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Nederlandse samenvatting 
 
Nosocomiale infecties van patiënten met een verzwakt immuunsysteem zijn een 
wereldwijd probleem voor de volksgezondheid en dit wordt steeds belangrijker. Één 
van de belangrijke bacteriën die deze infecties veroorzaken, is Pseudomonas 
aeruginosa. Dit is een opportunistische pathogeen die vaak voorkomt op katheters 
en andere medische hulpmiddelen. Om zijn rol als pathogeen te vervullen, heeft P. 
aeruginosa verschillende mechanismen ontwikkeld die ervoor zorgen dat het een 
resistente en virulente bacterie is. Een voorbeeld hiervan is dat deze bacterie in staat 
is om een heel assortiment van virulentiefactoren (bijvoorbeeld toxines) te 
secreteren. Deze virulentiefactoren worden echter in de cel aangemaakt en moeten 
getransporteerd worden. Hiervoor heeft de bacterie multi-eiwitcomplexen 
ontwikkeld. Deze thesis zal zich focussen op één van deze eiwitcomplexen, namelijk 
het type II secretie systeem. Van dit type II secretie systeem zal één eiwit onderzocht 
worden, namelijk het pseudopiline peptidase XcpA/PilD: dit is een binnenste 
membraan aspartyl protease dat een geconserveerde sequentie van zijn substraat, 
de (pseudo)pilinen, knipt en N-methyleert. Deze modificatie van zijn substraat is 
cruciaal voor de vorming van een grote vezelachtige structuur, de pseudopilus. De 
pseudopilus wordt opgebouwd uit deze gemodificeerde pseudopilinen en kan 
voorgesteld worden als een lift die de secretie van effectoren uit de cel 
bewerkstelligd. Bio-informatische analyse heeft aangetoond dat XcpA/PilD een 
polytopisch membraan eiwit is met 7 transmembranaire helices. Tussen deze helices, 
zijn er lussen/loops aan de periplasmatische en cytoplasmatische zijde. Deze loops 
zijn genummerd, waarbij de nummering begint bij de loop die zich het dichtstbij de 
N-terminus bevindt. Alle loops van XcpA zijn kort (d.w.z. 6 tot 15 aminozuren), 
behalve voor de eerste cytoplasmatische loop. Deze loop is immers 75 aminozuren 
lang en zal dus in deze thesis 'cytoplasmatisch subdomein' genoemd worden. XcpA 
heeft 2 katalytische centra: een katalytisch centrum voor de knip functie, ook wel de 
peptidase activiteit genoemd, en een katalytisch centrum voor de N-methylatie. De 
peptidase functie wordt bewerkstelligd door 2 geconserveerde asparaginezuur 
residuen D149 en D213, waarvan het laatste asparaginezuur zich in een 
geconserveerd GxGD motief bevindt. De geconserveerde asparaginezuren bevinden 
zich respectievelijk op de cytoplasmatische loops 2 en 3. De actieve residuen van het 
N-methylase katalytisch centra zijn minder duidelijk. Er is waargenomen dat de 4 
geconserveerde cysteïnes (C72, C75, C97 en C100), die zich bevinden op 
cytoplasmatische loop 1, belangrijk zijn voor de N-methylase functie. Deze vormen 
overigens een zink-bindend motief. Aanvullende studies hebben aangetoond dat een 
geconserveerd glycine (G95) en lysine (K96) bij de derde cysteïne ook belangrijk zijn 
voor deze methylatie functie. 
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Deze thesis heeft verschillende doelen voor ogen: Allereerst zouden enkele 
functionele residuen (C17, C72, C75, C97, C100 en D149) van XcpA gemuteerd 
worden om hun functie te bestuderen; Ten tweede zou XcpA en de gemaakte 
mutanten hun activiteit bestudeerd worden met behulp van activiteitstesten; Ten 
derde zouden er verschillende toestanden (pH, additieven en detergenten) en 
mutaties uitgetest worden om de stabiliteit van het eiwit te verbeteren; Het vierde 
doel van deze thesis is het bepalen van de oligomere toestand van XcpA. De 
combinatie van deze studies zullen allemaal bijdragen tot het uiteindelijke doel van 
dit project, namelijk het verkrijgen van een hoge-resolutie structuur van dit eiwit. 
Deze structurele en functionele informatie over XcpA zullen dan gebruikt worden 
voor de ontwikkeling van geneesmiddelen tegen dit eiwit. 
 
Dit eiwit kampt echter met een groot probleem: namelijk de neiging tot aggregatie 
bij het opconcentreren van dit eiwit. Dit heeft een nefaste invloed op de volgende 
stappen in het kristallisatieproces en noemt daarom het aggregatie probleem. 
Aggregatie is een algemene term en begint met de abnormale binding van minstens 
2 moleculen. Deze abnormale binding leidt tot de vorming van grotere structuren, 
waardoor het eiwit in zijn natieve toestand verloren gaat. Verschillende 
mechanismen kunnen deze aggregatie veroorzaken; Een voorbeeld hiervan is de 
vorming van nieuwe zwavelbruggen die ontstaan na de interactie van twee 
ongepaarde thiolgroepen. Deze zwavelbruggen komen in de natieve toestand echter 
niet voor. 
 
Tijdens deze thesis werd het aggregatie probleem uitgebreid bestudeerd en is er 
aangetoond met reductieve agentia en mutatiestudies, dat de vier geconserveerde 
cysteïnes een essentiële rol spelen in dit probleem. De XcpAC17A/C97S/C100S/C72S/C75S 

mutant, die deze vier cysteïnes in het cytoplasmatische subdomein niet meer heeft, 
bleek niet meer te aggregeren. Dit toonde aan dat deze cysteïnes wel degelijk 
verantwoordelijk zijn voor de vorming van de aggregaten. Echter, de 
XcpAC17A/C97S/C100S/C72S/C75S mutant vertoonde een grotere neiging tot proteolytische 
klieving in zijn cytoplasmatische subdomein en leek niet actief, volgens de 
ontwikkelde activiteits assay. Om de oligomere toestand van XcpA te bestuderen, 
werd deze mutant gebruikt om de invloed van de cysteïnes te elimineren. Deze 
studies toonden aan dat XcpA, met de verwijdering van de cysteïnes, een hogere 
oligomeer kan vormen, in tegenstelling tot het wild type XcpA dat waarschijnlijk zich 
als een monomeer gedraagt. 
  



 

  xvi 

Een nieuwe activiteits assay werd ontwikkeld om de peptidase activiteit van XcpA te 
bestuderen. Hiervoor werd een synthetisch peptide, dat de geconserveerde 
sequentie van het substraat van XcpA bevat, aangemaakt. De initiële resultaten 
hiervan toonden aan dat het gezuiverde eiwit nog steeds actief is en dat de 
geconserveerde sequentie voldoende is om door het eiwit herkend en gekliefd te 
worden. Daarnaast werden andere peptiden gebruikt en deze gaven dezelfde 
resultaten zoals in de literatuur werd meegedeeld. Dit valideert de ontwikkelde 
assay. Ten slotte, na co-expressie van XcpA met een fluorescerende label en zijn 
substraat, het pseudopiline XcpT, met een andere fluorescent label, werd een 
opmerkelijke verschuiving op fluorescerende gel filtratie en SDS-PAGE geobserveerd. 
Dit is waarschijnlijk een complex, bestaande uit de WT XcpA, dat ook stabiel bleek te 
zijn en, bij opconcentreren, geen aggregatie vertoonde.  
 
Op basis van deze studies kan er geconcludeerd worden dat de cysteïnes van het 
zink-bindend motief in het cytoplasmatisch subdomein het aggregatie probleem 
veroorzaken. Deze vormen immers ongecontroleerde zwavelbruggen, bij hogere 
concentraties, met andere XcpA moleculen. Maar, deze cysteïnes zijn echter ook 
essentieel voor de correcte opvouwing van het cytoplasmatische subdomein en de in 
vitro peptidase activiteit van XcpA. Ook werd gesuggereerd dat het zink-bindend 
domein, in afwezigheid van het substraat, de vorming van een hogere oligomeer 
tegenwerkt, terwijl bij het verwijderen van het zink-bindend domein, de vorming van 
een hoger oligmeer toegelaten wordt. Dit geeft aan dat de cysteïnes naast een louter 
structurele rol (d.w.z. zorgen voor de correcte vorm van het cytoplasmatische 
subdomein) ook direct betrokken zijn bij de werking van XcpA door het reguleren 
van conformationele veranderingen die bijdragen tot multimerisatie van XcpA. Deze 
hypothese wordt ook ondersteund door de co-expressie studie van XcpA met zijn 
substraat XcpT die een opmerkelijke verschuiving in schijnbaar moleculair gewicht 
weergeeft op SDS-PAGE. Dit is waarschijnlijk veroorzaakt door de vorming van een 
covalente complex. Deze verschuiving in moleculair gewicht wordt ook 
waargenomen bij (F)SEC. Deze ontdekking van de vorming van dit nieuw complex is 
intrigerend en aanvullend onderzoek van dit complex kan het in vivo mechanisme 
van XcpA ontrafelen. Naast alle hierboven genoemde biofysische bevindingen van 
XcpA, werd ook een nieuwe activiteits assay ontwikkeld om de activiteit van XcpA op 
een snelle en gemakkelijke manier te kunnen bestuderen. Deze resultaten hebben 
dus bijgedragen tot het uiteindelijke doel van dit project, namelijk 
kristallisatiestudies XcpA. 
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English summary 
 
Nosocomial infections of immuno-compromised patients represent a global public 
health problem that becomes more and more important. One of the main bacteria 
causing these infections is Pseudomonas aeruginosa, an opportunistic pathogen 
often found on catheters and other medical devices. To fulfill its role as an infecting 
agent, P. aeruginosa has developed different mechanisms that help it in becoming 
more resistant and virulent. One of these mechanisms is the secretion of a battery of 
exoproteins (for example, toxins). These factors are secreted by multi-protein 
complexes called secretion systems. The focus of this thesis will be on one of those 
systems, namely the Type II secretion system. More specifically, the topic will be the 
bacterial pseudopilin peptidase XcpA/pilD, an inner membrane aspartyl protease 
that cleaves and N-methylates a well-defined region of the (pseudo)pilins of the type 
II secretion system (and type IV pili). This processing step is necessary for the 
formation of a helical superstructure, called the pseudopilus, which is suggested to 
function as a piston during the secretion process. XcpA/PilD is predicted to be a 
polytopic inner membrane protein with 7 TM α-helices. Between the helices, there 
are loops at the periplasmic and cytoplasmic sides. These loops are numbered, 
whereas the count starts from the loop closest to the N-terminus. All loops of XcpA 
are short (i.e. 6 to 15 amino acids) except for the cytoplasmic loop number 1 that is 
75 amino acids long, this loop will be called the 'cytoplasmic subdomain'. XcpA has 2 
active sites: one active site for the peptidase function and one for methylation. The 
peptidase function is constituted by 2 conserved aspartic acid residues D149 and 
D213, the latter located in a GxGD motif, which are located on cytoplasmic loops 2 
and 3, respectively. While the methylase active site is less clear, 4 conserved cysteine 
residues (C72, C75, C97 and C100) have been detected on the cytoplasmic 
subdomain. It has been shown that these cysteines are important for methylation. 
Additionally, mutations of a glycine (G95) and a lysine (K96) adjacent to the third 
cysteine seem to deplete the methylation function in vitro and in vivo.  
 
This thesis has several goals: (1) Mutating functional residues in XcpA (C17, C72, C75, 
C97, C100 and D149); (2) Activity studies of XcpA and the previous mentioned 
mutants with the help of synthetic peptides; (3) Testing different conditions (pH, 
additives and detergents) and mutations that improve the stability of XcpA; (4) 
Oligomerization studies to elucidate the oligomeric state of XcpA; These studies will 
all contribute to the eventual goal of this project, which is (5) obtaining a high-
resolution structure of this protein. This structural and functional information on 
XcpA will help in a future structure based drug design approach. 
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This protein has 1 main problem: its tendency to aggregate at concentrations above 
1.5 mg/ml. This troubles the downstream processes for crystallization greatly and is 
therefore called the aggregation problem. Aggregation is a general term and starts 
with the abnormal association of as few as 2 molecules. This abnormal association 
has the potential to form even larger structures, which results in the loss of the 
protein and the protein in its native state. Several mechanisms can cause this 
aggregation, one example can be by forming covalent bonds such as disulphide 
bonds, resulting from previously unpaired free thiols.  
 
During this master's thesis, the aggregation problem was extensively studied and it 
was shown, with reductive agents and mutation studies, that the four-cysteine motif 
plays an essential role in this phenomenon. The XcpAC17A/C97S/C100S/C72S/C75S mutant, 
devoid of the four-cysteine motif in the cytoplasmic subdomain, however did not 
appear to aggregate indicating that indeed these cysteines were responsible for the 
formation of the aggregates. However, the XcpAC17A/C97S/C100S/C72S/C75S did however 
have a higher tendency for proteolytic cleavage in its cytoplasmic subdomain and did 
not appear to be active, according to the developed activity assay. To study the 
oligomeric state of XcpA, these mutants were used to eliminate the bias of the 
cysteines and it was shown that XcpA, with the removal of the cysteines, can form a 
higher oligomer, while the wild type XcpA is mainly monomeric. 
 
A new activity assay was developed to assess the peptidase activity and it allowed to 
show that the synthetic peptide, resembling the conserved site of the substrate, 
could be cleaved. Indicating that the purified protein is still active and that the 
conserved site is enough for the protein to recognize and cleave the 
peptide/substrate. Additionally, alternative peptides were used and they yielded the 
same results as in literature, which validates this assay. Finally, upon co-expression 
of XcpA with a fluorescent tag and its substrate, XcpT, with another fluorescent tag, 
XcpA displayed a remarkable shift on fluorescent gel filtration and SDS-PAGE. This 
complex, consisting of the WT XcpA, appeared to be more stable and did not show 
aggregation.  
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Based on the studies of this thesis we can conclude that the cysteines of the zinc-
binding motif in the cytoplasmic subdomain play an essential role in the aggregation 
problem by forming uncontrolled disulfide bridges at higher concentrations with 
other XcpA molecules. These cysteines are, however, also essential for the correct 
folding of the cytoplasmic subdomain and the in vitro peptidase activity of XcpA. It 
was also hinted that the four-cysteine motif, in the absence of its substrate, does not 
form a higher oligomer, while the removal of the four-cysteine motif showed the 
formation of a higher oligomer. This indicates that the cysteines besides a mere 
structural role (i.e. the correct fold of the cytoplasmic subdomain) are also directly 
involved in the well-functioning of XcpA by regulating certain conformational 
changes that contribute to multimerization of XcpA. This hypothesis is supported by 
the co-expression study of XcpA with its substrate XcpT. When both are co-
expressed, a remarkable shift in apparent molecular weight is seen on SDS-PAGE, 
indicating the formation of a covalent complex. This shift in molecular weight is also 
seen on (F)SEC. The discovery of the formation of this unknown complex is intriguing 
and additional research for this complex could elucidate the in vivo mechanism of 
XcpA. In addition to all above mentioned biophysical findings of XcpA, a new activity 
test was developed to deduce the activity of XcpA in a versatile and easy manner. 
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1. Introduction 
 

1.1. Nosocomial infections, a rising threat 

Nosocomial infections of immuno-compromised patients represent a global public 
health problem that becomes more and increasingly important. “Hospital-acquired 
infections", also called nosocomial infections, are infections acquired during hospital 
care which are not present or incubating at admission (W.H.O., 2002). In Belgium, for 
instance, the prevalence of nosociomial infections is about 6.2% and annually about 
125,500 patients become infected, resulting in almost 3,000 deaths. The extra costs 
for health insurance alone can be estimated to be € 400 million/year (F. Vrijens, 
2009), a figure which is still rising. However, Belgium is not alone. Other countries of 
the European Union, developing countries and the United States are also 
experiencing the same burden and increase in nosocomial infections (Klevens et al, 
2007). Infections of these pathogens can normally be treated and cured with the use 
of antibiotics but now more and more antibiotic-resistant strains have been isolated 
which dramatically endangers immunocompromised patients (Obritsch et al, 2005). 
One of the leading nosocomial pathogens is Pseudomonas aeruginosa (P. 
aeruginosa) , which is responsible for at least 10 % of all hospital-acquired infections 
(Saiman et al, 1996). It should also be mentioned that P. aeruginosa infection 
represents a serious problem in patients hospitalized with cancer, cystic fibrosis (CF), 
burns etc. Infections by P. aeruginosa can lead to mortality in these cases (Lyczak et 
al, 2000).  
 
1.2. The opportunistic pathogen, Pseudomonas 

aeruginosa  

P. aeruginosa is an ubiquitous Gram-negative bacterium that normally inhabits 
aqueous environments such as surface water and the soil. It has several 
characteristics such as (1) low nutritional needs, (2) metabolic versatility, (3) ability 
to grow at temperatures as high as 42 °C, (4) formation of biofilms, (5) tolerance to a 
wide range of conditions such as salts, dyes and weak antiseptics. (6) This bacterium 
also displays a high survivability in artificial settings, for example surfaces in 
hospitals, which is caused by its adaptability and high intrinsic antibiotic resistance 
(Lyczak et al, 2000). These characteristics explain the successful pathogenicity of P. 
aeruginosa, which is an opportunistic pathogen. Opportunistic pathogens are not 
able to cause disease in humans with a healthy immune system but they can infect 
the host by taking advantage of an "opportunity" such as primary infections of 
another pathogen, other diseases or a compromised immune system (Obritsch et al, 
2005). While this pathogen is particularly undesired in hospitals, treating 
immunocompromised patients, P. aeruginosa has already been detected on 
catheters, surgical sites and ventilators in hospitals (Abou Elella et al, 2010). The 
infection of P. aeruginosa leads to several clinical diseases with pneumonia as the 
most predominant but bacteremia (Kang et al, 2003), meningitis, bacterial keratitis 
(Cheng et al, 1999), endocarditis (Reyes & Lerner, 1983) and enteritis are also rare 
but possible consequences (Bodey et al, 1983).  
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1.2.1. P. aeruginosa versus antibiotics 
To add insult to injury, treatment of P. aeruginosa infections is made increasingly 
difficult since more and more multi-drug resistant P. aeruginosa isolates are starting 
to emerge (Figure 1.1) (Hauser, 2011). Many types of antibiotics are affected by the 
various mechanisms of drug resistance. Some examples of these mechanisms are: (1) 
drug efflux pumps, (2) constitutive expression of AmpC β-lactamase, (3) target 
alteration of the antibiotic target for example gyrase and LPS. Other examples are (4) 
diminished outer membrane permeability and (5) plasmids, transposons and 
integrons that encode additional antibiotic resistance factors such as metallo-β-
lactamases and enzymes that inactivate antibiotics such as aminoglycosides 
(Strateva & Yordanov, 2009).  
 

Figure 1.1: Comparison of antimicrobial resistance rates of P. aeruginosa in the ICUs. This figure 
represents the growing trend of antibiotic resistant isolates of P. aeruginosa. The data of 2 
surveillance systems were used: the International Nosocomial Infection Control Consortium, 
containing data of Europe (Lister et al, 2009), Latin America, Asia and Africa, and the US National 
Nosocomial Surveillance system containing data for USA (Rosenthal et al, 2010). Figure inspired by 
(Hauser, 2011). AMK, amikacin; ICU, intensive care unit; CPM, cefepime; FQs, fluoroquinolones; IMI, 
imipenem; MERO, meropenem; PIP, piperacillin; PTZ, piperacillin/tazobactam. 
 

1.2.2. Infection mechanisms of P. aeruginosa 
This resistance increases the urge of finding new drugs to combat this dangerous 
pathogen. The pathogenesis in P. aeruginosa is mediated by various adhesins and 
exoproteins (Obritsch et al, 2005). The adhesins facilitate adhesion to the host cell 
and secreted effectors, also called exoproteins such as proteases and toxins, target 
the extracellular matrix and disrupt or modify host pathways. P. aeruginosa secretes 
a wide array of these secreted exoproteins, into its extracellular environment. These 
exoproteins cannot cross both membranes of the bacterial cell on their own. 
However, P. aeruginosa uses macromolecular protein complexes which are called 
secretion systems (Cianciotto, 2005).  
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In previous years, the gigantic diversity of secretion mechanisms evolved by Gram-
negative bacteria was revealed. Up to now, six different classes of secretion systems 
have been described in Gram-negative bacteria, which are named as type I secretion 
system (T1SS) up to type VI secretion system (T6SS) (Economou et al, 2006). Also, a 
type VII secretion system has been revealed in Mycobacterium species (Abdallah et 
al, 2009) but has not yet been observed in Gram-negative bacteria (Houben et al, 
2012). P. aeruginosa lacks the type 4 secretion system but has the other 5 secretion 
systems, sometimes in several copies. All these systems are used for the specific 
secretion of exoproteins, which are used for several activities such as adaptation to 
the environment and bacterial pathogenicity (Bleves et al, 2010). P. aeruginosa has 
thus several infection mechanisms at its disposal and this dissertation will now 
closely study one of them, namely the type II secretion system. 
 

