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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’ 



Chapter 2 
 

 
67 

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.  

  



 
 

 
 

  




