden overgedragen tussen verschillende cellen via een T4SS. In 

tegenstelling tot het T4SS van het F-plasmide is het Type IV secretie systeem gecodeerd 

in het GGI niet verantwoordelijk voor DNA transport naar andere cellen. Het T4SS 

gecodeerd in het GGI transporteert DNA juist vanuit de cel in het extracellulaire milieu, 

en van hieruit kan het door naburige gonokokken worden opgenomen. Deze opname 

vindt plaats via Type IV pilli die het uitgescheiden DNA kunnen binden en importeren 

over de buitenmembraan. Een ander systeem transporteert vervolgens het DNA vanuit 

het periplasma over de binnenmembraan. De systemen van N. gonorrhoeae die 

verantwoordelijk zijn voor het opnemen van DNA werken zeer efficiënt.  

Secretie van DNA via T4SSen, en opname van DNA door het Tfp systeem zorgen 

ervoor dat DNA (ofwel nieuwe informatie) wordt uitgewisseld tussen verschillende 

cellen. De uitwisseling van informatie kan de cellen helpen zich aan te passen aan een 

veranderende omgeving, en op deze manier kan dit de cellen helpen te overleven. In dit 

proefschrift zijn 4 proteïnen, namelijk: TraA, TrbI, TraI en SsbB die alle vier gecodeerd 

zijn in het GGI, en het secretin complex, dat gevormd wordt door het PilQ eiwit, 

bestudeerd. 

In hoofdstuk 2 worden de TraA en TrbI eiwitten bestudeerd. TraA is het eiwit waaruit 

de pilus van het T4SS is opgebouwd. Het TraA proteïne wordt geproduceerd in het 

cytoplasma en wordt vervolgens in de binnenmembraan geplaatst, wat na verscheidene 

aanpassingen (“processing”) leidt tot een circularisatie van het TraA eiwit. Na deze 

aanpassingen worden de TraA proteïnen geassembleerd en vormen een staafvormige 

pilus. De “processing” en assemblage van TraA zijn twee verschillende en 

onafhankelijke processen. De “processing” stappen worden in detail bestudeerd in de 

bacterie Escherichia coli, deze bacterie wordt over het algemeen veel gebruikt in 

laboratoria. Er is aangetoond dat het TraA eiwit eerst wordt gemodificeerd aan één zijde 

door het LepB eiwit. LepB verwijdert een klein stukje van het begin van het TraA eiwit, 
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genaamd de signaal sequentie. Deze aminozuur sequentie is nodig voor de targeting van 

het eiwit naar de binnenmembraan via het Sec systeem. Het verwijderen van de signaal 

sequentie vindt plaats bij veel proteïnen die worden uitgescheiden. In een volgende stap 

wordt het TraA eiwit gebonden door TrbI, eerst knipt TrbI de laatste drie aminozuren 

van TraA af en bindt vervolgens aan ditzelfde uiteinde. In de laatste stap wordt de 

binding tussen TraA en TrbI verbroken en worden de twee uiteinden van TraA aan 

elkaar gekoppeld, wat resulteert in een circulair TraA. Door middel van mutagenese 

studies zijn de verschillende domeinen van de TraA en TrbI eiwitten die nodig zijn voor 

het mechanisme ontrafeld. 

TraI is een relaxase en is gecodeerd in het GGI, een studie van dit eiwit staat beschreven 

in hoofdstuk 3. Het TraI relaxase behoort tot een nieuwe familie relaxases, deze bevat 

de kenmerken van al bekende relaxases maar ook kenmerken die nog niet eerder zijn 

beschreven in al gekarakteriseerde relaxase families. In het begin van het TraI proteïne 

ligt een hydrophobe regio, die ook is gevonden in andere relaxases van deze nieuwe 

familie. Er is gedemonstreerd dat deze hydrophobe regio niet fungeert als signaal 

sequentie maar juist belangrijk is voor het binden van TraI aan het membraan. Het is 

opmerkelijk dat wanneer aminozuren in deze hydrofobe regio worden vervangen het 

relaxase niet meer wordt geëxporteerd. Naast de hydrophobe sequentie ligt een regio die 