1.2.3. P. aeruginosa and cystic fibrosis 
The airways of patients with CF offer warm and humid conditions which constitues 
an ideal environment for P. aeruginosa. Indeed, 60–70% of patients with CF are 
infected in the respiratory tract by the age of 20 (Figure 1.2) (FitzSimmons, 1993). 
Despite inflammatory response and antibiotic treatment, P. aeruginosa causes 
chronic infections that continue for the entire lifetime of the patients (Folkesson et 
al, 2012). This continuous presence of P. aeruginosa leads to immune complex-
mediated chronic inflammation and is a major cause of lung tissue damage, in 
addition to the damage caused by the bacteria. Eventually, this lung tissue damage 
will lead to respiratory failure and ultimately to death (Nichols et al, 2008).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.2: Evolution of P. aeruginosa infections in patients with CF over time. Prevalence of human 
respiratory pathogens in patients with CF as a function of age. P. aeruginosa (red) is the most 
dominant pathogen in adults. A. xylosoxidans, Achromobacter xylosoxidans; B. cepacia, Burkholderia 
cepacia; H. influenzae, Haemophilus influenzae; MDR-PA, multidrug-resistant P. aeruginosa; MRSA, 
methicillin-resistant S. aureus; S. aureus, Staphylococcus aureus; S. maltophilia, Stenotrophomonas 
maltophilia. Figure reprinted from (Folkesson et al, 2012).  
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1.3. The Type II Secretion system 

1.3.1. Introducing the T2SS and its nomenclature 
The type II secretion system (T2SS) is found in several species that span from 
obligate symbionts (such as pathogens) to free-living species, but is not universal 
among any particular group (Tseng et al, 2009). This secretion system consists of 12 
to 15 proteins (Figure 1.3), often referred to as the secreton (Filloux, 2004), of which 
the genes are clustered together in an operon. The secreton was first discovered in 
the 1980s in the genus Klebsiella, since it was required for the secretion of the starch 
debranching enzyme, pullulanase (d'Enfert et al, 1987). Later on, the T2SS was 
identified and studied in many human pathogenic genera including Pseudomonas 
(Ball et al, 2002), but also in plant pathogens such as Xanthomonas (Nivaskumar & 
Francetic, 2014). All these genera have a specific nomenclature to avoid confusion 
and the genes with their resulting proteins are described with a four-letter name. 
The first 3 letters refer to the specific secreton or species. A general term for the 
T2SS proteins/genes, which can replace the first 3 letters, is Main Terminal Branch 
(MTB) or the General Secretion Pathway (GSP). The fourth letter specifies the 
appropriate gene of the T2SS, which mostly ranges from A to O (Figure 1.3). Because 
of historical reasons, there are many exceptions such as the pseudomonad 
nomenclature of the fourth letter because it consists of A but ranges from P to Z. For 
example P. aeruginosa contains 2 T2SS operons: XcpP-Z (Extracellular protein 
deficient) and HxcP-Z (Homologue of Xcp) which share one component, the 
prepseudopilin peptidase/N-methyltransferase XcpA (Filloux, 2004), the topic of this 
dissertation. 
 

Figure 1.3: Genetic organization of several T2SS operons. Gene organization of type II gene clusters 
from different Gram-negative bacteria: P. aeruginosa (xcp and hxc), K. oxytoca (pul), A. hydrophila 
(exe) and X. campestris (xps). Unlinked genes are located at another chromosomal locus. This means 
that the P. aeruginosa xcp-locus gene cluster is divided into xcpPQ and xcpR-Z, while the hxc-locus 
consists of 4 transcriptional units (hxcWU, hxcP, hxcV and hxcT-S). XcpA/pilD is not linked to any of 
the loci but resides on the pil-locus. The location and direction within the operon are represented by 
arrows. Common terms used for a number of Gsp components are indicated by color: Secretins 
(blue); NTPase (red); pseudopilins (orange); Prepilin peptidase (light brown). Figure reprinted from 
(Filloux, 2004). 
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Table 1.1: Proteins encoded by the xcp-system with the addition of XcpA. The T2SS of P. aeruginosa 
consists of several proteins which are presented in this table. This table shows their Xcp and Gsp 
nomenclature, molecular weight and location. (a.c.), after cleavage by XcpA; kDa, kilodalton; IM, inner 
membrane; OM, outer membrane; peri, periplasmic space. 
 

Protein Xcp Gsp Molecular weight 
(kDa) 

Location 

Pseudopilin peptidase/ N-
methyltransferase 

 

XcpA GspO 32 IM 

Major pseudopilin 
 

XcpT GspG 15 IM/peri (a.c.) 

Minor pseudopilins XcpU 
XcpV 
XcpW 
XcpX 

GspH 
GspI 
GspJ 
GspK 

19 
14 
27 
37 

IM/peri (a.c.) 

Adenine triphosphatase 
(ATPase) 

 

XcpR GspE 55 Cytosol 

Inner membrane platform XcpP 
XcpS 
XcpY 
XcpZ 

GspC 
GspF 
GspL 
GspM 

27 
44 
41 
19 

IM 

Secretin XcpQ GspD 70 OM 
 

 
In this dissertation, the notation of the Xcp nomenclature (Table 1.1) will be applied 
and, when another homologue protein of another species or system is mentioned, 
the nomenclature of (Johnson et al, 2006) will be used. This annotation consists of 5 
letters, containing the original four letter name (T2S:A-O) but with the xcp 
homologue gene in subscript. For example, PulO is the homologue of XcpA and will 
thus be mentioned as PulOA in this dissertation.  
 

1.3.2. Interactions of T2SS and the global architecture 
Protein-protein interaction studies (Table 1.2), subcellular localization studies and 
protein structures have shown that the T2SS is physically made of 11 out of 12 
proteins, namely XcpPQRSTUVWXYZ (Cianciotto, 2005). This complex (Figure 1.4) 
consists of three functional sub-complexes: an inner membrane platform (IMP), the 
pseudopilus and the secretin, located in the outer membrane. First, the IMP consists 
of 4 integral membrane proteins (XcpPSYZ/GspCFLM) and 1 protein in the cytosol 
(XcpR/GspE), an ATPase. Second, the pseudopilus is formed by the assembly of the 
major pseudopilin (XcpT/GspG) and capped by the minor pseudopilins (XcpU-X/GspI-
K). Third, the secretin (XcpQ/GspD), located in the outer membrane, constitutes a 
multimeric structure forming a large channel (Bleves et al, 2010). More information 
about the individual proteins will be given in the following chapters.  
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It should also be noted that all proteins of the xcp cluster and XcpA are essential for 
the functionality of the secretion system (Hamood et al, 1992) and by knowing the 
possible interactions, it was possible to suggest the possible complex and its 
mechanism(s).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4: Overview of the type II secretion system of Pseudomonas aeruginosa. (a) The three main 
subcomplexes are shown in the biomembrane of a Gram-negative bacteria. These compartments are 
the secretin (GspDQ), the pseudopilus (pseudopilins, GspGT-KX) and the IMP (GspCPFSLYMZER) which 
are respectively located in the outer membrane, periplasm and the inner membrane. Several known 
structures of homologues were used and are mentioned in (McLaughlin et al, 2012). For a good 
representation, 1 GspFS dimer, 2 GspLY-MZ heterodimers, and 2 GspCP molecules are shown. It 
should be noted that this representation assumes 6:6:6:6:12 assembly of GspERLYMZCPDQ, which is 
consistent with available data. Figure adapted from (McLaughlin et al, 2012). 
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Table 1.2: Schematic representation of the known interactions of T2SS components. The symbol '+' 
indicates that interaction between those 2 proteins has been experimentally observed. '-' means that 
no interactions have been found, yet. Colors are identical to Figure 1.4. Some components of the T2SS 
,which are not present in P. aeruginosa, such as GspS, GspB and GspA are not shown. Scientific 
literature references are: 1, (Nunn & Lory, 1993) ; 2, (Bleves et al, 1998); 3, (Sauvonnet et al, 2000); 4, 
(Durand et al, 2005); 5, (Lee et al, 2005); 6, (Douet et al, 2004); 7, (Van der Meeren et al, 2013); 8, 
(Bleves et al, 1999); 9, (Gerard-Vincent et al, 2002); 10, (Lallemand et al, 2013) ; 11, (Py et al, 2001); 
12, (Abendroth et al, 2009a); 13, (Lu et al, 2013); 14, (Gray et al, 2011) 
 

 Gsp
OA 

Gsp
GT  

Gsp
HU  

Gsp 
IV 

Gsp 
JW  

Gsp
KX 

Gsp
DQ 

Gsp
CP 

Gsp
MZ 

Gsp 
LY 

Gsp
FS 

Gsp
ER 

GspOA  1 1 1 1 2       
GspGT 1 3    4  5  14   
GspHU 1  6          
GspIV 1    6        
GspJW 1   6 6  6   6   
GspKX 2 4           
GspDQ     6  7 8     
GspCP   5     8 9 9 9   
GspMZ        9 10 11   
GspLY  14   6   9 11 12 11 11 
GspFS          11 11 11 
GspER          11 11 13 

 

1.3.3. T2SS mechanism  
The T2SS is a two step process and exports folded proteins to the surface and/or the 
extracellular environment of the cell (Douzi et al, 2012). First, exoproteins are 
synthesized with N-terminal signal peptides that target them for inner membrane (1) 
translocation using either the general secretion (SecYEG) or Twin arginine 
translocation (Tat) complexes (Korotkov et al, 2012). Whereas the SecYEG 
translocates unfolded proteins and the Tat complex transports folded proteins. This 
previous step is independent of the T2SS. Following cleavage of the signal peptides 
and release from the inner membrane, the exoproteins temporarily reside in the 
periplasm prior to (2) outer membrane transportation by the T2SS (Hirst & 
Holmgren, 1987). Although our current understanding of the mechanism of the T2SS 
remains limited, several possible mechanisms have been considered. The main idea 
is that exoprotein binding to GspDQ, GspCP and/or the pseudopilus cap, stimulates 
GspER's ATPase activity. This interaction is followed by adding pseudopilins to the 
pseudopilus, which leads to the secretion of the exoprotein (Korotkov et al, 2012) 
(Figure 1.5).   
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Figure 1.5: The mechanism of assembly and secretion of the T2SS (piston model). The numbers (1,2 
& 3) illustrate the assembly of the secroton, consisting of the secretin and the inner membrane 
platform. (4) A substrate for secretion, after the Sec or Tat pathway, is probably recognized by the 
IMP (XcpP) and this interaction transmits a signal to the ATPase (XcpR), which initiates the assembly 
and elongation of the pseudopilus. (5) This substrate is transferred to the secretin complex and there 
it contacts the pseudopilus tip complex, emerging from the inner membrane surface. (6) The 
pseudopilus subsequently pushes the substrate through the secretin pore. (7) This leads to the 
release of the substrate into the extracellular medium . The secretin and periplasmic domain of IMP 
are shown in blue, the components of the inner membrane surface are shown in green, the 
pseudopilus and the secreted proteins are shown in orange/red and yellow, respectively. Illustration 
by (Douzi et al, 2012). 
 
There are at least two models for how the pseudopilus drives protein secretion: "the 
piston" (Shevchik et al, 1997) and "the Archimedes' screw" (Nunn, 1999). (1) In the 
piston model, repeated pseudopilus extension and retraction push the substrate 
through the secretin pore. So pseudopilus assembly provides the driving force for 
secretion and the minor pseudopilins determine the binding specificity (Nunn, 1999). 
A pitfall of this model is that there is no experimental proof of fiber retraction in the 
T2SS, which would be required to allow repeating rounds of substrate transport 
(Figure 1.6). This lack of retraction ATPase in T2SS led to the proposal that the 
pseudopilus “collapses” or is degraded (Durand et al, 2005). Indeed, pseudopilins 
might be prone to degradation due to their C-terminal loop, which is unstable 
without Ca2+ (Korotkov et al, 2009). (2) The "Archimedes' screw" model (Nunn, 1999), 
although less discussed, deserves serious consideration because of the evolutionary 
and structural relation of GspER and other transport motors with ATP synthase 
(Cabezon et al, 2012). This model suggests that the substrate binds to the base of the 
pseudopilus, hypothesizing that major pseudopilins are needed as a binding surface 
(Figure 1.6). Addition of pseudopilins to the growing pseudopilus would add to a net 
upward transfer of GspGT subunits and bound exoproteins/substrate from the 
pseudopilus base into the secretin pore (Nivaskumar & Francetic, 2014).  
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Figure 1.6: Models of pseudopilus function in protein secretion. (A) The piston model shows that the 
substrate (A in magenta) binds to the minor pseudopilin cap (HUIVJWKX). Pseudopilus elongation, 
achieved by adding GspGT subunits (grey), and pushes the substrate through the secretin channel. 
The system is reset by an unknown mechanism of retraction. (B) The Archimedes’ screw model 
postulates that the minor pseudopilin complex initiates pseudopilus assembly, while the substrate 
binds to the major pseudopilins at the fiber base in the IM. Pseudopilus elongation from the base, 
coupled with rotation drives the substrate into the secretin channel (DQ) vestibule. Here, a single 
pseudopilus initiation event leads to secretion of multiple substrate molecules. Gsp nomenclature is 
used, 'FLME' represents the IMP. Figure adapted and reprinted from (Campos et al, 2013). 
 

1.3.4. Secreted proteins by the T2SS  
Now the proposed mechanism of secretion has been clarified, the secreted proteins 
or exoproteins (Table 1.3) can be explained in more detail. The exoproteins are 
generally enzymes with a range of biological functions, such as proteases, lipases, 
phosphatases and carbohydrate degrading enzymes. Their site of action is 
primordially extracellular, with the exception of toxins (Filloux, 2004). The amount of 
exoproteins secreted by the T2SS, varies; it can secrete only a single protein in some 
species but it can transport between 15 (P. aeruginosa and E. carotovora) to more 
than 20 different proteins (V. cholerae and L. pneumophila) in other species 
(Sandkvist, 2001).  
  

A 

B 
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Table 1.3: Exoproteins secreted by the T2SS of the Pseudomonas aeruginosa strain (PAO1). 
Exoproteins of the T2SS are shown with their appropriate function and reference. Several examples of 
secreted proteins which were experimentally demonstrated to use the T2SS are presented. Hxc* 
means that this protein is secreted by the proteins encoded by the hxc-cluster instead of the xcp-
cluster, which secretes all the other exoproteins. Table reprinted from (Bleves et al, 2010). 
 

Exoprotein Function Reference 

LasB Metalloproteinase (elastase) 

Also cleaves surfactant protein D  

(Braun et al, 1998) 

LasA Staphylolytic and elastolytic (Braun et al, 1998) 

PlcH Hemolytic phospholipase C (Voulhoux et al, 2001) 

PlcN Non hemolytic phospholipaseC (Voulhoux et al, 2001) 

PlcB Phospholipase C specific of phosphatidyl-ethanolamine (Barker et al, 2004) 

CbpD Chitin-binding protein, possible adhesin (Folders et al, 2000) 

ToxA AB Toxin, ADP-ribosyltransferase 

Targets elongation factor 2 

(Lu et al, 1993) 

PrpL Lysine specific endopeptidase (Protease IV) (Fox et al, 2008) 

LipA Triacyl glycerol acyl hydrolase (Jaeger et al, 1994) 

LipC Lipase (Martinez et al, 1999) 

PhoA Alkaline phosphatase (Filloux et al, 1988) 

PaAP Aminopeptidase (Braun et al, 1998) 

LapA (Hxc)* Alkaline phosphatase (Ball et al, 2002) 

 
The folded nature, which was achieved in the cytoplasm or periplasm, of the T2SS 
exoproteins suggests that a structural motif on the exoprotein surface determines 
the secretion specificity. Although many studies and structural information are 
available for several substrates, this signal is unknown. T2SS exoproteins are 
primarily large proteins, containing beta-strands and loops, lacking obvious common 
sequence (Korotkov et al, 2012). However, many studies suggest multiple short 
signals and raise the possibility of functional redundancy, but this is not easy to 
visualize since mutations that impair secretion also reduce exoprotein stability 
(Palomaki et al, 2002). Additionally, some reporter proteins, used in fusion proteins, 
can improve the secretion of the fusion proteins which complicates the 
interpretation of the obtained results (Korotkov et al, 2012). 
 

1.3.5. The inner complex of T2SS: XcpPSYRZ 
The inner membrane platform consists of 4 integral inner membrane (IM) proteins 
(XcpP, XcpS, XcpY and XcpZ) and 1 soluble protein, XcpR (Figure 1.7). This section will 
first explain XcpSYZ, then XcpR, and finally XcpP. XcpPYZ are bitopic and consist of a 
type II (Nin-Cout) topology (Bleves et al, 1996), while XcpS is the only polytopic 
protein in the IMP. Various interactions between the proteins of the T2SS have 
already been identified (Table 1.2). However, it is still unclear how and when the 
various components of the T2SS machinery assemble. 
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GspMZ is a bitopic protein which uses its periplasmic domain for homo-dimerization 
(Lallemand et al, 2013). Both GspLY and GspMZ stabilize each other from proteolysis, 
since the amount of the former is dependent on the presence of the latter (Filloux, 
2004). Studies on XcpZ in P. aeruginosa revealed that the periplasmic domain 
contained three regions, which were important for interaction with XcpY. Two 
distinct stabilizing regions, localized at the beginning and the end of the periplasmic 
domain, were independent of other components of the T2SS. The third, localized 
next to the transmembrane (TM) domain, required the presence of the 
transperiplasmic protein GspCP for GspLY stabilization (Robert et al, 2002).  
 
GspFS is an integral polytopic membrane protein with a small periplasmic loop and 2 
large cytoplasmic domains connected by 3 TM helices (Figure 1.4) (Py et al, 2001). 
The crystal structure of the cytoplasmic domains of EpsFS, GspFS in Vibrio cholerae, 
showed the formation of a dimer. This dimer had a conserved interface containing 2 
calcium ion binding sites (Abendroth et al, 2009b). Additionally, it has been shown, 
by yeast two-hybrid studies (Table 1.2), that the N-terminal domain of the E. 
chrysanthemi OutFS protein interacts with OutER and OutLY (Douet et al, 2004). 
GspFS is suggested to participate in the stability of the IMP (Robert et al, 2005). 
Chimera studies have also shown that interaction with other T2SS components is 
facilitated by the cytoplasmic domains. The interactions with GspER and GspLY 
stabilize GspFS, which enhances the resistance of GspFS versus proteolytic 
degradation as well (Arts et al, 2007).  
 
The cytoplasmic part of GspLY is composed of 3 subdomains (I, II and III) and 
subdomains II and III have been shown to interact with the N-terminal part of GspER 

(Abendroth et al, 2005). GspLY stabilizes the ATPase GspER, while it also recruits 
GspER to the IM (Ball et al, 1999). From the observations in the previous paragraphs, 
it can be suggested that the cascade of protein-protein interactions is kinetically 
organized during assembly. This means that the GspMZ protein can determine the 
membrane location of the secretion site, by recruiting GspLY, which in turn attracts 
GspER unto the membrane (Filloux, 2004). 
 
A functional T2SS requires a traffic ATPase, named GspER. GspER is the exception to 
the IMP since it is not an inner membrane protein but a cytoplasmic protein 
attached to the IM by interacting with GspLY. The superfamily of traffic ATPases, to 
which GspER belongs, are hypothesized to energize exoprotein secretion by ATP 
(Adenosine triphosphate) hydrolysis (Johnson et al, 2006). EpsER is the GspER 
component of Vibrio cholerae and has several characteristics: it is an Mg2+-
dependent ATPase (Camberg & Sandkvist, 2005); it contains 2 ATP binding boxes, 
namely a Walker A and a less well-defined Walker B box; it also contains an Asp box, 
a His box and a tetracysteine motif (Planet et al, 2001). 
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Figure 1.7: Topology of the GspXcp proteins. This figure shows the topology of each component of the 
T2SS. The following colors were used: blue for OM secretin, green for IMP components and 
orange/red for pseudopilins. CC, coiled coil; Nt, N terminus; TM ; PDZ, an acronym combining the first 
letters of 3 proteins: post synaptic density protein (PSD95), Drosophila disc large tumor suppressor 
(Dlg1), and zonula occludens-1 protein (zo-1); transmembrane domain. Reprinted from (Douzi et al, 
2012). 
 
Mutations in the Walker A motif reduce the ATPase activity in vitro and mutated 
EpsER abolishes secretion in vivo of the T2SS, while mutations in the Walker B motif 
do not show these effects (Camberg & Sandkvist, 2005). The aspartate box (Asp Box) 
is an aspartate rich region between the Walker A and B boxes. This box is also 
required for the function of EspER, probably for the binding of Mg2+ (Possot & 
Pugsley, 1994), while the function of the His box is still unknown. The tetracysteine 
motif (Cys4) also appears to be required for its activity, since substitution of any of 
the cysteine residues by a serine leads to a strong decrease in secretion (Filloux, 
2004). However, the structure of XcpR has shown that these residues are implicated 
in metal binding and that they are separated from the active site. Therefore it is 
suggested that this motif has a structural function or is implicated in protein-protein 
interactions (Robien et al, 2003).  
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GspER forms, according to homologues (Camberg & Sandkvist, 2005), most likely a 
hexamer in vivo and recent studies on EpsER have proven that it indeed forms a 
hexamer. This was acquired by making a fusion protein with EpsER and a stable 
protein (Hcp1), which also forms a hexamer. The ATPase activity increased 
significantly in comparison to the wild type (Lu et al, 2013).  
 
So the current hypothesis of the collaboration of the several components by XcpR 
states that the ATPase gets recruited by XcpY to the IMP, which then leads to 
hexamerization (Shiue et al, 2006). Due to this interaction, the ATPase activity of 
XcpR is stimulated and by means of ATP hydrolysis XcpR would undergo a 
conformational change in which the N-terminal domain with respect to the C-
terminal domain moves (Camberg et al, 2007). This could lead to a rearrangement of 
the XcpR subunits within the hexamer, and exerts an effect on XcpY (Abendroth et al, 
2005). During this process, chemical energy, which is released by ATP hydrolysis, is 
converted to mechanical energy. This would then be passed on to XcpY in which the 
periplasmic domain of this protein undergoes a conformational change (Py et al, 
2001) which can then be detected by the other components. It is also suggested that 
GspER pushes the pseudopilins through the IM (Johnson et al, 2006).  
 
The GspCP protein (Figure 1.7) is organized into several domains including a N-
terminal cytoplasmic region, a TM domain, a conserved periplasmic domain 
(homology region, HR) and a C-terminal region containing specific secondary 
structures such as coiled-coil domains (in Pseudomonaceae) or PDZ domains (in K. 
oxytoca). Interchanging the PDZ domain with an HR domain does not impair its 
function, meaning that this domain ensures multimerization (Gerard-Vincent et al, 
2002). The TM domain enables self-association which plays a role in the activity of 
the protein, since GspCP is functional as a dimer (Login & Shevchik, 2006). GspCP also 
interacts with other components of the T2SS, for example the secretin GspDQ. The 
HR domain of GspCP interacts with the N-terminal domain of the secretin, N0 (Wang 
et al, 2012). This interaction is supposed to stabilize GspCP (Bleves et al, 1999). 
Another piece of evidence of the co-ordinated action of these proteins is that these 
2 genes (XcpQ and XcpP) are coregulated in a separate operon of the xcp cluster 
(Figure 1.3). Cofractionation experiments have strengthened this theory as well 
(Bleves et al, 1999). The interaction of GspCP and GspDQ was also suggested to 
function as a "specificity filter" for exoproteins (de Groot et al, 2001). Indeed, surface 
plasmon resonance experiments have shown the interaction of XcpP and LasB, one 
of the substrates of the T2SS (Douzi et al, 2011). Additionally GspCP interacts with IM 
proteins, namely GspLY and GspMZ. The interaction site of GspCP for these 2 
proteins is located between the TM and HR region and is therefore called the TM/HR 
region (Gerard-Vincent et al, 2002). This interaction is intriguing since these two 
proteins (GspMZLY) are interacting with GspER, which delivers the required energy 
(Bleves et al, 1999). These observations suggest the importance of GspCP because of 
its several functions: (1) a specificity-filter for exoproteins; (2) a bridge which 
connects the outer and inner complexes; (3) a hypothesized energy transporter from 
the IM (GspER to GspMZLY and finally to GspCP) to the OM and (4) a role in 
pseudopilus assembly (Filloux, 2004; Johnson et al, 2006).  
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1.3.6. The outer complex of T2SS 
XcpQ is a secretin (Figure 1.8) and is the only component of the T2SS which resides in 
the outer membrane, at least when P. aeruginosa is concerned (Filloux, 2004). The 
secretins form pores, by multimerization of 12 to 15 secretin subunits, in the outer 
membrane of Bacteria (Douzi et al, 2011). They are also found in several transporter 
systems, such as the type 3 secretion system, type IV pili and the filamentous phage 
assembly system (Collins et al, 2001; Kazmierczak et al, 1994; Koster et al, 1997). The 
pore formed by the T2SS is large enough to accommodate secretion of folded 
proteins such as elastase from P. aeruginosa, which has a 6 nm diameter (Cianciotto, 
2005). As has been discussed above, the secretins interact with the periplasmic 
component of XcpP, the pseudopilus , and exoproteins (Wang et al, 2012). 
 
XcpQ consists of a N-terminal signal sequence, a N-terminal region, a C-terminal 
region and an S-domain. The signal sequence ensures translocation over the IM. 
Deletion studies have shown that the C-terminal domain is required for 
oligomerization (Bitter et al, 1998), while insertion studies have shown the same 
effect for the N-terminal domain. The N-terminal domain ensures interaction with 
the other components of the T2SS and consists of 4 different subdomains, namely  
N0, N1, N2 and N3. In vivo experiments, combined with the crystal structure of 
subdomains N0-N2 have shown that XcpQ can dimerize using its N-terminal domain. 
So it is hypothesized that XcpQ forms a hexamer of dimers instead of a dodecamer of 
monomers (Van der Meeren et al, 2013). Structurally, outer membrane proteins 
form β-barrels and this also detected for XcpQ, shown by circular dichroism (CD). 
Although, this is only observed for the C-terminal domain and not for the N-terminal 
domain (Brok et al, 1999). 
 
XcpQ also contains an S-domain. This domain is also conserved in other secretins and 
is used to interact with pilotins. Pilotins are OM-lipoproteins that are essential for 
the insertion of secretins in the OM and they protect the secretin from proteolysis 
(Strozen et al, 2011). They are also called GspS or GspAB, but so far no homologues 
of these proteins have been detected in P. aeruginosa. A periplasmic protein seems 
to have taken over this role from the missing pilotins (Seo et al, 2009). The secretin 
also functions as an important gate, which ensures the release of the exoproteins. To 
ensure protein secretion the secretin should switch to an open conformation but this 
should be balanced since this could lead to the loss of hydrophilic components in the 
periplasm and uptake of toxic components, such as antibiotics (Bitter et al, 1998). 
The exact regulation between both states has not yet been discovered (Bitter & 
Tommassen, 1999). 

 
 
 
 
 
 
 
 

Figure 1.8: Schematic 
representation of several 
secretin pores. Figure 
reprinted from (Bitter & 
Tommassen, 1999). 
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1.3.7. The pseudopilus of T2SS 
The pseudopilus is a central structure of the T2SS and is formed by 6 of the 12 
conserved gsp genes. Five of those genes, called gspGT-KX, encode the pseudopilins 
which eventually form the pseudopilus, while gspPOA, the pseudopilin peptidase, 
ensures their maturation (Douzi et al, 2012). The pseudopilins are homologues to the 
type IV pilins (Figure 1.9). Hence their name. They are produced as a precursor, the 
prepseudopilins. These prepseudopilins are bitopic IM proteins and contain (i) an N-
terminal prepilin peptidase cleavage site, followed by (ii) a hydrophobic segment and 
(iii) a C-terminal globular domain, specific for each pseudopilin (Nunn & Lory, 1993). 
The C-terminal domain is quite different for each pseudopilin and consists of a 
conserved long α-helix, which is important for oligomerization, a variable region and 
a β-sheet. After translation the precursor employs the Sec/SRP pathway for 
membrane insertion and targeting [90,102]. Subsequently GspOA cleaves the 
peptidase cleavage site and methylates to mature the pseudopilin (Filloux, 2004). 
There are 2 types of pseudopilins, the highly abundant (major) GspGT and the low 
abundant (minor) pseudopilins GspHU, IV, JW and KX (Campos et al, 2013). Those 2 
types both contribute to the regulation and the formation of the pseudopilus. 
 
Only major pseudopilins can form long polymers that overspan the inner and outer 
membranes. When the major pseudopilin XcpT is overexpressed it can extend 
outside the cell and form a extracellular appendage, called the hyper pseudopilus 
(HPP). This HPP allowed the biochemical and structural study of the pseudopilus and 
could be used as an additional phenotype for the T2SS (Nunn & Lory, 1993). 
Additionally, GspGT requires Ca2+ for its stability, which is bound by 2 aspartate 
residues in a C-terminal loop. Substitution of these aspartates impairs the function of 
the T2SS (Korotkov et al, 2009). It should be mentioned that the minor pseudopilins 
could not form a HPP when overexpressed . 
 
The minor pseudopilins (Figure 1.9) ensure the initiation and regulation of the 
pseudopilus. By crystallizing the minor pseudopilins, it has been observed that they 
form a quaternary complex, by interacting with their C-terminal globular domains 
(Douzi et al, 2009). The minor pseudopilins differ structurally. This might play a role 
in the assembly order of the pseudopilus initiator complex. A model for the forming 
of this complex has been proposed by (Douzi et al, 2009) . This model proposes that 
GspJW interacts with GspIV and GspKX and eventually binds GspHU, forming a 
quaternary complex (Douzi et al, 2009; Korotkov & Hol, 2008). This complex is 
hypothesized to be located at the top of the pseudopilus and is supported by three 
arguments: (i) the orientation of the minor pseudopilins disallows the placement of 
other pseudopilins above the complex; (ii) GspIV is essential for the initiation of the 
pseudopilus assembly; (iii) GspJW has been observed to interact with GspDQ. In 
addition, the interaction between GpsGT and GpsHU has been confirmed (Kuo et al, 
2005), meaning that GpsHU connects the top of the pseudopilus with the 
pseudopilus itself (Douzi et al, 2009).  
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Figure 1.9: Alignment and schematic representation of the pseudopilins XcpTUVWX. This figure 
shows the sequence alignment and a schematic representation of the pseudopilins. A) Alignment of 
the conserved region in the signal peptide and the hydrophobic α-helix. The black triangle indicates 
the cleavage site. A full multiple sequence alignment is located at (Attachment: 8.1). Alignment made 
by ClustalW2. B) Schematic representation of the pseudopilins. PilA, being a pilin, is not shown. 
Protein sequences were obtained from the Pseudomonas aeruginosa genome database.   
 
GspKX also has a potential role in pseudopilus elongation as the length of the 
pseudopilus depends on the amount of GspKX molecules . This could mean that at 
physiological stoichiometry between GspKX and GspGT, the pseudopilus would stop 
growing when it has reached the secretin, while an excess of GspGT can counteract 
this and grow through the secretin channel and form an HPP. How GspKX is able to 
control the length of the pseudopilus can be explained by its interaction with GspGT, 
since GspKX was found to destabilize GspGT (Durand et al, 2005). It is assumed that 
the secretin induces a conformational change of GspKX, which in turn leads to 
destabilization of GspGT by GspKX. This destabilization could lead to pseudopilus 
collapse or ATPase-free 'retraction' and should enable the loading of the next 
substrate (Douzi et al, 2012). 
 
 

A) 

B) 
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The pseudopilus itself has been studied and yielded several parameters of which 
various helix models were acquired. These models independently converged into 
highly similar models describing a right-handed helix, equivalent to the T4SS. In 
addition, multiple conserved contacts between every major pseudopilin (P) were 
predicted. It was stated that within the pseudopilus every PulGT monomer had 
interactions between monomers P+1, P+3, P+4 and P+7 (Figure 1.10). This suggestion 
was tested by mutagenesis and it was revealed that the most important contacts 
were located at the interface of P and P+1 (Campos et al, 2010). But, to eventually 
form a pseudopilus, the pseudopilins have to be processed by an intriguing 
pseudopilin or pilin peptidase, called XcpA/PilD, the main subject of this thesis. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.10: Representation of the subunits' assembly model in the pseudopilus. Assumed structure 
of the PulGT pseudopilus (A), the PulGT residues with inter-subunit interactions (B) and 2 subunits 
placed in an EM-model of the pseudopilus. The central subunit or protomer P (shown in orange in a 
and b) interacts with subunits P + 1 (green), P + 3 (blue) and P + 4 (red). Predicted interactions 
between the residues at each interface are represented as arrows (this is indicated by the color code, 
the subunit number in index and the residue position. Figure adapted from (Campos et al, 2011). (C) 
The helix T2S pseudopilus model, with a predicted diameter of 65 Å . Two subunits are visualized in 
orange. Figure reprinted and adapted from (Giltner et al, 2012) 
 
1.4. XcpA, a bifunctional membrane peptidase 

1.4.1. Known topology of XcpA  
XcpA/PilD is predicted to be a polytopic inner membrane protein (Figure 1.11) with 7 
TM α-helices. Between the helices, there are loops at the periplasmic and 
cytoplasmic side. These loops are numbered, whereas the count starts from the loop 
closest to the N-terminus (LaPointe & Taylor, 2000). Although XcpA/PilD processes 
the pseudopilins from the T2SSs (Xcp and Hxc) and the type 4 pilus system (T4PS), 
XcpA/PilD is not encoded by the xcp or hxc operon but by the pil operon. Depending 
on its substrate, this peptidase has 2 names, either XcpA regarding the T2SS and PilD, 
regarding the T4PS (Aly et al, 2013). Because this dissertation describes the T2SS, 
XcpA will be used to describe the protein XcpA/PilD.  

A) B) C) 
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Figure 1.11: Predicted membrane topology of XcpA/PilD from P. aeruginosa. Schematic 
representation of the membrane topology of XcpA. Two invariant and catalytic aspartic acid (149 and 
213) residues (including the second within the GXGD motif) and the four conserved cysteine residues 
are circled and shown in grey. Additonally, the entire amino acid and DNA sequences of XcpA is 
shown in (Attachments: 8.2). Figure reprinted from (Aly et al, 2013).  
 

1.4.2. XcpA and its substrate, the (pseudo)pilins 
XcpA is considered to be a type 4 prepilin peptidase (TFPP), which also uses the 
homologue pseudopilins as its substrate. TFPPs belong to the family of the GXGD 
membrane proteases (LaPointe & Taylor, 2000). In contrast to other GXGD-
membrane proteases, XcpA and other TFPPs are not inhibited by the GXGD protease 
inhibitor, pepstatin, and have 2 activities (Rawlings & Barrett, 1995). TFPPs recognize 
a conserved sequence (Figure 1.9) and cleave the peptide bond between a glycine (-
1) and a phenylalanine (1), subsequently it also methylates the new N-terminus with 
the methyl donor S-adenosyl-L-methionine (SAM) (this can also be called processing 
or maturation of the substrate) (Aly et al, 2013; Strom et al, 1993b). The processing 
of the pseudopilin is an essential step and although its role is not known yet, it is 
assumed that the removal of cytoplasmic positive charges ensures the translocation 
of the protein from the membrane and into the pseudopilus/pilus (Douzi et al, 2012).  
 
As substrate, XcpA/PilD recognizes the conserved site of the pseudopilins, 
XcpTUVWX, and the pilin, PilA. Overall, this conserved site contains at least 2 positive 
residues and a conserved sequence (G-F-T-L/I-E) (Figure 9). XcpX seems to contradict 
this conserved sequence and is still processed by XcpA (Bleves et al, 1998), showing 
that a phenylalanine at position (+1) is not essential for maturation of the 
pseudopilin (Strom & Lory, 1991). Substitution studies in the conserved amino-
terminal region of the type IV pilin in P. aeruginosa, PilA, have shown that: (i) the 
bulk of mutations did not disturb the processing or substrate secretion; (ii) Mutation 
of the amino-terminal phenylalanine (+1) with other amino acids did not affect 
cleavage, and better still these new residues were N-methylated as well; (iii) 
Substitution of the glycine (-1) into any other amino acid, with the exception of 
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alanine, resulted in the failure to cleave the prepilins. It seems that proper cleavage 
of the prepilin only depends on the glycine residue at the -1 position (Strom & Lory, 
1991). In the case of methylation, from the studied mutations, only substitution of 
the conserved glutamate residue (+5) seemed to influence methylation (Pasloske & 
Paranchych, 1988; Strom & Lory, 1991). This also suggests that XcpX does not get 
methylated. However, substitution studies of PulGT have shown that methylation 
still occurs, after mutating this residue (Pugsley, 1993).  
 
While it was first assumed that the dual activity was located in one single active site, 
it was later found, with methylation inhibitors, that there are in fact 2 active sites. 
One active site for the peptidase function and one for methylation, respectively 
(Strom et al, 1993b). The peptidase function is constituted by 2 conserved aspartic 
acid residues D149 and D213, the latter located in a GxGD motif, which are located 
on cytoplasmic loops 2 and 3, respectively. While the methylase active site is less 
clear, 4 conserved cysteine residues (C72, C75, C97 and C100) have been detected in 
cytoplasmic loop 1. This loop is rather large (75 amino acids) and will be called the 
cytoplasmic subdomain. It has been shown that these cysteines are important for 
methylation . Additionally, mutations of a glycine (G95) and a lysine (K96) adjacent to 
the third cysteine seem to deplete the methylation function in vivo and in vitro. The 
specific role of the four cysteines is not certain (Pepe & Lory, 1998). As was 
mentioned before, it is presumed that the two active sites are located in the 
cytoplasm. Three arguments which confirm this statement are: (a) The structure of 
FlaK (Hu et al, 2011), a preflagellin peptidase which also has a GxGD motif; (b) It is 
predicted that the N-terminus of PilA, after maturation, is located in the bilayer 
instead of the cytoplasm (Lemkul & Bevan, 2011), while its precursor did have a N-
terminus in the cytoplasm; (c) The methyl donor S-adenosyl methionine (SAM) is 
only located in the cytoplasm (Strom & Lory, 1987).  
 

1.4.3. Predicted activity mechanisms of XcpA 
XcpA was first classified as a cysteine protease due to its conserved cysteines but, 
due to the lack of a conserved histidine, it was later described as a GXGD membrane 
protease. This family (Fluhrer et al, 2009) contains a GXGD motif and utilizes two 
critical aspartyl residues for its function. These residues are separated by TM helices. 
The mechanism (Figure 1.12) is believed to consist of (i) the deprotonation of a 
water molecule and (ii) the protonation of the target peptide bond. Although the 
signal peptide cleavage is required for pseudopilus assembly, the N-terminal 
methylation does not seem to be required and therefore the purpose of the 
methylation is unknown (Pepe & Lory, 1998). 
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Figure 1.12: Visualization of the peptidase activity and subsequent methylation. The active site of 
the IMAAP contains two aspartyl residues. These residues facilitate the deprotonation of an available 
water molecule. This leads to an oxidation of the carbonyl carbon of the target peptide bond, which 
eventually releases the peptide with an acid-base mechanism (Erez et al, 2009). The subsequent 
methylation is SAM-dependent and occurs according to an SN2 mechanism with an nucleophillic 
attack by an electron-rich heteroatom such as the new N-terminus from phenylalanine. 
 

1.4.4. XcpA, now with a zinc-binding motif 
Initial characterization tests of XcpA have shown that reducing agents increase the 
cleavage and methylating activity of XcpA, indicating that the cysteines are needed in 
a reduced form. The opposite was observed while using sulfhydryl-reactive reagents 
(Nunn & Lory, 1991; Strom et al, 1993a). However, when sinefungin, a structural 
analogue of SAM, was added, the inhibiting effect of sulfhydryl-reactive reagents 
was lifted. It is therefore hypothesized that the cytoplasmic subdomain is required 
for the binding of SAM (Strom et al, 1993a). While the role of the cysteine motif is 
not yet understood, recent research by (Aly et al, 2013) has shown that the four-
cysteine motif is used for metal binding, which in turn is a prerequisite for 
methylation. Even so, mutations in each of the four cysteines of PilD have shown 
that pilin methylation was affected, while peptidase activity was not affected. The 
latter was only observed in vivo, since in vitro peptidase function was abolished 
(LaPointe & Taylor, 2000). Moreover these cysteines are not conserved (Figure 1.13) 
in every T4PP. 
 
Although the conserved cysteines seem important for XcpA's function, the protein 
XpsOA from Xanthomonas campestris pv. campestris does not contain any cysteines 
in its cytoplasmic subdomain. Even so, this protein is functional and can complement 
PilD in a xcpA deletion mutant P. aeruginosa strain (Hu et al, 1995). It is therefore 
suggested that this motif plays a more structural role, either for the folding or 
stability of the protein and/or the binding of substrate (SAM or the (pseudo)pilin). 
Another explanation could be that this motif is used in the regulation of 
(pseudo)pilus production (Aly et al, 2013). 
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Figure 1.13: Multiple sequence alignment of the amino acid sequences of PilD (P. aeruginosa) with 
homologous TFPPs. This figure shows a fraction (from amino acid 67 till amino acid 115) of the first 
cytoplasmic loop, which contains the four-cysteine motif (cysteines shown in bold). Figure reprinted 
from (Lory & Strom, 1997). Ah, Aeromonas hydrophila; Bs, Bacillus subitilis; Dn, Dichelobacter 
nodosus; Ec, Escherichia coli; Eca, Erwinia carotovora; Hi, Haemophilus influenzae; Ko, Klebsiella 
oxytoca; Ng, Neisseria gonorrhoeae; Pa, P. aeruginosa; Vc, V. cholerae; Vv, Vibrio vulnificus; Pp, P. 
putida and Xc, Xanthomonas campestris pv. campestris. 
 

1.4.5. Known structures of GXGD membrane proteases  
As for structures, the crystal structure of two GXGD membrane proteases has been 
elucidated: (i) FlaK, the preflagellin peptidase (Hu et al, 2011) from Methanococcus 
maripaludis; and (ii) presenilin (Li et al, 2013). Both proteins recognize and cleave a 
short positively charged leader peptide, which is comparable to the function of the 
TFPPs (Bayley & Jarrell, 1999). The crystal structure of FlaK, a distant homologue of 
XcpA, has shown that the active aspartic acids (D18 and D79) are separated by an 12 Å 
from one another with the lack of substrate. This distance is too far for the proposed 
catalytic mechanism and therefore it is suggested that, upon binding of the 
substrate, FlaK undergoes a conformational change, which will bring the catalytic 
residues together to initiate its reaction. This hypothesis has also been observed by 
biochemical techniques (Tolia et al, 2006; Tolia et al, 2008). Therefore it is suggested 
that XcpA has this conformational change as well, upon binding the substrate (Hu et 
al, 2011). Additionally, the structure of presenilin indicated that an oligomeric 
complex is formed. This indicates that the membrane bound aspartic proteases are 
able to form higher oligomers for their function. Whether this is the case for XcpA 
remains to be seen (Dash et al, 2003; Li et al, 2013).  
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2. Aim of Research Project 
One of the major goals of the unit for structural biology and biophysics of Professor 
Dr. Savvides is to elucidate several structural and functional aspects of the bacterial 
type II secretion system. Most of the structural information gathered today for the 
type II secretion system is limited to the soluble parts of the membrane proteins. The 
remaining challenge therefore is to obtain biochemical and/or high-resolution 
structural information of the integral membrane proteins such as XcpA.  
 
XcpA is a pre(pseudo)pilin peptidase and N-methyltransferase in Pseudomonas 
aeruginosa. It has a crucial role in (pseudo)pilin maturation, an essential step in the 
functionality of the type II secretion system. XcpA recognizes and cleaves a positively 
charged leader peptide from its substrate, for example the pseudopilin XcpT. After 
cleavage XcpA N-methylates the newly formed N-terminus, using the methyl donor 
S-adenosyl-L-methionine. This process ensures the maturation of the pseudopilins 
and they will eventually form the pseudopilus, which is necessary for secretion (Aly 
et al, 2013). This function makes XcpA an interesting target for future drug 
development against infections from Pseudomonas aeruginosa and other 
pathogenic bacteria depending on the type II secretion system.  
 