ook veel gevonden wordt in HD phosphohydrolases. Deze proteïnen zijn genoemd naar 

twee geconserveerde aminozuren; histidine (H) en aspartaat (D), die karakteristiek zijn 

voor deze eiwitfamilie. En inderdaad is deze geconserveerde aspartaat in TraI vereist 

voor DNA secretie. Het HD domein overlapt met een domein dat sterk lijkt op het 

relaxase domein van andere relaxases. Een geconserveerd tyrosine aminozuur dat 

aanwezig is in beide domeinen is belangrijk voor DNA modificatie. Verder is ontdekt 

dat maar een enkele streng DNA wordt uitgescheiden en deze wordt aan een zijde tegen 

degradatie beschermd, waarschijnlijk doordat dit DNA gebonden is door de relaxase. 

Mutaties in de DNA sequentie in het gebied rondom de sequentie die voor het TraI eiwit 

codeert elimineeren DNA secretie. Wanneer deze sequentie echter op een ander plaats 

in het chromosoom werd geïntroduceerd herstelde de DNA secretie. Deze bevindingen 

suggereren dat DNA secretie vanaf deze specifieke sequentie start. In de appendix van 

hoofdstuk 3 worden pogingen beschreven voor het aantonen van de aanwezigheid van 

TraI in het medium. 
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In hoofdstuk 4 wordt SsbB bestudeerd, dit is een eiwit dat enkelstrengs DNA bindt en 

stabiliseert. SsbB is gecodeerd binnen het GGI en komt tot expressie, maar er is geen 

bewijs gevonden dat SsbB samen met het ssDNA wordt getransporteerd. Een 

gedetailleerde studie van de eigenschap van SsbB om DNA te binden was uitgevoerd. 

Met verschillende technieken is gedemonstreerd dan SsbB ssDNA kan binden op een 

manier die niet eerder is beschreven. 

In hoofdstuk 5 is het secretine complex van het Tfp systeem van N. gonorrhoeae 

onderzocht. Buitenmembranen van Neisseria meningitidis en N. gonorrhoeae zijn 

geïsoleerd en geanalyseerd met elektronenmicroscopie. Binnen deze membranen is een 

uitvoerige structuur opgemerkt nadat een groot aantal elektronenmicroscopie foto’s 

waren uitgelijnd. Deze structuur bestaat uit een binnenste ring die een kanaal omsluit, 

en een buitenste ring met naar buiten stekende punten. De binnenste ring is 

samengesteld uit PilQ eiwitten, verscheidene van deze proteïnen vormen samen een 

symmetrische ring. Een zelfde soort ringvormige structuur is in eerdere studies ook 

beschreven. De buitenste ring en de puntvormige structuren zijn niet eerder opgemerkt 

voor secretine complexen, en zijn samengesteld uit nog onbekende eiwitten. Deze extra 

kenmerken zijn waarschijnlijk verloren gegaan tijden het zuiveren van de andere 

secretin complexen, maar in het natieve membraan milieu konden ze worden 

opgemerkt. Voor identificatie van deze eiwitten zijn verschillende componenten van het 

Tfp systeem verwijderd en onderzocht. Deze analyse identificeerde een verandering in 

de symmetrie van de buitenste ring en dit ging samen met een verlies van de 

puntvormige structuren. De verdere identificatie van deze proteïnen is een nog lopende 

studie. 
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उपसहंार 

सम त जीिवत प्राणी जीवकोष से बने ह. एकल जीवकोश को बक्टेिरया कहते ह, 

प्र येक जीवकोश के ऊपर एक मोटी परत चढ़ी होती है िजसे मे बरान कहते ह. 

बक्टेिरया की ऋणा मक ेणी पर दोहरी परत चढ़ी होती है जो भीतरी और बाहरी 
मे बरान से िघरी होती है. कोश के भीतरी भाग को सायेतो ला म कहते ह जो 
भीतरी मे बरान से िघरा होता है. दो मे बरान के बीच के थान को पेिर ला म 

कहते ह. कोश का वातावरण से सपंकर्  होने के िलये कोश म अनुिचत अणओुं का 
लगातार प्रवाह बना रहना चािहए. इस काय म अणओुं को भीतरी और बाहरी 
मे बरान व ् पेिर ला म से गज़ुारना होगा. इस गितिविध के िलये कोष वण 

िस टम का इ तमाल करते ह. ये िस टम एक मशीन की तरह काम करते ह. 