XcpA is an integral inner membrane protein predicted to have 7 transmembrane α-
helices (Aly et al, 2013). For its peptidase activity 2 aspartate residues, Asp149 and 
Asp213 located on the cytoplasmic loop 2 and 3, are required which means that XcpA 
belongs to the aspartic acid proteases (LaPointe & Taylor, 2000). While the 
methylation activity is less clear, it has been shown that the residues from the 
cytoplasmic subdomain play an important role. These residues are: the conserved 
four-cysteine motif, a glycine and a lysine, both located close to the cysteine motif 
(Pepe & Lory, 1998). The four-cysteine motif was also shown to be a zinc-binding 
motif, and additionally it was suggested that zinc is required for methylation activity 
(Aly et al, 2013). 
 
This protein has one main problem: (i) its tendency to aggregate, which troubles the 
downstream processes for crystallization. Aggregation is a general term and starts 
with the abnormal association of as few as 2 molecules. This abnormal association 
has the potential to form even larger structures, which results in the loss of the 
protein and the protein in its native state (Ross & Poirier, 2004). Several mechanisms 
can cause this aggregation: (1) insufficient resemblance between the detergent 
micelle and the lipid environment, (2) the loss of an unknown cofactor/additive (3), 
Intrinsically disordered (IDP) protein region that needs the presence of a substrate to 
form a well-structured domain, (4) unnatural disulfide binding due to high protein 
concentrations. Unnatural disulfide bridges result from previously, meaning before 
the purification process, unpaired free thiols. 
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To meet this challenge, this thesis has six main goals (Figure 6.1):  
1. Mutation studies of XcpA. Obtaining mutants of several functional residues: 

the transmembrane cysteine, the cysteines located on the first cytoplasmic 
loop and D149. 
 

2. Obtaining purified XcpA. The already available and newly cloned XcpA (wild 
type and mutants) will be expressed and purified. These constructs will be 
cloned into a pET52b vector or a pACYC vector. Several E. coli strains were 
transformed by these plasmids. The optimal conditions for expression will be 
used, since they have already been discovered by Drs. Wouter Van Putte. 
After expression the protein needs to be extracted from the membrane, 
using detergent. Different detergents will be tested for extraction and protein 
stabilization using fluorescent size-exclusion chromatography (FSEC, as will 
be mentioned in goal 4). Subsequently, the protein will be purified by affinity 
chromatography, using the encoded Strep-tag®, and, if possible, a 
subsequent size exclusion chromatography purification.  

 
3. Activity studies of XcpA and the previous mentioned mutants. An activity 

assay will be developed and optimized by the use of a synthetic peptide, 
resembling the conserved site of the pseudopilin leaderpeptide. Modification 
of these synthetic peptides and the use of different XcpA mutants will help in 
determining the relevant regions of XcpA responsible for the methylating and 
proteolytic activity. We will also try to coexpress XcpA with its substrate XcpT 
and look at its activity in vivo. 

 
4. Stabilizing XcpA for crystallization. For this purpose we will construct a 

mCherry-tagged XcpA molecule and, if possible with its mutants, to be 
studied, using FSEC.  

 
5. Oligomerization studies. To study possible interactions of XcpA, we will do 

cross-linking studies to determine the possible oligomerization of XcpA. 
Therefore the mutants, lacking the cysteines, should be used to give unbiased 
results. These results will also be checked using Blue-Native PAGE. 

 
6. Crystallization studies. Obtaining a high-resolution structure of this protein 

together with mutants of functional amino acids will lead to the necessary 
structural and functional information on XcpA that is necessary for a future 
structure based drug design approach.  
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3. Results 
 

3.1. XcpA, whereas A stands for aggregation 

3.1.1. SDS-PAGE analysis 
Previous studies at the lab had indicated that the recombinant protein, XcpA, as 
produced for biochemical, structural and biophysical studies, tends to aggregate 
during the purification process (unpublished results). Aggregation is a general term 
and starts with the abnormal association of as few as 2 molecules. This abnormal 
association has the potential to form even larger structures, which results in the loss 
of the protein and the protein in its native state. Several mechanisms can cause this 
aggregation, one example can be by forming covalent bonds such as disulphide 
bonds, resulting from previously unpaired free thiols (Ross & Poirier, 2004). A first 
step of this dissertation was to study this aggregation event in a more profound 
manner and trying to identify a possible cause and solution that might help in the 
stabilization of XcpA. The construct of WT XcpA was cloned into a pET52b+ vector. 
Electrocompetent C43(DE3) cells were transformed by this plasmid. Subsequently, 
the cells were lysed by sonication and the membrane fraction was isolated (Material 
and methods 6.4). After detergent solubilization with n-Dodecyl β-D-maltoside 
(DDM), XcpA was purified using affinity chromatography employing a Strep-tag® 
(Concentration: 0.8 mg/ml, OD280 with NanoDrop®). 
 
It was observed that, although this protein has a molecular weight of 32 kDa, the 
apparent molecular weight of the protein is located around 25 kDa (Figure 3.1). The 
gel also showed additional bands located approximately around 50 kDa, 75 kDa and 
100 kDa, which were shown to be multimers of XcpA (Figure 3.6). Therefore, the 
sample is pure but heterodisperse, which means that it consists of different states of 
XcpA. This makes the handling of the protein problematic. Subsequently this 
phenomenon will be called the aggregation problem.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.1: Sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) 
of fractions containing purified XcpA. Several 
fractions from a purification of expressed XcpA in 
E. coli C43(DE3) cells were analyzed by SDS-PAGE 
(15 % (w/v) acrylamide/bisacrylamide containing 
gel). The black arrows indicate the XcpA 
molecules, from monomer to supposedly 
tetramer. F, fraction; kDa, kilodalton; M, 
Molecular weight marker (Precision Plus 
ProteinTM Unstained Standards, Bio-Rad). 
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3.1.2. Elution profile 
The purified sample was further analyzed by size exclusion chromatography (SEC). 
After purification by Strep-tag® affinity chromatography, the samples were pooled 
and concentrated. Subsequently, the sample was loaded on a SEC column (Superdex 
200 10/300 GL (GE Healthcare)), equilibrated with buffer (150 mM NaCl, 50 mM Tris 
and 0.03% (w/v) DDM at pH 7.5) (Material and methods 6.4.4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Elution profile of XcpA sample after purification using a Strep-tag®. The sample, obtained 
by a Strep-tag® purification, was concentrated and subsequently loaded on a SEC column. A buffer 
containing 150 mM NaCl, 50 mM Tris and 0.03 % (w/v) DDM at pH 7.5 was used for this experiment. 
For this experiment, 500 µl sample (1.5 mg/ml, NanoDrop® OD280) was loaded. 
 
The elution profile (Figure 3.2) shows a big peak at 8.3 ml and a smaller peak that is 
not nicely separated at 9.8 ml. Because the elution volume of the big peak matches 
with the void volume, it seems that XcpA has aggregated. It therefore seems that the 
higher oligomers observed during the SDS-PAGE analysis are a result of aggregation. 
It may also be noted that this aggregation is quite problematic for the following 
steps in the purification protocol: (i) less washing steps possible, (ii) concentrating is 
not allowed (Figure 3.3), and (iii) the requirement of working at low protein 
concentration. 
 

3.1.3. Aggregation during concentrating 
Because the aggregation seemed to be dependent on the concentration of XcpA, the 
purified sample was concentrated using a Vivaspin® column. At different 
concentrations (from 0.2 mg/ml to 1.9 mg/ml, OD280 with NanoDrop®), samples 
were isolated and analyzed using SDS-PAGE (Material and methods 6.4.5).  
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It can also be observed that an increase in XcpA concentration  leads to the 
formation of these higher oligomer(s). Although, due to the initial low XcpA 
concentration, only the oligomer containing two XcpA molecules was observed 
(Figure 3.3). Or, besides concentrating, another yet unknown factor during the 
purification process leads to this aggregation. It must also be noted that this sample 
was a XcpA batch which was SEC purified without a concentrating step and was 
subsequently stored at -80°C. Perhaps the higher bands can only be obtained with 
fresh samples. Additionally, contaminants can be observed due to the small amount 
of washing steps. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3: SDS-PAGE of XcpA samples with an increasing concentration due to concentrating. 
Purified XcpA was pooled, concentrated and loaded on an SDS-PAGE (15% (w/v) 
acrylamide/bisacrylamide containing gel). The increasing sample number resembles an increasing 
XcpA concentration, meaning that S10 contains the highest XcpA concentration. As for the black 
arrows, they indicate the XcpA molecules (1 indicating a monomer and 2 indicating a predicted dimer. 
S1, 0.2 mg/ml; S2, 0.224 mg/ml; S3, 0.267 mg/ml; S4, 0.31 mg/ml; S5, 0.42 mg/ml; S6, 0.267 mg/ml; 
S7, 0.9 mg/ml; S8, 1.25 mg/ml; S9, 1.6 mg/ml; S10, 1.9 mg/ml (OD280 by NanoDrop®). S, sample; kDa, 
kilodalton; M, Molecular weight marker (Precision Plus ProteinTM Unstained Standards, Bio-Rad).  
 

3.1.4. Cysteines cause aggregation? 
Since XcpA has a zinc-binding motif (Introduction: 1.4.4) and the unpaired cysteines 
could be responsible for forming higher multimers, the XcpA sample (Concentration: 
0.2 mg/ml , OD280 with NanoDrop®). was again loaded on a SDS-PAGE (Materials 
and methods: 6.4.5). However, two of the four XcpA samples were boiled with the 
addition of Dithiothreitol (DTT, 5 mM), while two samples were loaded without any 
additional modification to the protocol.  
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Figure 3.4: SDS-PAGE of several XcpA 
samples, with or without boiling at 95°C for 
10 minutes and addition of 5 mM DTT. This 
figure (15% (w/v) acrylamide/bisacrylamide 
gel) indicates that the amount of the higher 
form (black arrow) is decreased compared to 
the sample which was not boiled and did not 
receive any DTT. The samples were loaded in 
duplicate. The black arrow indicates the 
supposedly XcpA dimer. WT, wild type XcpA 
which was loaded without DTT and prior 
boiling; BDTT, Sample containing wild type 
XcpA but was boiled and received DTT; kDa, 
kilodalton; M, Molecular weight marker 
(Precision Plus ProteinTM Unstained 
Standards, Bio-Rad). 

Based on this figure (Figure 3.4) it can be observed that boiling, while adding DTT, 
decreases the intensity of the higher oligomer. This is a first indication that the 
aggregation problem can be caused by the free cysteines of XcpA. Again, due to the 
low concentration, only one higher band can be observed. The other bands which 
can be observed are probably contaminants or partially unfolded XcpA, while the low 
intensity bands located at 25 kDa are possible degradation products. 
 
3.2. XcpA, where does it go wrong? 

3.2.1. Cloning XcpA in pACYC vector containing mCherry 
To elucidate the cause of aggregation, a fusion construct was made (Materials and 
methods: 6.1). This construct encodes WT-XcpA with an N-terminal mCherry into a 
pACYC duet vector. However, the required restriction sites (XhoI and SmaI) were not 
available in the original vector (pET52b+). Therefore primers were synthesized, 
containing these restriction sites, for the specific amplification of the WT-XcpA 
construct. Afterwards, the construct was purified, digested by the corresponding 
restriction enzymes and ligated into the pACYC duet vector.  
 
The pACYC duet vector contains the T7 promoter and the lacI gene, under a 
constitutive promoter. Additionally, a chloramphenicol resistance gene, 
chloramphenicol acetyl transferase, is constitutively expressed. When the gene of 
interest is cloned into the vector it will be in frame with, an upstream Strep-tag®, a 
subsequent HRV-3C restriction site, the coding sequence of mCherry and a TEV 
protease restriction site, respectively. From now on the term mCherry-XcpA will be 
used to describe the protein encoded by this vector, i.e. the WT XcpA with an N-
terminal Strep-tag®-HRV-3C restriction site-mCherry tag-TEV restriction site. The 
schematic representation of the used constructs is shown in (Attachments: 8.3 and 
8.4).  
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3.2.2. Expression testing of XcpA-mCherry 
To find the optimal expression conditions for the newly obtained construct, 
expression tests were performed (Materials and methods: 6.3). The pACYC vector is 
a low-copy vector in contrast to the previous pET52b vector. The expression host 
was therefore changed into BL21(DE3) as previous studies at our lab with other 
membrane proteins had indicated that BL21(DE3) expressed better than C43(DE3) 
cells for pACYC vector based expressions. Therefore electrocompetent BL21(DE3) 
cells were transformed by this vector. During the expression test, the time of 
expression was varied from 1 hour to overnight (ON), the other parameters were 
kept constant. After expression the cells were centrifuged and diluted accordingly. A 
small fraction of cells was loaded on a SDS-polyacrylamide gel. After SDS-PAGE (with 
15% (w/v) acrylamide/bisacrylamide containing gel), the gel was placed in water, 
instead of Coomassie staining solution. The gel was subsequently scanned using a 
Pharos (PharosFXTM Plus system, Bio-Rad) and analyzed (Attachments: 8.6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Fluorescent scanned expression test of the new construct, mCherry-XcpA in E. coli 
BL21(DE3) cells. Samples were taken after (1h, 3h, 4h and ON) induction and subsequently loaded on 
gel. The used Molecular weight marker (Precision Plus ProteinTM Unstained Standards, Bio-Rad) was 
not fluorescent and is therefore not visible, while the kDa values have been determined using 
Coomassie staining. Three predominant bands are indicated with black arrows. Detection of 
fluorescence by PharosFXTM Plus system (Bio-Rad) for wavelengths 532 nm (excitation) and 605 nm 
(emission). kDa, kilodalton; Bl, cells were isolated before induction; 1h, cells were isolated after after 
1 hour of expression; 3h, cells were isolated after 3 hours of expression; 4h, cells were isolated after 4 
hours of expression; ON, cells were isolated after expression overnight. 
 
SDS-PAGE analysis (Figure 3.5) has shown that fluorescent signal appears, displayed 
by 3 predominant bands. The first band is the most intense and is probably the 
fusion protein mCherry-WT XcpA, while the third band is assumed to be cleaved 
mCherry. As for the second band, it is presumed to be a mCherry molecule 
containing a cleaved XcpA molecule. This analysis also indicated that the optimal 
expression time, i.e. incubation time after induction, for this construct is after 4h or 
ON.  

Expression time: 
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3.2.3. SEC-Purification of mCherry-XcpA 
To elucidate the SEC profile of mCherry-XcpA, the protein was expressed at a large 
scale (12 liters of bacterial culture) and subsequently extracted and purified 
(Materials and methods: 6.4). The obtained fractions were pooled and subsequently 
concentrated (Concentration: 2.5 mg/ml, OD280 with NanoDrop®). This sample is 
called '123'. Afterwards, size exclusion chromatography was performed on the 
sample (50 µl with a predicted 1.0 mg/ml concentration (OD280). The most 
predominant peaks were numbered and the obtained fractions (respectively 1, 2 and 
3) were isolated and used for SDS-PAGE. After fluorescent scanning, the same gel 
was stained with Coomassie because the Molecular weight marker is not fluorescent 
and therefore, not detected by the Pharos (PharosFXTM Plus system, Bio-Rad). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Size-exclusion profile of mCherry-XcpA. The protein sample, purified by Strep-tag® 
purification was pooled and concentrated by a Vivaspin® (100000 MW cut-off) and subsequently 
loaded onto a SuperdexTM 200 10/300 GL increase column (GE Healthcare). This column was 
equilibrated in buffer (150 mM NaCl, 50 mM Tris and 0.03% (w/v) DDM at pH 7.5). The chromatogram 
shows 3 peaks (1, 0.94 ml; 2, 1.3 ml; 3, 1.65 ml). For this experiment, 50 µl sample (2.5 mg/ml, 
NanoDrop® OD280) was loaded. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: SDS-PAGE analysis of the concentrated sample and the separated fractions, obtained 
after SEC. Sample 123 represents the concentrated sample, prior to SEC purification, while sample 1, 
2 and 3 are fractions from the predominant peaks from the SEC profile, also called 1, 2 and 3. On both 
gels (A,B) the high molecular weight bands are observed. A) The acquired gel (15% (w/v) 
acrylamide/bisacrylamide containing gel) was analyzed using fluorescence scanning by Pharos 
(PharosFXTM Plus system, Bio-Rad), applying the appropriate wavelengths for mCherry. At B) the same 
gel is shown but stained by Coomassie Blue. kDa, kilodalton; M, Molecular weight marker (Precision 
Plus ProteinTM Unstained Standards, Bio-Rad). 
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The chromatogram (Figure 3.5) shows 3 peaks (1, 0.94 ml; 2, 1.3 ml; 3, 1.65 ml), with 
2 predominant peaks. While being the most predominant peak, peak number 2 is not 
mono-disperse. SDS-PAGE analysis shows that the high molecular weight bands are 
higher oligomers of the protein of interest (mCherry-XcpA), which elutes at the 
elution volume of the second peak of the chromatogram (Figure 3.6 and Figure 3.7). 
The third peak contained a fluorescent protein with an approximate molecular 
weight of 25 kDa, which is presumed to be cleaved mCherry. As for the most 
predominant band, located around 37 kDa, it is assumed to be the monomer of the 
fusion protein mCherry-XcpA, while the high molecular weight bands are predicted 
to be higher oligomers. 

3.2.4. Cysteine-induced aggregation part 2 
To investigate the influence of several buffers on mCherry-XcpA during the 
purification process, three different buffers were used (Materials and methods: 
6.4.4) (Figure 3.8). The first buffer was the standardized one, the second buffer was 
equal to the first buffer but optimized for zinc-binding domains (i.e. zinc, citrate and 
an excess of β-mercaptoethanol (1 molar)), while the third buffer contained the 
same components as the first buffer with the addition of zinc. Zinc was added due to 
the inherent zinc-binding motif of XcpA, citrate as mild chelator and β-
mercaptoethanol (BME) to reduce the free cysteines. The fractions after Strep 
purification were analyzed by SDS-PAGE (by fluorescence scanning and Coomassie 
staining). 
 
The first and third buffer yielded similar results, while the second buffer with the 
excess of BME did not show any high molecular weight bands (Figure 3.8). It could be 
suggested that the excess (1 molar) of BME completely degraded the protein. 
However, the monomer band is still observed. This experiment is a second indication 
that the high molecular weight bands, a.k.a. the aggregation problem, may be 
caused by the free cysteines of XcpA.  
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Figure 3.8:  Triple parallel Strep-tag® purifications using three different buffers. This figure (15% 
(w/v) acrylamide/bisacrylamide containing gel) gives the second indication of the influence of the 
cysteines towards the aggregation problem. The contents of the used buffers are shown and 
purifying, while using the second buffer, seems to remove the higher oligomers. 'Fluorescence' 
represents the result of this gel after fluorescent scanning by Pharos (PharosFXTM Plus system, Bio-
Rad), applying the appropriate wavelengths for mCherry. The Coomassie staining shows the result of 
the gel after Coomassie staining. kDa, kilodalton; M, Molecular weight marker (Precision Plus 
ProteinTM Unstained Standards, Bio-Rad). 
 
To further study the influence of β-mercaptoethanol on the higher oligomers, a 
range of concentrations (5 mM to 750 mM, final concentration) of BME was added 
to the purified concentrated sample of mCherry-XcpA and incubated for 1 hour. 
Afterwards, the samples were analyzed by SDS-PAGE (Materials and methods: 6.4.5). 
It was detected that at higher concentrations of BME, the higher oligomers strongly 
decrease, while the monomer and the low molecular weight bands remain intact 
(Figure 3.9).  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.9: Dose-response experiment of BME towards the concentrated sample of mCherry-XcpA. 
The concentrated sample mCherry-XcpA was aliquoted and to every aliquot a varying concentration 
of BME was added'Fluorescence' represents the result of this gel (15% (w/v) 
acrylamide/bisacrylamide containing gel) after fluorescent scanning, while 'Coomassie' shows the 
result of the gel after Coomassie staining. The lowest number of the sample contains the lowest 
amount of BME, while the highest number of the sample contains the highest amount of BME. B, 0 
mM BME; 1, 5 mM BME; 2, 10 mM BME; 3, 25 mM BME; 4, 150 mM BME; 5, 300 mM BME; 6, 600 
mM BME; 7, 750 mM BME; kDa, kilodalton; M, molecular weight marker (Precision Plus ProteinTM 
Unstained Standards, Bio-Rad). 
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3.3. Using mutants to circumvent the aggregation 

Since the previous experiments have indicated that the cysteines are probably 
causing the aggregation of XcpA, five mutants were designed (Figure 3.10). To 
substitute the cysteine, located in the membrane, alanine or leucine were used since 
they were the most predominant amino acids, residing in the TM helices from XcpA. 
The cysteines in the cytoplasmic region were substituted by serines, as serine is a 
common amino acid for substitution of cysteines that might be involved in disulfide 
bridges. Additionally certain species, for example Xanthomonas campestris pv. 
campestris, also contain serines instead of cysteines at the same positions.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.10: Representation of the designed mutants and their respective location of the cysteines 
in XcpA. The mutants are numbered by the amount of cysteines that are substituted, while the 
number in subscript describes which type of substitution regarding the cysteine, located in the 
membrane. Topology reprinted from (Aly et al, 2013). 
 

3.3.1. Obtaining and cloning of mutants 
To obtain the mutants of interest, splice overlap extension PCR (Polymerase Chain 
Reaction) was used (Horton et al, 1989). First, the quadruple mutant was made by 6 
PCR runs in total. Three runs were needed for obtaining the mutated C72 and C75 
residues and three runs for acquiring the mutated C97 and C100 residues on the 
construct, which contained the C72 and C75 mutations. The last PCR run was used to 
combine the 2 constructs, each containing 2 mutations, into the quadruple mutant. 
Afterwards one PCR was used to obtain the quintuple mutants. More information is 
shown in (Materials and methods: 6.5). The constructs were cloned into a pGEM 
vector®. Subsequently, electrocompetent  bacteria, called the DH5α strain, were 
transformed by this vector. These cells were grown overnight in selective medium 
(LB and carbenicillin) and the plasmid was retrieved by using PureYield™ Plasmid 
Miniprep System (Promega). Afterwards, the construct was isolated by digestion, 
using the restriction enzymes of interest. The construct was then ligated into the 
pET52b+ vector. Electrocompetent DH5α cells were transformed by the ligation 
mixture. By using colony PCR and restriction digest, the colonies with the construct 
ligated into the vector were detected. The plasmids of interest were purified and 
sequenced (Beckman Coulter Genomics, Essex, United Kingdom).   
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Figure 3.11: Summary of the sequence alignment of the obtained mutants. The obtained mutants 
were sequenced and a multiple sequence alignment was made based on these results. These results 
have the right substitutions (shown in red). XcpA resembles the WT-XcpA sequence. The shift in 
residue number is caused by the sequencing, which has sequenced from the T7 promoter till T7 
terminator. Therefore, this sequencing result also contains the lac operator, the Strep-tag® and the 
HRV-3C restriction site sequence. 1, cysteine located at amino acid residue 17; 2, C72; 3, C75; 4, C97; 
5, C100. Sequence alignment was made by ClustalW2 (Goujon et al, 2010).  
 
Sequencing results (Figure 3.11) had shown that four out of five mutants were 
successful, the failed mutant being mutant 4, which had a frame shift (results not 
shown). The total sequence alignment of the sequenced mutants is shown in 
(Attachments: 8.5). A XcpA mutant, that lacks all 4 cysteines in the cytoplasmic 
subdomain, has not been studied yet. However, it has been observed that mutations 
in one cytoplasmic cysteine, abolished both the methyltransferase and pseudopilin 
peptidase activity in vitro. Yet, in vivo these mutants were still able to produce type 
IV pili, leading to the assumption that they are still active(Strom et al, 1993a). The 
following step is to elucidate whether these constructs express.  
 
 
 
 

3.4. Expression of mutants 

3.4.1. Western blot analysis 
Since the constructs contained the correct sequences, it was suggested that these 
plasmids encode the gene of interest. Therefore, expression tests were performed. 
The cell culture, transformed by the plasmid of interest, was grown by 37°C 
(Materials and methods: 6.4). When the cells had reached an optical density at 600 
nm (OD600) between 0.6 or 1.0, the cells were induced by the use of 0,5 mM IPTG 
and were subsequently incubated for 4 hours at 28°C. The cells were isolated by 
centrifugation and subsequently diluted. Afterwards the samples were studied by 
Western blot analysis. This experiment was also repeated. 

1 

2 

3 

4 5 
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Figure 3.12: Western blot analysis for mutant expression tests. Expression of all obtained mutants in 
E. coli C43(DE3) cells. Samples were taken after 4 hours of incubation and subsequently loaded on gel 
(15% (w/v) acrylamide/bisacrylamide containing gel). For detection, the Precision Protein™ 
StrepTactin-HRP Conjugate (Bio-Rad) was used. The XcpA WT was used as a positive control. A)  
Expression test of mutants 4, 51 and 52. Whereas no band can be found at mutant 4, indeed, 
sequencing results had indicated a frameshift for this mutant. B) Expression test of mutants 11 and 12. 
C) The low exposure time expression test of mutants, XcpAC17A and XcpAC17A/C97S/C100S/C72S/C75S, the 
purified and concentrated mCherry-XcpA was loaded as well. D) Expression test with long exposure 
time using the same blot from figure C. 11, XcpAC17A; 12, XcpAC17L; 4, XcpAC97S/C100S/C72S/C75S; 51, 
XcpAC17A/C97S/C100S/C72S/C75S; 52, XcpAC17L/C97S/C100S/C72S/C75S;C, concentrated mCherry-XcpA sample; kDa, 
kilodalton; M, Molecular weight marker (Precision Plus ProteinTM Dual Color Standards, Bio-Rad); x, 
nothing was loaded; wt, wild type XcpA. 
 
All mutants, except mutant 4, express the protein at the predicted molecular weight, 
which corresponds with the wild type (Figure 3.12). It should also be noted that 
certain bands are detectable with both quintuple mutants. Whether these are 
aspecific bands due to the cell pellet or higher forms of XcpA is not certain. Although 
these others bands, except for a band at 75 kDa, are not detected in a reproduction 
of the previous Western blot (D). The concentrated sample of mCherry-XcpA caused 
a lot of aspecific signal but the predominant bands can be clearly observed. 
Additionally, the horizontal line at 25 kDa, which can be seen on the reproduction of 
the first Western blot, is probably caused by overloading of the samples. Due to the 
time limit of this thesis, only the XcpAC17A and XcpAC17A/C97S/C100S/C72S/C75S mutants 
were chosen for further analysis.  
 

A) B) 

C) D) 

kDa 

kDa 
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3.4.2. Purification of mutants 
To study the obtained mutants, the mutant XcpA was expressed and purified 
(Materials and methods: 6.4). Electrocompetent C43(DE3) cells were transformed by 
the plasmids of these mutants. Afterwards, these cells were brought into selective 
medium (LB containing 0.1 mg/ml carbenicillin) and when their OD600 reached a 
value between 0.6 and 1.0 they were induced with 0.5 mM IPTG. The cells were 
harvested, sonicated and solubilized. Subsequently the proteins of interest were 
purified using the encoded Strep-tag®. For column equilibration, the following buffer 
was used (150 mM NaCl, 50 mM Tris and 0.03% (w/v) DDM at pH 7.5) and for elution 
the same buffer was used after addition of 5 mM desthiobiotin. After determining 
the protein concentration (OD280, using NanoDrop) of each fraction, it was observed 
that the XcpAC17A mutant purification had a low protein concentration (All fractions: 
0.6 mg, OD280 with NanoDrop®), while the XcpAC17A/C97S/C100S/C72S/C75S mutant 
purification led to a high yield (All fractions: approximately 6.5 mg, OD280 with 
NanoDrop®).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13: SDS-PAGE analysis of the purification of both XcpA mutants, XcpAC17A/C97S/C100S/C72S/C75S 

and XcpAC17A. Purification of the expressed XcpA mutants in E. coli C43(DE3) cells, either mutant 
XcpAC17A/C97S/C100S/C72S/C75S (1) and mutant XcpAC17A (2). The black arrows indicate the predominant high 
molecular weight bands, while the asterisk '*' indicates two low molecular weight unknown bands. 
Two 15% (w/v) acrylamide/bisacrylamide containing gels were used. The numbers represent the 
different fractions during the purification. kDa, kilodalton; M, molecular weight marker (Precision Plus 
ProteinTM Unstained Standards, Bio-Rad); S, Sample after sonication; W, flow-through during washing 
steps. 
 
The SDS-PAGE analysis (Figure 3.13) confirmed that there was a high concentration 
of XcpAC17A/C97S/C100S/C72S/C75S mutant but also showed several other unexpected bands (i.e. 
2 high molecular weight bands and 2 low molecular weight bands. Since the 
possibility of aggregation was still expected, the amount of washing steps was 
limited to prevent aggregation on the column. This explains the presence of low 
intensity bands. The two high molecular weight bands can not exactly be explained 
and mass-spectrometry was not possible due to its relative low abundance. A 
possible explanation could be that the gel bands contain protein that is only partly 
denatured or even fully folded. This observation has also been made for other 
membrane proteins (Martinez & Cazzulo, 1992). The band at 37 kDa corresponds 
with the apparent MW of mCherry-XcpA, which was purified in the previous run.  

kDa 
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Aside from the band at 75 kDa, the other high molecular weight bands have 
disappeared. The two low molecular weight bands are suggested to be stable 
cleavage products from XcpA, since at least one lower band has already been 
detected using mCherry (Figure 3.7).  
 
However, these bands were not as striking as now, compared to previous 
purifications. This could indicate that this mutant is more prone to cleavage 
compared to the wild type. Mutant XcpAC17A did not behave differently to the wild 
type XcpA. The concentration of mutant XcpAC17A was too low for additional 
experiments. Due to the high yield of the XcpAC17A/C97S/C100S/C72S/C75S mutant and the 
lack of apparent higher oligomers, mutant XcpAC17A/C97S/C100S/C72S/C75S was selected as 
the only mutant for further characterization. A SEC purification was performed on 
this sample. The fractions were pooled and subsequently concentrated, while the 
column was equilibrated with buffer (150 mM NaCl, 50 mM Tris and 0.03% (w/v) 
DDM at pH 7.5). Afterwards the sample was loaded on the column (Superdex 200 
GL10/300 increase (GE Healthcare)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14: Comparison of the size-exclusion chromatogram of concentrated XcpA WT and 
concentrated mutant XcpAC17A/C97S/C100S/C72S/C75S. The samples from Strep-tag® purification were 
pooled and concentrated and subsequently loaded on the column, equilibrated with buffer (150 mM 
NaCl, 50 mM Tris and 0.03% (w/v) DDM at pH 7.5). For this experiment, 500 µl sample (3 mg/ml, 
NanoDrop® OD280) was loaded. After an elution volume of 8 ml, the remaining elution volume was 
fractionated and placed on ice. The fractions with an elution volume between 11 ml and 12.1 ml were 
acquired (grey rectangle). To compare with the previous purification, the SEC profile of concentrated 
XcpA WT/ aggregated was added (elution volume 7.8-8.3 ml; while the void is estimated to be around 
8 ml).  
 
The obtained profile (Figure 3.14) does not give a completely monodisperse peak but 
the fractions, which contain this peak (grey rectangle) were acquired and used for 
SDS-PAGE analysis. The peak with the highest intensity had an elution volume of 11.5 
ml. It should be noted that the sample was concentrated and, in contrast to the wild 
type, did not aggregate (i.e. elute at 8 ml which is the void of this column).  

8.3 ml 

11.5 ml 
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To observe the mutant XcpAC17A/C97S/C100S/C72S/C75S after concentrating and SEC purification, 
SDS-PAGE analysis was used (Materials and methods: 6.4.4 and 6.4.5). Since it was 
not known at the time how the protein would react upon concentrating, the purified 
Strep-tag® fractions were pooled together and divided into two. One aliquot was 
concentrated, while the other was not. After seeing the positive SEC profile for the 
first batch, the second aliquot was concentrated as well and a second SEC was run as 
well. This resulted in the same peak (results not shown) and the fractions 
constituting both peaks (from SEC run 1 and 2) were analyzed by SDS-PAGE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15: SDS-PAGE analysis of SEC purifications from XcpAC17A/C97S/C100S/C72S/C75S mutant. SEC 
purification of the Strep-tag® purified XcpAC17A/C97S/C100S/C72S/C75S mutant. The asterisk '*' indicates two 
lower unknown bands, while the numbers represent the different fractions during the purification. 
One 15% (w/v) acrylamide/bisacrylamide containing gel was used. Two SEC purifications were 
performed. The lowest number indicates the lowest elution volume of the SEC purification and vice 
versa. kDa, kilodalton; M, Molecular weight marker (Precision Plus ProteinTM Unstained Standards, 
Bio-Rad).  
 
SDS-PAGE analysis (Figure 3.15) has shown that the protein still forms no higher 
oligomers after concentrating. However, the other components are still available, 
with a great reduction of the band located at 37 kDa (which is presumed to be 
mCherry-XcpA).  
 
The fraction after SEC purifications were pooled together and concentrated to 5 
mg/ml (measured by NanoDrop®, OD280 using ε: 79600 M-1 cm-1 and MW: 32 kDa). A 
volume of 100 µl was obtained for further experiments (Results: 3.6). The obtained 
sample was analyzed by SDS-PAGE. 
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The concentrated sample did not show any additional predominant high molecular 
weight bands after concentrating. Even better, the dominant fraction of protein is 
the protein located at the appropriate molecular weight, which is mutant 
XcpAC17A/C97S/C100S/C72S/C75S

 (Figure 3.16 and Figure 3.12). Edman degradation, performed 
by DI Vanden Berghe, has indicated that both N-termini of the degradation bands are 
found in the cytoplasmic subdomain of XcpA (Attachments: 8.2). Meaning that, upon 
mutating the four cysteines, the cytoplasmic subdomain is vulnerable to proteolytic 
cleavage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.4.3. Expression of five double mutant in pACYC 
To further study mutant XcpAC17A/C97S/C100S/C72S/C75S, the required coding sequence was 
cloned in the same plasmid as mCherry-XcpA (Materials and methods: 6.1, 6.2 and 
6.3). The plasmids were checked by colony PCR and restriction digest to analyze 
whether this plasmid contained the construct of interest. Electrocompetent E. coli 
BL21(DE3) cells were transformed by the plasmids containing the construct. 
Subsequently, an expression test was performed by inducing the cells with 0.5 mM 
IPTG. The samples were isolated before induction and after induction (3h, 4h, 6h, 7h 
and ON). Subsequently the samples were analyzed with SDS-PAGE. 
  

 Figure 3.16: SDS-PAGE analysis of 
concentrated XcpAC17A/C97S/C100S/C72S/C75S. 
Fractions acquired after SEC purification of 
mutant XcpAC17A/C97S/C100S/C72S/C75S were 
concentrated. This sample was analyzed by 
SDS-PAGE with a 15% (w/v) 
acrylamide/bisacrylamide containing gel. 
The asterisk '*' indicates two lower 
unknown bands. Both lanes contain the 
same amount of XcpA mutant 
XcpAC17A/C97S/C100S/C72S/C75S. kDa, kilodalton; 
M, Molecular weight marker (Precision Plus 
ProteinTM Unstained Standards, Bio-Rad); 
XcpA mut5, XcpAC17A/C97S/C100S/C72S/C75S. 
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Figure 3.17: SDS-PAGE analysis for mCherry- XcpAC17A/C97S/C100S/C72S/C75S mutant (mCherry-51) fusion 
protein expression test. Expression of the fusion protein mCherry- XcpAC17A/C97S/C100S/C72S/C75S in E. coli 
BL21(DE3) cells. Samples were taken before induction (Bl) and 3, 4, 6, 7 hours and overnight (ON) 
after induction. These samples were loaded on gel (15% (w/v) acrylamide/bisacrylamide). 'Coomassie 
+ Fluorescence' is the overlay of the Coomassie staining and the fluorescent scanning result by Pharos 
(PharosFXTM Plus system, Bio-Rad), applying the appropriate wavelengths for mCherry. The 
'Coomassie' gel shows the result of the gel after Coomassie staining. The black arrow indicates an 
increasing band of mCherry- XcpAC17A/C97S/C100S/C72S/C75S mutant on Coomassie, while the asterisks show 
the degradation products. 51, XcpAC17A/C97S/C100S/C72S/C75S. kDa, kilodalton; M, Molecular weight marker 
(Precision Plus ProteinTM Unstained Standards, Bio-Rad); S, membrane fraction after sonication; x, 
nothing was loaded. 
 
The expression test (Figure 3.17) indicated that the construct expressed. Additionally 
the band at 75 kDa was not observed. It can also be derived that expression until 3 
hours leads to the optimal amount of protein and the lowest amount of cleaved 
mCherry and degradation product. The apparent molecular weight is the same as 
mCherry-WT XcpA (37 kDa instead of 62 kDa), which confirms the odd shift in 
apparent molecular weight. As was stated above, this can be caused by either its 
hydrodynamic volume or its tendency to bind a higher amount of SDS, which is often 
observed for hydrophobic proteins, such as membrane proteins.  
 
3.5. Stability testing 

3.5.1. Fluorescent size-exclusion chromatography 
To elucidate the effects of detergents, pH and additives during solubilization, a 
bottle-neck of the membrane protein purification process, fluorescent size exclusion 
chromatography (FSEC) was used (Materials and methods: 6.9.1). We could use the 
mCherry-XcpA construct mentioned above. The cells were grown in selective 
medium to monitor the state of the protein after loading the fraction of impure and 
solubilized membrane. The advantage of FSEC is that no previous purification is 
required, because this protein is the only fluorescent protein for the used 
wavelengths. In other words, the result of solubilization of the protein of interest can 
directly be analyzed, ignoring all the surrounding proteins. 
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To detect mCherry-WT XcpA, the excitation wavelength and emission wavelength of 
587 nm and 610 nm were used, respectively. The cells were grown in selective 
medium and were subsequently harvested and sonicated as shown in (Materials and 
methods: 6.4). Afterwards, the membrane fraction was isolated, while the column 
was equilibrated with buffer (150 mM NaCl, 50 mM Tris and 0.03% (w/v) DDM at pH 
7.5).  
 

 
Figure 3.18: FSEC profile with different pH conditions for solubilization. The various solubilization 
conditions were added to the samples (150 mM NaCl, 50 mM Tris and 1 % (w/v) detergent (as final 
concentration) with varying pH). Afterwards, the samples were centrifuged and the supernatant was 
loaded on the column (Superose 6 10/300 GL (GE Healthcare)), equilibrated with buffer (150 mM 
NaCl, 50 mM Tris and 0.03% (w/v) DDM at pH 7.5). For this experiment, 500 µl sample was loaded. 
 
The FSEC result from the detergents should be analyzed by comparing the different 
peaks' width and intensity. This analysis (Figure 3.18) shows that all tested pH 
conditions were similar. The dominant peak (elution volume 16.4 ml) is the protein 
of interest (mCherry-XcpA while the second tiny peak (elution volume 18.0 ml) at a 
higher elution volume is mCherry, after cleavage from mCherry-XcpA. Due to a 
calibration curve, kindly provided by Nys et al., the molecular weight can be 
estimated by using the observed elution volume. The predicted molecular weight for 
mCherry-XcpA and mCherry is 113.5 kDa and 35.8 kDa, respectively. 
 
 
 
 
 
 
 
 

16.4 ml 
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Figure 3.19: FSEC profile with different detergents. The various solubilization conditions were added 
to the samples (150 mM NaCl, 50 mM Tris at pH 7.5 and 1 % (w/v) detergent (as final concentration)). 
Afterwards, the samples were centrifuged and the supernatant was loaded on the column (Superose 
6 10/300 GL (GE Healthcare)), equilibrated with buffer (150 mM NaCl, 50 mM Tris and 0.03% (w/v) 
DDM at pH 7.5). OG, n-octyl-β-D-glucoside; LDAO, Lauryldimethylamine-oxide; Cymal-6, 6-Cyclohexyl-
1-Hexyl-β-D-Maltoside; Cymal-5, 5-Cyclohexyl-1-Pentyl-β-D-Maltoside; NM, n-Nonyl-β-D-
Maltopyranoside; DDM, n-Dodecyl β-D-maltoside; DM, n-decyl-β-D-maltopyranoside; C12E8, 
Octaethylene glycol monododecyl ether. For this experiment, 500 µl sample was loaded. 
 
This analysis shows (Figure 3.19) that all detergents lead to a monodisperse peak, 
but differ in the yield of extracted protein after solubilization. Based on the yield NM 
(n-Nonyl-β-D-Maltopyranoside), DM (n-decyl-β-D-maltopyranoside) and DDM (n-
Dodecyl β-D-maltoside) are preferred. A table describing the used detergents (i.e. 
their critical micelle concentration (CMC), their aggregation number (AN) and their 
molecular weight) is shown in (Attachments: 8.7) 
 
Analysis of the FSEC profile (Figure 3.20) also shows that none of the used additives 
increase the solubilization effectiveness compared to the others, with the exception 
of β-mercaptoethanol. Either this is caused by a lower extraction efficiency or the 
decrease of fluorescent signal, is not certain, but β-mercaptoethanol should 
therefore not be used during solubilization.  
 
 
 
 
 
 
 

16.4 ml 



  Results 

  42 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.20: FSEC profile with different additives used for solubilization. The various solubilization 
conditions were added to the samples (150 mM NaCl, 50 mM Tris at pH 7.5 and 1 % (w/v) DDM (as 
final concentration) and 5 mM additive (final concentration)). Afterwards, the samples were 
centrifuged and the supernatant was loaded on the column (Superose 6 10/300 GL (GE Healthcare)), 
equilibrated with buffer (150 mM NaCl, 50 mM Tris and 0.03% (w/v) DDM at pH 7.5). For this 
experiment, 500 µl sample was loaded. 
 

3.5.2. Stability over time 
To study the stability of the WT-XcpA protein and XcpAC17A/C97S/C100S/C72S/C75S mutant 
(51), the effect of incubation at room temperature and at 4 °C was tested (Materials 
and methods: 6.9.2). A purified sample, after SEC, of each protein (WT XcpA 
concentration: 0.2 mg/ml , OD280 with NanoDrop®; XcpAC17A/C97S/C100S/C72S/C75S mutant 
concentration: 1.0 mg/ml, OD280 with NanoDrop®) was incubated for a certain 
amount of time at 4°C and at room temperature (RT). After a certain amount of time, 
an aliquot was taken from both protein samples. To the aliquot, Laemmli buffer was 
added and the mixture was stored at -20°C. The remaining amount of protein in the 
samples was boiled for 5 minutes at 95 °C as a positive controle.  
 
After SDS-PAGE analysis (Figure 3.21) it was concluded that the protein and its 
mutant are quite stable, either at room temperature or at 4°C. Additionally, the 
cleaved products of the mutant remain stable under these conditions as well. An 
additional observation is, that the higher band for the mutant 
XcpAC17A/C97S/C100S/C72S/C75S (±75kDa) runs approximately 20 kDa higher than the WT 
XcpA double band (±55kDa).  

16.4 ml 
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Figure 3.21: SDS-PAGE analysis of the stability analysis of WT-XcpA and XcpAC17A/C97S/C100S/C72S/C75S 
mutant. Samples were analyzed by SDS-PAGE with a 15% (w/v) acrylamide/bisacrylamide containing 
gel. The numbers represent the different aliquots taken during this experiment. 1, incubation at 4°C 
for 24 hours; 2, incubation at 4°C for 48 hours; 3, incubation at 4°C for 72 hours; 4, incubation at 4°C 
for 96 hours; 5, incubation at 4°C for 120 hours; RT, incubation at RT for 48 hours; B, Boiling of 
sample. kDa, kilodalton; M, Molecular weight marker (Precision Plus ProteinTM Unstained Standards, 
Bio-Rad); RT, sample stored at room temperature.  
 