बाहरी मे बरान के चार  ओर प्रवािहत सात प्रकार के वण िस टमस का उ लेख 

िकया गया है. इनमे से टाइप फौर वण िस टम (T4SS) का कायर् डी.एन.ए. 

और जीविवष को दसूरे कोश म ले जाने का है िजसके कारण बीमारी फ़ैल सकती 
है. उदाहरण व प बक्टेिरया जठर-िनगर्म T4SS की मदद से जीविवष को 
इ सान के कोश म प्रवािहत कर पेट के रोग जसेै उ सर को अजंाम दे सकता है. 

दसूरी तरफ टाइप फौर िपली (T4P) िस टम के अनेक कायर् ह. ये िस टम 

बक्टेिरया को गितशीलता, अवल ब और डी.एन.ए. को कोश के भीतर लाने का 
कायर् करता है. येह िस टम भी बीमारी फैलाने म बहुत सहायता करता है. 

उदाहरण के प म रोगजनक बक्टेिरया नेइ सेिरया गोनोिरया T4P िस टम की 
मदद के िबना इंसान पर आक्रमण नहीं कर सकता. 
इस थेिसस का उ े य बक्टेिरया नेइ सेिरया गोनोिरया के दोन  िस ट स का 
अ याय करना.  नेइ सेिरया गोनोिरया इंसान म यौन रोग फैलता है िजसे 

सज़ुाक या "गोनोर ्र्हेअ" कहते ह. अ याय १ (T4SS), (T4P) िस ट स, 

नेइ सेिरया गोनोिरया और इनसे जडुी जानकारी का पिरचय कराता है. 

तरा-ए  प्रोटीन (T4SS) का एक छोटा सा प्रोटीन है. (T4SS) इसे बनाता है क्य िक 

येह दो कोश  के जडुाव म काम आता है तािक अणुओं का प्रवाह हो सके. यह 
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सायेतो ला म म पैदा होता है और िफर भीतरी मे बरान म प्रवािहत होता है. इस 

जगह यह तरा-ए  प्रोटीन कई तरह की प्रसं करण से गज़ुरता है. अतंतः यह 

ऐक बत-सांचे के प म एकित्रत होता है. प्रसं करण और एकत्रण दो िविभ न 

िक्रयाएं ह, अ याय २ म प्रसं करण का यौरेवार वणर्न िकया गया है.  

नेइ सेिरया गोनोिरया के T4SS  से स बंिधत डी.एन.ए. से जड़ुने वाला तरा-आये 

प्रोटीन बहुत आव यक है. तरा-आये और डीएनए जड़ु कर ऐक अण ुबन जात ह 

और इस तरह ऐक कोश से दसुरे कोश म जाते ह. अ याय ३ म नेइ सेिरया 
गोनोिरया के तरा-आये का दसुरे िकटानुओ ंके साथ  तुलना मक अनुस धान 

िकया गया है. 

एस.एस.बी. जो िक ऐक डी.एन.ए. प्रसं करण प्रोटीन है, हर प्रकार के जीव  म 

पाया जाता है. इसका अनोखापन इसे एक वतंत्र अरचना मक बंधनकारी के प 

म दशार्ता है. अ याय ४ नेइ सेिरया गोनोिरया के T4SS के एस.एस.बी. प्रोटीन 

का उ लेख है.  

Tfp िस टम  बहुत सारे तार  की आकार के िपली बना कर इंसान के कोश से जड़ु 

कर रोग फलाता है. अ याय ५ म नेइ सेिरया गोनोिरया Tfp िस टम के बाहरी 
मे बरान के अशं का पिरक्षण िकया गया है. इसका िव लेषण करते समय कई 

रोचक त य सामने आए; िजसके प्रोटीन की पहचान का अ ययन जारी है. 
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