3.6. Oligomerization studies 

To elucidate the oligomeric state of XcpA, cross-linking and Blue Native studies were 
performed (Materials and methods: 6.7). However, to exclude, the bias of the 
cysteines, the quintuple mutant (XcpAC17A/C97S/C100S/C72S/C75S) was used to see if XcpA 
does indeed form a higher oligomer. 
 

3.6.1. XcpA, two is company? 
Cross-linking studies were performed (6.7.2) using three different cross-linkers: DSS 
(disuccinimidyl suberate, Thermo scientific), BS3 (bis(sulfosuccinimidyl)suberate, 
Thermo scientific) and paraformaldehyde (sigma-aldrich). Since these cross-linkers 
are reactive to primary amines, the usual buffer (containing 50 mM of Tris) could not 
be used. Therefore the concentrated sample was purified once more by SEC but now 
by using a different buffer (150 mM NaCl, 50 mM HEPES and 0.03% (w/v) DDM at pH 
7.5). For the cross-linkers BS3 and DSS, the concentration of cross-linker and protein 
was kept invariable, while the incubation time varied (1h, 3h and ON). For the cross-
linker paraformaldehyde, the amount of cross-linker varied, while using the same 
protein concentration (i.e. 0.18 mg/ml at OD280). Additionally the incubation time 
(3h and ON) was varied as well. After the required incubation of all samples at 4°C, 
the cross-linker was quenched by adding an excess of Tris buffer (1 M). The samples 
were subsequently analyzed by SDS-PAGE (Figure 3.22). 
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Figure 3.22: Cross-linking studies of XcpAC17A/C97S/C100S/C72S/C75S mutant. Several cross-linkers (A, BS3; B, 
DSS; C, paraformaldehyde) were used and the samples were incubated at the designated amount of 
time (1h, 3h or ON). Due to the lack of sample no negative control was used for BS3 and DSS. 
Therefore three negative controls were used for paraformaldehyde. Three gels containing 15% (w/v) 
acrylamide/bisacrylamide were used. A) Result of cross-linking by BS3. The final concentration of 
cross-linker was 1 mM, which was added from a stock concentration of 30 mM. Samples were 
incubated for 1h, 3h and ON at 4°C. B) Cross-linking gel using DSS. The final concentration of cross-
linker was 1 mM, which was added from a stock concentration of 30 mM. Samples were incubated for 
1h, 3h and ON at 4°C. C) Result of cross-linking by paraformaldehyde. Four different cross-linker 
concentrations (1, 2, 3 and 5 µl) were used from a stock solution containing 30 % (w/v) 
paraformaldehyde. Samples were incubated for 3h or ON at 4°C. Bl, no cross-linker was added. kDa, 
kilodalton; M, Molecular weight marker (Precision Plus ProteinTM Unstained Standards, Bio-Rad); 
 
  

A) B) 

C) 
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The different cross-linkers had all shown the same result (Figure 3.22), meaning that 
a band appeared around 50 kDa (twice the amount of the monomer around 25 kDa) 
in contrast to the negative control (Bl). This indicates that the XcpA mutant is able to 
at least form a dimer, without the need of cysteines. Additionally, after observing 
the gel with paraformaldehyde, the degradation products also showed a higher 
form, which indicates that these products interact and are also able to form a higher 
oligomer. 
 
To further study this oligomerization, Blue-Native PAGE (Materials and methods: 
6.7.1) was used. The concentrated sample (5 mg/ml, measured by NanoDrop®, used 
molar extinction coefficient (ε): 79000 M-1 cm-1 and MW: 32 kDa). was loaded on a 4-
16 % (w/v) gradient BlueNative gel, after addition of sample Buffer (4X) (Invitrogen) 
and NativePAGE 5% (w/v) G-250 sample additive (Invitrogen). Two samples were 
loaded, a 1 over 2 diluted fraction, diluted with buffer (150 mM NaCl, 50 mM Tris 
and 0.03 % (w/v) DDM at pH 7.5), and a non-diluted fraction.  
 

 
Figure 3.23: Blue Native PAGE analysis of the concentrated quintuple mutant. After adding sample 
buffer and sample additive, sample was subsequently loaded on a gradient 4-16% (w/v) BlueNative 
gel. A) Blue Native PAGE result, the sample to the left (2.5 mg/ml, NanoDrop®, OD280 using ε: 79600 
M-1 cm-1) is diluted 1 over 2 with buffer (150 mM NaCl, 50 mM Tris and 0.03% (w/v) DDM at pH 7.5) , 
while the sample to the right is a non-diluted sample (5.0 mg/ml, NanoDrop®, OD280 using ε: 79600 M-

1 cm-1). The black arrows indicate the bands on the gel. B) The SDS-PAGE analysis of the same sample. 
XcpA mut5, XcpAC17A/C97S/C100S/C72S/C75S mutant; kDa, kilodalton; M, Molecular weight marker 
(NativeMark Unstained Protein Standard, Invitrogen). 
 
The Blue-Native PAGE analysis (Figure 3.23) indicates that one band, on SDS-PAGE, 
leads to the formation of two high intense bands, designating that the quintuple 
mutant of XcpA forms a higher oligomer. The other low and high molecular weight 
bands are probably degradation products and the contaminant, respectively. 
  

A) B) 
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To compare the oligomeric states of WT-XcpA and XcpAC17A/C97S/C100S/C72S/C75S mutant, 
FSEC was performed (Materials and methods: 6.9.1). The membrane pellets were 
acquired following the previous protocol (Materials and methods: 6.4). Solubilizing 
of the membrane proteins was also performed according to this protocol. The 
samples were centrifuged (Optima Tlx ultracentrifuge) at 30000g for 1 hour at 4°C. 
Subsequently, the supernatant of the samples was isolated and loaded onto a SEC 
column (Superose 6 10/300 GL (GE Healthcare)), while using a buffer (150 mM NaCl, 
50 mM Tris, 0.03 % (w/v) DDM at pH 7.5) with a flow rate of 0.6 ml/min. The 
fluorescence was observed using the appropriate wavelengths with the following 
detector (RF-10 A XL, Shimazu). 
 

 
Figure 3.24: FSEC profile comparison of mCherry-WT XcpA and mCherry XcpAC17A/C97S/C100S/C72S/C75S 

mutant. The membrane fractions were solubilized by adding solubilization solution to the samples 
(150 mM NaCl, 50 mM Tris at pH 7.5 and 1% (w/v) DDM (as final concentration)). Afterwards, the 
samples were centrifuged and the supernatant was loaded on the column (Superose 6 10/300 GL (GE 
Healthcare)), equilibrated with buffer (150 mM NaCl, 50 mM Tris and 0.03% (w/v) DDM at pH 7.5). For 
this experiment, 500 µl sample was loaded. 
 
The comparison of two FSEC profiles (Figure 3.24) reveals a shift of approximately 
one ml. mCherry-XcpAC17A/C97S/C100S/C72S/C75S mutant has an elution volume of 15.4 ml, 
while mCherry-WT XcpA elutes at 16.4 ml. This shift could indicate that the quintuple 
mutant has a larger hydrodynamic volume or a higher oligomeric state compared to 
the wild type. Due to a calibration curve, kindly provided by Nys et al., the molecular 
weight can be estimated by using the observed elution volume. The predicted 
molecular weight for mCherry-XcpAC17A/C97S/C100S/C72S/C75S mutant and mCherry-XcpA 
is 233.4 kDa and 113.5 kDa, respectively.  

15.4 ml 

16.4 ml 
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3.7. Activity testing 

3.7.1. MS of synthetic peptide containing the leader sequence 
To study the activity of XcpA and its mutants, an activity assay was developed. The 
peptide, consisting of the conserved leader peptide (QRRQQSGFTLIE) from the 
pseudopili and type IV pili, was synthesized (Genscript®). After preparation of the 
reaction mixture, the samples were incubated at 37 °C for 48 hours (Materials and 
methods: 6.8). Subsequently, the samples were boiled at 95 °C for 5 minutes and 
centrifuged for 10 minutes at 13000g. The samples were then analyzed by mass 
spectrometry (MALDI-TOF in positive mode).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.25: Principle, result and control of developed activity assay. A, Principle of the activity 
assay. Upon addition of the enzyme, it is presumed that the enzyme will cleave the peptide (MW: 
1461 Da). This leads to the formation of two peptides (858 Da and 621 Da). Alignment made by 
ClustalW2, using all pseudopilins (XcpTUVW and pilA). B, MS spectrum of the negative control (only 
peptide). The expected peak is encircled in red. C, MS spectrum of the peptide and enzyme reaction 
mixture. The predicted peaks (621 Da and 858 Da) are observed and encircled in blue and red, 
respectively. MW, molecular weight.  
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This result (Figure 3.25) indicates that XcpA can cleave the peptide without the 
necessity of the transmembrane part or more of the pseudopilin. Additionally, as an 
extra negative control, the protein itself was also incubated without the peptide. The 
analysis showed that the peak was not formed as well. All spectra of the activity 
assay are shown in (Attachments: 8.8). 
 

3.7.2. MSMS of synthetic peptide 
To evaluate whether the dominant peak (859 m/z) is the cleaved peptide, MSMS was 
performed using matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Peaks 
(m/z) 

441.3 575.3 731.4 802.4 841.4 842.4 859.1 

Frag-
ment 

b3 
 

y5 
 

y6 
 

b6 
+H2O 

M 
+H+ - H2O 

M 
+H+ - NH3 

M + H+ 

Sequence QRR RQQSG RRQQSG QRRQQS QRRQQSG QRRQQSG QRRQQSG 
 
Figure 3.26: MSMS spectrum of the cleaved peptide (859 Da) and the sequence of the 
corresponding peaks. The x axis indicates the mass (m/z), while the y axis designates the intensity. 
Whereas the maximum intensity is that of the mother peptide (M). M, mother peptide (QRRQQSG); b 
and y correspond with b and y-ions respectively. The peaks, which are shown in the table are 
indicated by black arrows; m/z, mass over charge ratio; The m/z values were determined by Mascot 
(Hirosawa et al, 1993).  
 
MSMS analysis indicated that the detected peak consists of the cleaved peptide 
(Figure 3.26).  
 

3.7.3. MS of multiple peptides 
To study the ability for cleavage by XcpA, several modified synthetic peptides were 
acquired. The protocol for the activity assay remained the same and the different 
spectra were analyzed (Materials and methods: 6.8).  
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Table 3.1: Summary of results from the activity assay of alternative peptides. m/z, mass over charge. 
Comparison with literature was based on in vitro mutation studies on pilin by (Strom & Lory, 1991) 
 
 
 
 
 
 
 
 
 
 
 
 
 
The activity assays have shown results (Table 3.1), which are confirmed by literature. 
A disadvantage of this assay has also been detected. When the (cleaved) peptide 
does not ionize there is no clear answer, whether the peptide gets cleaved or not. 
 

3.7.4. MS of XcpA variants 
Additional to the peptide variants we also tested the capability of 3 different XcpA 
proteins to cleave the standard peptide, namely mCherry-XcpA, 
XcpAC17A/C97S/C100S/C72S/C75S mutant, and the activity mutant XcpAD149N (Materials and 
methods: 6.8). The protocol for the activity assay remained the same and the 
different spectra were analyzed.  
 
Table 3.2: Summary of results from the activity assay of alternative XcpA proteins. m/z, mass over 
charge. Comparison with literature was compared to (LaPointe & Taylor, 2000; Strom et al, 1993a) . 
XcpA mutant 51, XcpAC17A/C97S/C100S/C72S/C75S; XcpA activity mutant, XcpAD149N. 
 

 
 
These results (Table 3.1 and Table 3.2) match with results obtained in the literature 
and therefore also indicate that this new assay mimics well the natural behavior of 
the protein of interest. 
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3.7.5. In vivo activity assay and serendipity 
To study the activity of XcpA in vivo, co-expression tests were performed. Two 
different combinations were employed: (1) mCherry-WT XcpA, encoded by pACYC 
duet, and XcpT-GFP, encoded by pET28b; (2) mCherry-XcpAC17A/C97S/C100S/C72S/C75S 
mutant, encoded by pACYC duet, and XcpT-GFP, encoded by pET28b. After 
transformation of an equivalent amount of both plasmids into BL21(DE3) cells, the 
cells were grown at 37°C. When the OD600 of the cells reached a value between 0.6 
and 1.0, the cells were induced by 0.5 mM IPTG. Samples were taken before 
induction and after induction (4h and overnight) and were subsequently analyzed 
using SDS-PAGE (Materials and methods: 6.6). A table showing the appropriate 
wavelengths is given in (Attachments: 8.6) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.27: SDS-PAGE analysis of co-expression tests. The samples from the co-expression test in 
BL21(DE3) cells were loaded (15% (w/v) acrylamide/bisacrylamide containing gel). The plasmids 
(mCherry- XcpAC17A/C97S/C100S/C72S/C75S mutant versus mCherry-WT XcpA) and the duration of expression 
(6h and ON) varied between the samples. A) SDS-PAGE analysis with fluorescent scanning by Pharos 
(PharosFXTM Plus system, Bio-Rad), applying the appropriate wavelengths for mCherry and sfGFP. Only 
the wavelengths for mCherry (red) were used. B) SDS-PAGE analysis with dual fluorescent scanning. 
Both fluorescent (GFP (green) and mCherry (red)) tags were scanned and the scans were placed upon 
each other. The used wavelengths were mCherry (532 nm and 605 nm) and sfGFP (488 nm and 530 
nm). C) SDS-PAGE analysis of the same gel used in A and B but stained with Coomassie. The black 
arrows indicate the predominant fluorescent bands. (D) SDS-PAGE analysis with dual fluorescent 
scanning of samples, taken after 72 h and 96 h of expression. The green bands are not overlapping as 
they actually do. This is done to show the contrast of the amount of co-expressed protein of the wild 
type, compared to the mCherry- XcpAC17A/C97S/C100S/C72S/C75S mutant. mCherry 51, mCherry-
XcpAC17A/C97S/C100S/C72S/C75S mutant; 51, mCherry- XcpAC17A/C97S/C100S/C72S/C75S mutant; 51T, mCherry-
XcpAC17A/C97S/C100S/C72S/C75S mutant co-expressing XcpT-GFP; kDa, kilodalton; M, Molecular weight 
marker (Precision Plus ProteinTM Unstained Standards, Bio-Rad) S, mCherry-WT XcpA membrane 
fraction after sonication; wtT, mCherry-XcpA co-expressed with XcpT-GFP; x, nothing was loaded.   

A)           B) 
 

C)           D) 
      scanning... 
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The principle of the activity test was to observe the cleavage of XcpT (a loss of 7 
amino acids), resulting in two separate bands. Additionally we also wanted to see if 
the behavior of XcpT would change, in the sense that it would now become 
purifiable as the uncleaved XcpT is not purifiable (Durand et al, 2005). Although no 
clear shift is visible for XcpT, a remarkable shift (Figure 3.27) in apparent molecular 
weight (from 37 kDa to above 50 kDa) is observed for cells co-expressing mCherry-
WT XcpA and XcpT-GFP. Additionally, all 'monomeric' WT-XcpA could no more be 
detected, in comparison to mCherry-XcpA mutant 51. Additionally, the new form 
appears to be more stable (D) after a long expression time, i.e. the degradation 
product could not be found. This is quite in contrast with the mCherry-
XcpAC17A/C97S/C100S/C72S/C75S mutant. So, although the goal of this experiment was to 
witness in vivo cleavage of XcpT-GFP, another observation was made. It was 
observed that co-expression of mCherry-XcpA with XcpT-GFP leads to the formation 
of a unknown 'form' of XcpA-mCherry with a higher molecular weight.  
 
3.8. Co-expression studies 

To study this unknown form of mCherry-WT XcpA with a higher apparent molecular 
weight, the co-expression was repeated with a larger batch (Materials and methods: 
6.4 and 6.6). The cell culture, transformed by the plasmids of interest, was grown in 
selective medium (LB with 0.1 mg/ml carbenicillin and 0.025 mg/ml 
chloramphenicol) by 37°C. When the cells had reached an OD600 value between 0.6 
or 1.0, the cells were induced by the use of 0,5 mM IPTG and were subsequently 
incubated overnight at 28°C. The cells were isolated by centrifugation and sonicated, 
resulting in a membrane fraction. This membrane fraction was used for the following 
experiments.  
 

3.8.1. Fluorescent size-exclusion chromatography profiles 
To elucidate the elution profile of this form of mCherry-WT XcpA, fluorescent size-
exclusion chromatography was used (Materials and methods: 6.9.1). Since there 
were two fluorescent molecules (GFP and mCherry), the same sample had to be run 
twice. The membrane pellets were acquired following the previous protocol and 
afterwards the membrane proteins were extracted. The samples were centrifuged 
(Optima Tlx ultracentrifuge) at 30000g for 1 hour at 4°C. Subsequently, the 
supernatant of the samples was isolated and loaded onto a SEC column (Superose 6, 
10/300 GL (GE Healthcare)), while using a buffer (150 mM NaCl, 50 mM Tris, 0.03 % 
(w/v) DDM at pH 7.5) with a flow rate of 0.6 ml/min. The fluorescence was observed 
using the appropriate wavelengths with the following detector (RF-10 A XL, 
Shimazu). 
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Figure 3.28: Comparison of the mCherry-co-expressed XcpA and mCherry WT-XcpA FSEC profiles. 
The membrane fractions were solubilized by adding solubilization solution to the samples (150 mM 
NaCl, 50 mM Tris at pH 7.5 and 1 % (w/v) DDM (as final concentration)). Afterwards, the samples 
were centrifuged and the supernatant was loaded on the column (Superose 6 10/300 GL (GE 
Healthcare)), equilibrated with buffer (150 mM NaCl, 50 mM Tris and 0.03% (w/v) DDM at pH 7.5). For 
this experiment, 500 µl sample was loaded. 'co', co-expression.  
 
Similar as the SDS-PAGE results (Figure 3.28), the behavior of co-expressed mCherry-
WT XcpA with XcpT-GFP differed from non-co-expressed XcpA. A remarkable shift 
(from 16.4 ml to 13.2 ml) in elution volume of 3.2 ml is observed, compared to the 
non co-expressed mCherry WT-XcpA. Due to a calibration curve, kindly provided by 
Nys et al., the molecular weight can be estimated by using the observed elution 
volume. The predicted molecular weight for this higher form of mCherry XcpA, upon 
co-expression, and mCherry-XcpA is 1139 kDa and 113.5 kDa, respectively. It should 
also be mentioned that, when the synthetic peptide was added (Figure 3.20) during 
solubilization, this shift was not observed. This could indicate that either the 
transmembrane or the periplasmic compartment lead to the formation of this higher 
form of mCherry-WT XcpA.  
 
To elucidate the FSEC profile of the co-expressed XcpT-GFP, the supernatant from 
the sample was loaded once more but using the wavelengths of GFP. 
  

13.2 ml 

16.4 ml 
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Figure 3.29: FSEC profile of co-expressed mCherry-XcpA and XcpT-GFP. The membrane fraction was 
solubilized by adding solubilization solution to the sample (150 mM NaCl, 50 mM Tris at pH 7.5 and 1 
% (w/v) DDM (as final concentration)). Afterwards, the samples were centrifuged and the supernatant 
was loaded on the column (Superose 6 10/300 GL (GE Healthcare)), equilibrated with buffer (150 mM 
NaCl, 50 mM Tris and 0.03% (w/v) DDM at pH 7.5). '(co)' indicates that the same sample was used, 
namely the co-expression sample. For this experiment, 500 µl sample was loaded. 
 
This FSEC profile (Figure 3.29) indicates that the mCherry fractions as the GFP 
fraction are co-eluting. This could indicate that mCherry-WT XcpA forms a higher 
complex during co-expression with XcpT-GFP.  
 

3.8.2. Purification of mCherry-WT XcpA and XcpT-GFP 
To study this higher form of mCherry-WT XcpA and XcpT-GFP, both proteins were 
purified using a Strep-tag® purification and a subsequent Immobilized metal ion 
affinity chromatography (IMAC) purification, respectively (Materials and methods: 
6.6.2). The membrane fraction was solubilized using solubilization solution (150 mM 
NaCl, 50 mM Tris at pH 7.5 and 2 % (w/v) Cymal-6 (as final concentration)) and, after 
centrifugation and subsequent filtration, was loaded on a Strep-Tactin® column. The 
column was equilibrated with buffer (150 mM NaCl, 50 mM Tris at pH 7.5 and 0.09 % 
(w/v) Cymal-6). After elution by desthiobiotin (5 mM), the fractions were acquired 
and analyzed by SDS-PAGE. During the purification, the flow-through was obtained 
and used for a his-tag purification. As was mentioned above, cleaved XcpT might 
behave differently and possibly better than uncleaved XcpT. Hence it becomes 
possible to purify XcpT(-GFP). The flow-through was loaded on the column (Ni-NTA 
Superflow, Qiagen, Venlo, The Netherlands), equilibrated with buffer (50 mM HEPES, 
150 mM NaCl and 0.09 % (w/v) Cymal-6 at pH 7). After elution by imidazole (300 
mM), the fractions were acquired and loaded on the same gel as the samples, 
purified by the Strep-tag®. A comparison of these two purifications and a schematic 
of these processes is given in (Attachments: 8.9 and 8.10), respectively.  

13.2 ml 
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Figure 3.30: Fluorescent and Coomassie stained SDS-PAGE analysis of Strep-tag® and IMAC 
purification. Purification of the co-expressed mCherry-WT XcpA (Strep-tag® purification) and XcpT-
GFP (IMAC purification), expressed in E. coli BL21(DE3) cells. After Strep-tag® purification the fractions 
were used for SDS-PAGE analysis (15% (w/v) acrylamide/bisacrylamide containing gel), while the flow-
through was used for IMAC purification. Both fractions were loaded on this gel. The numbers 
represent the different fractions during the purification, whereas the suffix S indicates the Strep-tag® 
purification, while H designates the IMAC purification. A) Coomassie stained SDS-PAGE analysis. B) 
SDS-PAGE analysis after dual fluorescent scanning (mCherry and GFP) by Pharos (PharosFXTM Plus 
system, Bio-Rad). kDa, kilodalton; M, Molecular weight marker (Precision Plus ProteinTM Unstained 
Standards, Bio-Rad). 
 
The Strep-tag® purification was, in contrast to the His-tag purification, quite pure 
(Figure 3.30). It should also be noted that XcpT-GFP seems to co-purify with 
mCherry-WT XcpA and vice versa. The latter could be explained by the zinc binding 
domain of XcpA but the first could be explained by possible interaction.  
 

B) 

A) 
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A dual band migration has also been observed but the reason for this phenomenon is 
yet unknown. It should also be mentioned that both bands are equally intense. This 
migration pattern could be caused by the incomplete reduction of the protein. To 
further characterize both proteins, a SEC purification was used (Materials and 
methods: 6.4.4). The fractions from every protein were separately pooled and 
subsequently concentrated. Afterwards, the samples were loaded on the column, 
equilibrated with buffer (150 mM NaCl, 50 mM Tris at pH 7.5 and 0.09 % (w/v) 
Cymal-6). The acquired fractions were subsequently analyzed using SDS-PAGE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.31: SEC profile and SDS-PAGE analysis of co-expressed mCherry-WT XcpA. The samples 
from Strep-tag® and IMAC purification were pooled separately and concentrated. Subsequently, the 
concentrated sample was loaded on the column (Superdex 200 10/300 GL (GE Healthcare)), 
equilibrated with buffer (150 mM NaCl, 50 mM Tris and 0.09% (w/v) Cymal-6 at pH 7.5). After an 
elution volume of 6 ml, the remaining elution volume was fractionated and placed on ice. The 
fractions from the predominant peaks A1 (Strep-tag® purified mCherry-WT XcpA, at 10.4 ml), T1 
(IMAC purified XcpT-GFP (His), at 8.8 ml) and T2 (IMAC purified XcpT-GFP, at 10.8 ml) were acquired 
(black lines) and analyzed by SDS-PAGE (15% (w/v) acrylamide/bisacrylamide containing gel). At the 
left the gel, stained with Coomassie is shown, while at the right, the gel after dual fluorescent 
scanning (mCherry and GFP) by Pharos (PharosFXTM Plus system, Bio-Rad) was presented. kDa, 
kilodalton; M, Molecular weight marker (Precision Plus ProteinTM Unstained Standards, Bio-Rad). 
 
 
 

T1, 8.8 ml 
T2, 10.4 ml 

A1, 10.4 ml 
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After this analysis (Figure 3.31), it should be mentioned that this sample, being wild 
type XcpA can be concentrated without or with minor formation of higher oligomers. 
Additionally, the intensity of the two bands from XcpT-GFP do not have an equal 
intensity. The intensity of the lower band seems to increase when the concentration 
of XcpA increases and vice versa. It is presumed that the lower band designates the 
cleaved substrate, while the higher band is not cleaved. This could indicate that the 
new form of mCherry-WT XcpA might still be active. 
 

3.8.3. Boiling of purified samples 
To elucidate the possibility of an intermolecular disulphide bond, the sample was 
boiled and/or incubated with β-mercaptoethanol (Materials and methods: 6.6.2). 
After SEC-purification, the fractions from peak A1 (Figure 3.31) were pooled and 
concentrated once more. The acquired sample was aliquoted into 4 samples. Each 
sample received a different condition (WT, β-mercaptoethanol added (β), β-
mercaptoethanol and boiling (βB); only boiling (B)). The samples were subsequently 
analyzed by SDS-PAGE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.32: SDS-PAGE analysis of SEC-purified, co-expressed mCherry-WT XcpA under several 
conditions. Purification of the co-expressed mCherry-WT XcpA after Strep-tag® and SEC purification, 
expressed in E. coli BL21(DE3) cells. After SEC purification, the fractions were used for SDS-PAGE 
analysis (15% (w/v) acrylamide/bisacrylamide containing gel). A) Coomassie stained SDS-PAGE 
analysis. B) SDS-PAGE analysis by dual fluorescent scanning (mCherry and GFP) by Pharos (PharosFXTM 
Plus system, Bio-Rad). WT, nothing was added; β, 5 mM of β-mercaptoethanol was added; βB, the 
sample was boiled for 10 minutes at 95°C, after additon of 5 mM β-mercaptoethanol; B; the sample 
was boiled for 10 minutes at 95 °C (B). kDa, kilodalton; M, Molecular weight marker (Precision Plus 
ProteinTM Dual Color Standards, Bio-Rad).   

A) B) 
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These preliminary results (Figure 3.32) indicate that upon boiling and addition of β-
mercaptoethanol, the apparent molecular weight of the protein increased to 70 kDa. 
Coomassie staining indicated that these bands were also present, without boiling. 
The fluorescent signal has not been detected for the high molecular weight bands, 
located at 70 kDa, or after boiling. Additionally, the dual bands were observed as 
well, even at the shifted 70 kDa.  
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4. Discussion 
4.1. Global introduction 

XcpA is a pre(pseudo)pilin peptidase and N-methyltransferase in Pseudomonas 
aeruginosa. It has a crucial role in (pseudo)pilin maturation, an essential step in the 
functionality of the type II secretion system. XcpA recognizes and cleaves a positively 
charged leader peptide from its substrate, the pseudopilin XcpT. After cleavage XcpA 
N-methylates the newly formed N-terminus, using the methyl donor S-adenosyl-L-
methionine. This process ensures the maturation of the pseudopilins and they will 
eventually form the pseudopilus, which is necessary for secretion of several 
virulence factors (Douzi et al, 2012). This function makes XcpA an interesting target 
for future drug development against infections from Pseudomonas aeruginosa and 
other pathogenic bacteria depending on the type II secretion system.  
 
The main goal of this project is to obtain structural and functional information of this 
protein and its two activities (i.e. peptidase and N-methyltransferase) by use of X-ray 
crystallography and biophysical characterization. This protein has one main problem: 
(i) a tendency to aggregate at higher concentrations. Aggregation is a general term 
and starts with the abnormal association of as few as 2 molecules. This abnormal 
association has the potential to form even larger structures, which results in the loss 
of the protein and the protein in its native state (Ross & Poirier, 2004). A first 
objective of this thesis was therefore to identify the cause of this aggregation and to 
solve this problem, as one important requisite for high resolution structure 
determination by X-ray crystallography or electron microscopy is to obtain a pure, 
stable and monodisperse sample. As was stated above, different factors might be 
relevant in causing the aggregation problem: (1) insufficient resemblance between 
the detergent micelle and the lipid environment, (2) the loss of an unknown 
cofactor/additive (3), inherent IUP that needs the presence of a substrate to form a 
well-structured domain, (4) unnatural disulfide binding due to high protein 
concentrations. Unnatural disulfide bridges result from previously, meaning before 
the purification, unpaired free thiols. 
 
In the first part of the discussion named ‘4.2: XcpA, the role of the cysteines in 
aggregation' we will summarize and discuss the different results related to the 
(in)stability of XcpA, the aggregation problem at higher concentrations and indicate 
the possible role of the cysteines in this problem as in the functionality of the 
protein.  
 
A second objective was to develop and test a new kind of activity assay which would 
enable us to test, in vitro, different compounds for inhibiting the peptidase activity 
of XcpA. The method we developed includes synthetic peptides and MALDI-TOF. We 
will discuss the results, advantages and disadvantages in the second section '4.3: 
XcpA, now with an activity assay'.  
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A final point of interest was to obtain biochemical and biophysical information of 
XcpA. This will be discussed in '4.4: XcpA and oligomerization'. This section contains 
the information related to the oligomeric state of XcpA and a comparison of the 
different constructs (i.e. WT-XcpA and the XcpAC17A/C97S/C100S/C72S/C75S mutant and 
their mCherry counterparts) for the results obtained by SEC, FSEC, BN-PAGE and 
cross-linking. Additionally, new findings are related to the co-expression experiment, 
where a sudden shift could be observed at the SEC and FSEC elution profile when 
mCherry-XcpA was co-expressed with its substrate, XcpT-GFP.  
 

4.2. XcpA, the role of the cysteines in aggregation  

4.2.1. Stability studies at the pre-purification stage 
In a first stage we want to discuss the stability state of XcpA before the Strep-tag® 
purification step (i.e. the solubilization step). FSEC studies show that the protein can 
be successfully extracted from the membrane, resulting in a monodisperse peak. 
Several pHs, detergents and additives were tested. The following results were found: 
(1) The tested pH (6, 8 and 9) did not affect the efficiency nor the stability of the 
extraction and the protein, respectively; (2) While using several detergents, it was 
shown that DDM, NM and DM were preferred; (3) The additives did not increase or 
decrease the efficiency or the stability, with the exception of β-mercaptoethanol. By 
adding β-mercaptoethanol, the yield was signficantly decreased. We can therefore 
conclude that XcpA seems to be stable at the initial stage of solubilization. These 
results converge with the results of previous Western blot studies in the lab 
(unpublished results). These studies, performed at the lab, where membrane 
fractions enriched with XcpA were solubilized with several detergents for example 
DDM, Anzergent-10, Anzergent-12, Cymal-6, DM and OG.  
 

4.2.2. Stability studies at the purification stage 
During the purification stage, XcpA is starting to behave differently, which results in 
the formation of aggregates that were absent at the membrane protein 
solubilization state. The main indication of this was the high loss in protein yield due 
to aggregation after SEC purification. To elucidate the source of the protein's 
tendency to aggregate, several experiments were performed: (i) SDS-PAGE analysis 
of the aggregated samples, mutation studies and purifications in different buffer 
systems. The aggregation problem became especially apparent when the 
concentration was increased above 1.5-2 mg/ml. At this concentration different 
bands of XcpA are visible at a molecular weight of 50 kDa, 75 kDa and 100 kDa. The 
role of the concentration is also indicated by the lack of aggregation when the 
sample is incubated at low concentrations (0.1-0.2 mg/ml). (ii) Stability studies of 
XcpA have shown that XcpA and the quintuple mutant (XcpAC17A/C97S/C100S/C72S/C75S) are 
stable for several days at 4°C or at room temperature.   
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4.2.3. XcpA and irregular disulfide bridge formation at higher 
concentrations 

One major observation that gave us a hint for a possible cause for the aggregation, 
was the disappearance of the higher oligomers when using an excess of β-
mercaptoethanol (1 M). The use of β-mercaptoethanol reduces disulphide bonds. 
XcpA has five cysteines, one located in the inner membrane, and four in the 
cytoplasm, allegedly forming a zinc-binding motif (Aly et al, 2013). The presence of 
multiple oligomers seems to indicate that the cysteines in the cytoplasmic 
subdomain alone or in combination with the transmembrane cysteine are the cause 
of the aggregation. A second observation was that the addition of zinc to the buffer, 
which should normally stabilize the zinc-binding motif, did not lead to any 
improvement of protein stability. The disappearance of higher oligomers after 
incubation with reducing agents and the indifferent aggregation behaviour of XcpA 
in presence or absence of zinc, leads to the hypothesis that the cysteines in the 
cytoplasmic subdomain are the cause of the aggregation and the zinc-binding motif 
is not as solid as expected. 
 
To test this hypothesis that the cysteines present in the cytoplasmic subdomain were 
the cause of the aggregations at higher concentration, different cysteine mutations 
were designed: XcpAC17A has a Cys to Ala mutation in the transmembrane region, 
while XcpAC17A/C97S/C100S/C72S/C75S also called the quintuple mutant had the same TM 
cysteine mutation and also four additional mutations in the cytoplasmic subdomain 
(Cys to Ser). One main observation was that the quintuple mutant could be purified 
with high yields, while the single mutant XcpAC17A did not differ from the wild type 
XcpA. Additionally, the bands of the presumed oligomers disappeared for the 
quintuple mutant. This was observed even at high concentrations. One major 
disadvantage of the XcpAC17A/C97S/C100S/C72S/C75S mutant was its vulnerability to 
degradation. Two detectable and stable cleavage products were observed during all 
the subsequent purification steps. Edman degradation of these products indicated 
that the N-terminus of these two products both resided in the cytoplasmic 
subdomain, which normally contains the zinc-binding motif. This suggests that 
although the protein's tendency to aggregate has disappeared, the quintuple mutant 
seems to be prone to degradation. This also means that although the zinc-binding 
motif is not 100% stable, the cysteines are necessary to protect the cytoplasmic 
subdomain against proteases.  
 
Regarding the activity of the quintuple mutant, it was observed that the mutant is no 
longer active, in contrast to the wild type. This has also been reported while 
mutating one cysteine of the zinc-binding motif, indicating that one mutation greatly 
decreased both functions. However, in vivo it was detected that these mutants, 
containing only one cysteine substitution, were still active.  
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This observation led to believe that the zinc-binding motif, although required for N-
methylation, might play a more structural role, which can be complemented in the 
membrane. Our recent results however, especially the results when mCherry-XcpA is 
co-expressed with XcpT-GFP, indicate that the cysteines might be more dynamically 
involved than was expected. Even more so since co-expression of mCherry- 
XcpAC17A/C97S/C100S/C72S/C75S mutant with XcpT-GFP, does not reveal the same result 
compared to the wild type.  
 

4.2.4. Conclusion 
So to conclude this paragraph, it was indicated that the cysteines cause the 
aggregation. This was proven by: (i) SDS-PAGE gels which show bands of a higher 
molecular weight which shows covalent interactions; (ii) mutation studies, which led 
to a great decrease of these higher molecular weight bands; (iii) And studies with β-
mercaptoethanol, which had a strong lowering effect on these higher molecular 
weight bands. However, are the cysteines important for XcpA's activity? It has 
already been shown that the zinc-binding motif is required for methylation and 
mutations in this motif also led to a strong decrease of its activity in vitro (Strom et 
al, 1993a). Additionally, it has been shown that the removal of the zinc-binding motif 
led to a vulnerability to degradation. This indicates that besides a structural role, the 
zinc-binding motif might also have a functional role (i.e. the correct folding of XcpA 
and possibly another function which will be suggested in paragraph 4.4: XcpA and 
oligomerization. 
 
4.3. XcpA, now with an activity assay 

XcpA recognizes several substrates: the type IV pilin, the major pseudopilin and four 
minor pseudopilins. These six proteins are expressed as precursors, containing a 
conserved N-terminal, positively charged, leader peptide preceding the mature 
protein. XcpA cleaves this leader peptide and N-methylates the new N-terminus of 
the protein . Mutation studies of the type IV pilin have shown that the -1 residue, a 
glycine, is of crucial importance for cleavage (Strom & Lory, 1991). This study has 
designed and tested a synthetic peptide, consisting of the conserved leader peptide, 
its cleavage site and four following residues: QRRQQSGFTLIE. Upon incubation of this 
peptide with XcpA, it was observed by mass-spectrometry (MALDI-TOF) that this 
peptide gets cleaved. Leading to the formation of two smaller peptides (QRRQQSG 
with a molecular weight of 858 Da and FTLIE with a molecular weight of 621 Da, one 
of which (QRRQQSG) is detected by MS. MS/MS was performed and it was observed 
that the detected peak, which was predicted to be the cleaved product, was indeed 
the cleaved form of the synthetic peptide.  
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This result indicates that XcpA is still active after extraction and purification in 
detergent buffers. Additionally, XcpA can recognize this small conserved peptide of 
the pseudopilins without the presence of the transmembrane and periplasmic 
region. To confirm the functionality of this assay, four modified synthetic peptides 
were made that were also tested in the literature: QRRQQSAFTLIE, QRRQQSGFTLIK, 
QRRQQSGLTLIE and QEEQQSGFTLIE. Similar to an in vitro activity test of mutated 
full-length pilins, three peptides were cleaved (Strom & Lory, 1991). One peptide, 
QEEQQSGFTLIE, which does not contain the positively charged amino acids, could 
not be detected by this method. This means that either the peptide wasn’t cleaved, 
or that the cleaved peptide was not detectable due to the poor ionizability of the 
peptide, the peptide also showed a poor ionizability.  
 
The ionizability of the peptide of interest can therefore be a bottle-neck of this newly 
developed activity assay. Nevertheless, this method can be used for screening 
several inhibitor peptides for a future rational drug design approach, namely by 
incubating XcpA first with an abundance of inhibitor and secondly by the standard 
peptide. Although the effect of an inhibitor can be better tested in real-time, using a 
synthetic peptide containing a fluorophore pair. The ionizability of a peptide can be 
enhanced by: (i) modifying the peptide by adding additonal positive charge(s); (ii) 
Using another MS analyzer than TOF, for example Fourier Transformation; (iii) 
Changing the protocol and for example measure at negative mode. 
 
It was suggested that this activity assay could also be performed in real-time, using a 
fluorescent reporter pair as was done for (Peng et al, 2001). No results could be 
obtained yet due to the lack of a 96 well-plate reader with the wavelengths of 
interest. Additionally, this assay could in theory be used to study the N-methylation 
as well. We therefore added the synthetic peptide and the methyl donor SAM. After 
incubation the sample was analyzed by MALDI-TOF, using the negative mode. The 
peptide of interest is FTLIE, which should be negatively charged. But, no positive 
results have been obtained thus far. Whether this is due to a poor ionizability or the 
requirement of more than the conserved peptide, is not certain. Other fluorimetric 
assay for the study of methyltransferase activity could also be employed 
(Wooderchak et al, 2008).  
 
This activity test was also used to detect whether mutants and alternate forms of 
XcpA are still active. Two mutants were developed and tested: the quintuple 
(XcpAC17A/C97S/C100S/C72S/C75S) mutant, the activity mutant (XcpAD149N) (LaPointe & 
Taylor, 2000) and mCherry-XcpA. The mCherry-XcpA fusion protein was detected to 
be active. According to the literature, only the activity mutant has been tested but it 
has also been presumed that the quintuple mutant's activity would not be 
detectable in vitro (Strom et al, 1993a), due to the strong decrease of both activities 
in mutation studies of only one cysteine in the zinc-binding motif.  
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4.3.1. Conclusion 
The results of this section will now be shortly concluded. We developed an in vitro 
assay to determine the peptidase activity of XcpA. This assay was compared with 
other results in the literature by testing different peptides as mutants of XcpA. In all 
cases the assay followed the results presented in the literature. The great advantage 
of this assay is its versatility, reproducibility and ease of use. A major disadvantage is 
the dependence on the ionizability of the peptides. This assay offers also the 
possibility to test different inhibitors which is interesting for future drug 
development studies.  
 
4.4. XcpA and oligomerization  

4.4.1. the oligomeric state of XcpA WT and the 
XcpAC17A/C97S/C100S/C72S/C75S mutant 

Oligomerization studies were performed by the use of BN-PAGE, cross-linking studies 
and (F)SEC to determine the oligomeric state of XcpA. One of the problems, 
however, inherent to studying the oligomerization state of proteins prone to 
aggregation due to improper disulfide bridge formation, is that it is difficult to 
discriminate true oligomeric states from artifacts.  
 
To study the oligomeric state, we therefore used the quintuple 
(XcpAC17A/C97S/C100S/C72S/C75S) mutant. Cross-linking experiment with BS3, DSS and 
paraformaldehyde at a protein concentration of 0.2 mg/ml indicated that the mutant 
was able to form dimers. Additionaly, a Blue Native PAGE experiment also indicated 
two bands. This means two different oligomeric states of the 
XcpAC17A/C97S/C100S/C72S/C75S mutant are present in native conditions. Both experiments 
therefore indicate that the quintuple mutant at least forms a dimer. An additional 
datapoint indicating the oligomeric difference between WT-XcpA and the 
XcpAC17A/C97S/C100S/C72S/C75S mutant is the difference in elution volume when using 
FSEC. When comparing the FSEC profiles of WT-XcpA and XcpAC17A/C97S/C100S/C72S/C75S, 
an elution shift of approximately 1 ml was observed. Although additional 
experiments with MALLS are needed to really estimate this shift in molecular weight, 
it can be stated that the absence or the presence of cysteines seems to influence the 
oligomeric state of XcpA. It can also be assumed that the disruption of the zinc-
binding motif might influence the hydrodynamic radius of XcpA and therefore cause 
the shift in the (F)SEC elution profile.  
 
Hsp33 is a chaperone which shows some similar characteristics of XcpA. This 
chaperone is inactive as a monomer, containing zinc, but upon redox changes the 
protein loses its zinc atom and dimerizes. The dimer Hsp33 is then fully active and 
can bind its substrate (Jakob et al, 2000). It is suggested that XcpA might have a 
similar action mechanism with some exceptions. 
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4.4.2. Towards the study of the oligomeric state of XcpA when co-
expressed with XcpT 

Supposedly this experiment originated to develop an in vivo activity assay. But 
eventually this led to several experiments to study the new-found and unknown 
oligomer or higher form of XcpA. The idea of the original experiment was to co-
express wild type XcpA with a fluorescent mCherry-tag and XcpT with a fluorescent 
GFP-tag. However, a remarkable shift in apparent molecular weight was observed by 
SDS-PAGE for mCherry-XcpA. This shift was not detected in the quintuple mutant, 
this could indicate that the cysteines can facilitate this shift. It should be mentioned 
that only this shifted form of XcpA is found, while the normal monomer is no longer 
detected. Additionally, almost no higher bands or degradation occurs. In other 
words, it seems that this higher oligomeric form after co-expression with its 
substrate XcpT-GFP is more stable than the solely expressed XcpA that Aggregates 
after concentrating. Due to these interesting characteristics, additional experiments 
were performed. 
 
Firstly, a large shift was also detected by FSEC, more specifically, a shift of 3 ml of 
elution volume. This is quite in contrast to the shift of one ml which is the difference 
between the quintuple mutant and the wild type. Secondly, upon analyzing the same 
sample but now with the excitation and emission wavelengths of GFP, it was 
observed that the most predominant peaks of the mCherry profile and the GFP 
profile co-elute. This indicates that these two proteins interact and form a higher 
complex or both proteins form separately a higher complex, which accidentally co-
elutes. Both results are interesting and have not yet been reported in the literature. 
Thirdly, our activity assay has shown that the peptide no longer gets cleaved. This is 
strange because mCherry-WT XcpA was shown to be active. Indicating that the new 
'form' is inactive or needs the full-length substrate for cleavage instead of the 
peptide, or a bound substrate blocks the passage of the peptide for cleavage. 
Fourthly, both proteins, mCherry-XcpA and XcpT-GFP, were purified using a Strep-
tag® and IMAC purification, respectively. Subsequent SDS-PAGE analysis has shown 
that a tiny fraction of the substrate (XcpT-GFP) co-elutes with XcpA after Strep-tag® 
purification. However, this is not enough to prove that, under the tested conditions, 
a complex of XcpT and XcpA is formed. Fifthly, upon boiling and adding β-
mercaptoethanol another shift was detected around the extrapolated molecular 
weight of an mCherry-XcpA dimer (70 kDa). However, β-mercaptoethanol could not 
undo the shift, caused by co-expression. So either this shift is cysteine-mediated or a 
covalent complex is formed. In case of the latter, the question is how and with which 
protein. It could not be XcpT-GFP because the fluorescent signal is only found at the 
apparent molecular weight of the monomer. Even so, a covalent reaction 
intermediate is not predicted to appear, according to the presumed activity 
mechanism. So the disulphide-linked bridge seems plausible but why wasn't the 
disulphide bridge reduced by the used β-mercaptoethanol? Although, it should be 
mentioned that only 5 mM of β-mercaptoethanol was added and that the sample 
was not incubated as long as the other experiment, which proved that the free 
cysteines induced aggregation. Or, the presumed disulphide bridge is located in the 
micelle, which can't be easily reached by β-mercaptoethanol.  
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The following hypothesis should be mentioned as well. This hypothesis assumes that 
aspartic acid proteases, upon binding of their substrate, undergo a conformational 
change, which will bring the catalytic residues together to initiate its reaction (Hu et 
al, 2011). Additionally, upon binding of XcpT, XcpA is supposed to be activated and, 
supposedly, dimerizes which in turn could lead to the formation of an inner 
membrane disulphide bond and thus could explain the new form of XcpA.  
 
The used gels, after SDS-PAGE, showed dual bands of equal intensity for every band. 
This can be explained by overloading the sample, partial degradation or incomplete 
reduction of the sample. It should also be noted that this dual band pattern is also 
detected for XcpT-GFP. However, in contrast to XcpA, the bands are not equally 
intense. More interestingly, when the concentration of XcpA is higher, the lowest 
band is the most intense and vice versa. The highest band could be the non-cleaved 
substrate, while the lower band is the substrate after cleavage of the positively 
charged leader peptide. This could indicate that the higher form of XcpA is still active 
and therefore cleaves its substrate.  
 
Finally, this method also offers a solution for the purification of XcpT. XcpT, during 
purification, tends to aggregate (Durand et al, 2005). But by co-expressing, as has 
been shown, it was possible to purify XcpT. Although XcpT could not be completely 
separated from XcpA, it is hypothesized that more washing steps, could lead to the 
successful purification of mature XcpT.  
 
Unfortunately since this result was detected during the last weeks of the project, it 
was not possible to collect more data and therefore additional experiments have to 
be performed to confirm and study these findings. One interesting experiment could 
be to co-express the single mutant (mCherry-XcpAC17A) with XcpT-GFP and observe 
whether the shift in apparent molecular weight still occurs. 
 

4.4.3. Conclusion 
The oligomeric state of WT-XcpA seems to be specifically monomeric, while the 
quintuple mutant seems to be able to form a higher oligomer form, such as a dimer. 
Since the difference between these two proteins is the zinc-binding motif, it is hard 
to couple strict conclusions to these results as the possibility still exists that as 
disrupting the zinc-binding motif also disrupts/forms a plausible interaction domain 
for monomerization/oligomerization. Additional data (i.e. FSEC, SEC and SDS-PAGE 
analysis) where mCHERRY-XcpA and mCherry-XcpAC17A/C97S/C100S/C72S/C75S mutant is co-
expressed with its substrate XcpT-GFP, seems however to support the hypothesis 
that the cysteines might play an important role in determining the oligomeric state 
of XcpA. It could be suggested that, upon binding of XcpT, XcpA becomes activated 
and dimerizes which in turn leads to the formation of an inner membrane disulphide 
bond and thus could explain the new form of XcpA. 
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4.5. Final conclusion 

During this thesis a new in vitro activity assay for XcpA has been developed. This 
assay has so far been validated and has several advantages, such as ease of use, 
reproducibility etc. and also disadvantages for example the requirement of 
ionizability. Other activity assays or modification of this activity assay can be done to 
study the methylation or the real-time activity of XcpA and related proteins. This has 
shown that purified XcpA is active and that the conserved peptide can be recognized 
and cleaved by XcpA. Additionally, this assay offers also the possibility to test 
different inhibitors which is interesting for future drug development studies.  
 
This thesis has indicated that the cysteines of XcpA are responsible for the 
aggregation problem. Additionally, upon removing these cysteines by mutation, it 
was observed that the protein is more vulnerable to proteolytic degradation. This 
indicates that besides a structural role, the zinc-binding motif might also have a 
functional role.  
 
This thesis has also studied the oligomeric state and stability of WT-XcpA. This has 
suggested that WT-XcpA is stable and is probably monomeric. Additionally, when the 
protein no longer contains the zinc-binding motif, it can form a higher oligomer (for 
example a dimer). Finally, upon co-expression of mCherry-XcpA and XcpT-GFP, a shift 
in apparent molecular weight and elution volume has been detected. While this was 
not observed upon co-expression of mCherry-XcpAC17A/C97S/C100S/C72S/C75S and XcpT-
GFP. This seems to support the hypothesis that the cysteines might play an 
important role in the conformational oligomeric state change induced upon 
substrate binding. Additionally, this form does not seem to be prone to aggregation 
or degradation, leading to the possibility to use this higher form for crystallization 
studies. 
 
4.6. Perspectives 

Future perspectives for this project would be: (i) further optimize the activity assay 
for less ionizable peptides and, if possible to study the methylation and the 
peptidase reaction in real-time using fluorometric assays; (ii) Continue the 
oligomerization studies of XcpA by using MALLS for the quintuple mutant and WT-
XcpA, including the co-expressed form; (iii) As a side project, design a XcpA molecule 
which does not contain the zinc-binding motif but is able to perform its function, for 
example switching the cytoplasmic subdomain of Xanthomonas campestris pv. 
campestris with the cytoplasmic subdomain of XcpA. A multiple sequence alignment 
of XcpA and XpsO (XcpA homologue in Xanthomonas campestris pv. campestris) is 
given in (Attachments: 8.11); (iv) Elucidate the nature of the new complex, whether 
it's a dimer of mCherry-XcpA, a covalent complex of mCherry-XcpA and XcpT-GFP or 
even something new; (v) Finally, start with the ultimate goal of this project, namely 
crystallization studies. Therefore several additional crystallization conditions can be 
employed, for example incubating with inhibitor or its substrate. 
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5. Discussie 
 

5.1. Algemene inleiding 

XcpA is een pre(pseudo)piline peptidase en N-methyltransferase van Pseudomonas 
aeruginosa. Dit eiwit speelt een belangrijke rol in de modificatie van zijn substraat, 
de pseudopilines. Deze modificatie is een essentiële stap in de functionaliteit van het 
type II secretiesysteem. XcpA herkent en klieft een N-terminaal positief geladen 
leaderpeptide van het substraat, het pseudopilin XcpT. Na klieving N-methyleert 
XcpA de nieuwe N-terminus met gebruik van de methyldonor S-adenosyl-L-
methionine. Dit proces zorgt voor de modificatie van de pseudopilines en deze zullen 
uiteindelijk de pseudopilus vormen, wat een belangrijke stap is in de secretie van 
verschillende virulentiefactoren (Douzi et al, 2012). Deze functie maakt XcpA een 
interessant doel voor de ontwikkeling van geneesmiddelen tegen infecties van 
Pseudomonas aeruginosa en andere pathogene bacteriën die het type II 
secretiesysteem gebruiken.  
 
Het ultieme doel van dit project is om structurele en functionele informatie van dit 
eiwit te verkrijgen door het gebruik van X-stralen kristallografie en biofysische 
karakterisering. Dit kan gebruikt worden om zijn 2 activiteiten (d.w.z. peptidase en 
N-methyltransferase) beter te kunnen bestuderen. Dit eiwit heeft een belangrijk 
probleem: namelijk een neiging tot aggregeren bij hogere concentraties. Aggregatie 
is een algemene term en begint met de abnormale vereniging van minstens 2 
moleculen. Deze abnormale vereniging biedt vervolgens de mogelijkheid om grotere 
structuren te vormen, dit leidt uiteindelijk tot het verlies van het eiwit in zijn natieve 
toestand (Ross & Poirier, 2004). Een eerste doelstelling van deze thesis was dan ook 
om de oorzaak van deze aggregatie te identificeren en om dit probleem op te lossen. 
Een zuiver, stabiel en monodispers staal is immers een belangrijke voorwaarde voor 
de structuurbepaling met X-stralen kristallografie of electronenmicroscopie. 
Verschillende factoren kunnen deze aggregatie veroorzaken: (1) onvoldoende 
gelijkenis tussen de detergent micel en het lipide milieu, (2) het verlies van een 
onbekende cofactor/additief (3), inherent IUP dat de aanwezigheid van een 
substraat nodig heeft om een goed gestructureerd domein te vormen, (4) 
onnatuurlijke disulfide binding door hoge eiwitconcentraties. Onnatuurlijke 
disulfidebruggen zijn een gevolg van de interactie tussen ongepaarde vrije 
thiolgroepen, die voor de zuivering ongepaard waren. 
 
In het eerste deel van de discussie met de naam '5.2: XcpA, de rol van de cysteïnes in 
aggregatie' zullen we de verschillende resultaten samenvatten en bespreken. Deze 
resultaten hebben betrekking tot de (in)stabiliteit van XcpA, het aggregatie probleem 
bij hogere concentraties en de mogelijke rol van de cysteïnes in dit probleem. . 
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Een tweede doelstelling is het ontwikkelen en testen van een nieuwe soort activiteit 
assay die ons in staat zou stellen om het de peptidase activiteit van XcpA in vitro te 
testen. Indien mogelijk zouden dan verschillende peptiden die de peptidase activiteit 
van XcpA kunnen inhiberen, getest worden. De methode die we ontwikkeld hadden, 
omvat synthetische peptiden en MALDI-TOF. We zullen de resultaten, voor -en 
nadelen van deze assay bespreken in het tweede deel '5.3: XcpA, nu met een 
activiteit assay'. 
 
De laatste doelstelling van deze thesis is om biochemische en biofysische informatie 
van XcpA te verkrijgen. Dit zal worden besproken in '5.4: XcpA en oligomerisatie'. Dit 
gedeelte bevat de informatie met betrekking tot de oligomere toestand van XcpA en 
een vergelijking van de oligomere toestand van de verschillende constructen (d.w.z. 
WT-XcpA en de XcpAC17A/C97S/C100S/C72S/C75S mutant en hun mCherry tegenhangers). 
Hierbij werden SEC, FSEC, BN-PAGE en cross-linking gebruikt. Daarnaast worden 
nieuwe bevindingen gerelateerd aan een co-expressie experiment, waarbij een 
plotselinge verschuiving kon worden waargenomen bij het SEC en FSEC elutieprofiel 
wanneer mCherry-XcpA tezamen met zijn substraat, XcpT-GFP, werd geëxpresseerd.  
 
5.2. XcpA, de rol van de cysteïnes in aggregatie 

5.2.1. Stabiliteitsonderzoek bij de solubilisatiestap 
In deze eerste fase willen we de stabiliteit XcpA bespreken vooraleer het eiwit 
gezuiverd werd door een Strep-tag®. Dit wil zeggen dat de solubilisatiestap 
bestudeerd werd. FSEC studies tonen aan dat het eiwit met succes kan worden 
geëxtraheerd uit het membraan, waardoor een monodisperse piek bekomen wordt. 
Verschillende pH's, detergenten en additieven werden getest. De volgende 
resultaten werden gevonden: (1) De geteste pH's (6, 8 en 9) hadden geen invloed op 
de efficiëntie van de extractie of de stabiliteit van het eiwit; (2) Tijdens het gebruik 
van verschillende detergenten, werd aangetoond dat DDM, NM en DM de beste 
invloed op de extractie hadden; (3) De additieven hadden onderling geen invloed op 
de extractie of op de stabiliteit van het eiwit, met uitzondering van β-mercapto-
ethanol. Aangezien door toevoeging β-mercapto-ethanol de opbrengst aanzienlijk 
verminderd was. We kunnen dus concluderen dat XcpA stabiel lijkt te zijn in de 
eerste fase van het opzuiveringsproces. Deze resultaten worden bevestigd met de 
resultaten van eerdere Western blot studies die in dit laboratorium werden 
uitgevoerd (niet gepubliceerde resultaten). Bij deze studies werden aan 
membraanfracties, verrijkt met XcpA, verschillende detergenten toegevoegd 
(bijvoorbeeld DDM, Anzergent-10, Anzergent-12, Cymal-6, DM en OG). 
  



  Discussie 

  69 

5.2.2. Stabiliteitsstudies tijdens het opzuiveringsproces 
Tijdens de volgende opzuiveringsstappen begint XcpA zich anders te gedragen. Dit 
leidt tot de vorming van aggregaten, die oorspronkelijk afwezig waren in de 
membraan fractie. De belangrijkste aanwijzing hiervoor was het hoge verlies aan 
eiwit opbrengst als gevolg van aggregatie na SEC zuivering. Hiervoor moest het staal 
immers opgeconcentreerd worden. Om de oorsprong van de neiging van het eiwit 
om te aggregeren op te helderen, werden verschillende experimenten uitgevoerd: (i) 
SDS-PAGE analyse van de verzamelde stalen, mutatiestudies en opzuiveringen van 
XcpA met behulp van verschillende buffers. Het aggregatie probleem werd vooral 
duidelijk wanneer de concentratie zich boven 1.5 mg/ml bevond. Bij deze 
concentratie werden, bij een SDS-PAGE gel, verschillende banden van XcpA zichtbaar 
op een moleculair gewicht van ongeveer 50 kDa, 75 kDa en 100 kDa. De rol van de 
concentratie wordt ook aangegeven door het gebrek aan aggregatie wanneer het 
staal lage concentraties van XcpA bevat (0.1-0.2 mg/ml). (ii) Onderzoek van de 
stabiliteit van XcpA toonde aan dat XcpA en de vijfvoudige mutant 
(XcpAC17A/C97S/C100S/C72S/C75S) stabiel zijn tijdens incubatie voor enkele dagen bij 4 °C of 
bij kamertemperatuur. 
 

5.2.3. XcpA en onregelmatige zwavelbruggen bij hogere 
concentraties 

Een belangrijke waarneming dat ons een aanwijzing voor een mogelijke oorzaak voor 
de aggregatie gaf, was het verdwijnen van de hogere oligomeren bij gebruik van een 
overmaat aan β-mercapto-ethanol (1M). Het gebruik van β-mercapto-ethanol 
vermindert immers zwavelbruggen. XcpA heeft vijf cysteïnes. Één bevindt zich in het 
binnenste membraan, en vier bevinden zich in het cytoplasma, waar deze naar 
verluidt een zink-bindend motief vormen (Aly et al, 2013). De aanwezigheid van 
meerdere oligomeren wijst erop dat de cysteïnes in het cytoplasmatische subdomein 
alleen of in combinatie met het transmembranair cysteïne de oorzaak zijn van de 
aggregatie. Een tweede waarneming is, dat de toevoeging van zink aan de buffer, die 
normaliter het zink-bindende motief moet stabiliseren, de aggregatie niet 
verminderde. Het verdwijnen van deze hogere oligomeren na incubatie met 
reductieve agentia en het onverschillig aggregatiegedrag van XcpA in aan -of 
afwezigheid van zink, leidt tot de hypothese dat de cysteïnes in het cytoplasmatische 
subdomein de oorzaak van de aggregatie zijn. Dit duidt ook aan dat het zink-
bindende motief niet zo solide is zoals oorspronkelijk verwacht was. 
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Om deze hypothese, die vermeldt dat de cysteïnes in het cytoplasmatische 
subdomein de oorzaak van de aggregatie zijn, werden verschillende cysteïne 
mutaties gemaakt. Deze bestonden uit: XcpAC17A waarbij de cysteïne in de 
transmembranaire helix gemuteerd werd tot een alanine, terwijl 
XcpAC17A/C97S/C100S/C72S/C75S, ook wel de vijfvoudige mutant genoemd, dezelfde 
transmembranaire cysteïne mutatie had maar ook vier extra mutaties had in het 
cytoplasmatische subdomein (cysteïne naar serine). Een belangrijke vaststelling was 
dat de vijfvoudige mutant kan worden gezuiverd met hoge opbrengsten, terwijl dit 
niet het geval was bij de XcpAC17A mutant. De XcpAC17A mutant verschilde overigens 
niet van het wild type XcpA. Bovendien verdwenen de banden van de veronderstelde 
oligomeren bij de vijfvoudige mutant. Dit werd zelfs waargenomen bij hoge 
concentraties. Een groot nadeel van de XcpAC17A/C97S/C100S/C72S/C75S mutant was dat 
deze een verhoogde kwetsbaarheid voor degradatie vertoonde. Twee stabiele en 
detecteerbare klievingsproducten werden waargenomen tijdens alle 
daaropvolgende zuiveringsstappen. Via Edman degradatie werd bepaald dat de N-
terminus van deze twee producten zich bevonden in het cytoplasmatische 
subdomein, dat normaal het zink-bindende motief bevat. Dit suggereert dat, hoewel 
de neiging van het eiwit om te aggregeren is verdwenen, de vijfvoudige mutant 
gevoelig lijkt te zijn voor degradatie. Dit betekent ook dat, hoewel het zink-bindende 
motief niet 100% stabiel is, de cysteïnes het cytoplasmatische subdomein 
beschermen tegen proteasen. 
 
Wat betreft de activiteit van de vijfvoudige mutant werd er waargenomen dat de 
mutant niet langer actief was in vergelijking met het wild type. Dit werd ook 
waargenomen in de literatuur waarbij het muteren van slechts één cysteïne van het 
zink-bindende motief leidde tot een sterke vermindering van beide functies. In vivo 
werd echter vastgesteld dat deze mutanten, met één gemuteerde cysteïne, nog 
actief waren (Strom et al, 1993a). Door deze waarneming werd dus voorgesteld dat 
het zink-bindende motief, ook al is deze vereist voor N-methylatie, ook een 
structurele rol speelt voor de peptidase activiteit, die bij verlies van het zink-bindend 
domein in mindere mate kan worden aangevuld door het membraan. Onze recente 
resultaten, vooral de resultaten van de co-expressie van mCherry-XcpA met XcpT-
GFP, tonen aan dat deze cysteïnes dynamischer betrokken zijn dan verwacht. 
Temeer omdat bij co-expressie van mCherry-XcpAC17A/C97S/C100S/C72S/C75S mutant met 
XcpT-GFP, hetzelfde resultaat niet bekomen wordt. 
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5.2.4. Conclusie 
Er werd aangetoond dat de cysteïnes de aggregatie veroorzaken. Dit werd 
aangetoond door: (i) SDS-PAGE gels die banden van een hoger moleculair gewicht 
vertoonden, vermoedelijk gevormd door covalente bindingen; (ii) mutatiestudies, 
wat leidde tot een grote afname van deze hogere oligomeren; (iii) en studies met β-
mercapto-ethanol, die een sterk verlagend effect had op deze hogere oligomeren. 
Maar, zijn de cysteïnes belangrijk voor de activiteit van XcpA? Er werd reeds 
aangetoond dat het zink-bindende motief vereist is voor methylatie en mutaties in 
dit motief leidden ook tot een sterke daling van beide activiteiten in vitro. Daarnaast 
is er ook aangetoond dat de verwijdering van het zink-bindende motief aanleiding 
gaf tot een gevoeligheid voor degradatie. Dit geeft aan dat naast een structurele rol, 
het zink-bindende motief misschien een grotere functionele rol speelt dan verwacht 
(d.w.z. de correcte opvouwing van het cytoplasmatische domein van XcpA) en 
eventueel een andere functie verricht die zal worden voorgesteld in '5.4: XcpA en 
oligomerisatie'. 
 
5.3. XcpA, nu met een activiteit assay 

XcpA herkent diverse substraten: het type IV piline, en de 5 pseudopilines. Deze zes 
eiwitten worden aangemaakt als precursors, die een geconserveerde N-terminale, 
positief geladen, leaderpeptide hebben, gevolgd door het finale eiwit. XcpA splitst 
deze leaderpeptide en N-methyleert de nieuwe N-terminus van het eiwit. 
Mutatiestudies van het type IV piline hebben aangetoond dat het glycine (-1) in deze 
sequentie van cruciaal belang is voor de klieving door XcpA (Strom & Lory, 1991). 
Deze assay is ontworpen en getest door een synthetisch peptide (QRRQQSGFTLIE), 
bestaande uit deze geconserveerde leaderpeptide, de splitsingsplaats en de vier 
volgende residuen. Na incubatie van het peptide met XcpA werd waargenomen met 
behulp van massa-spectrometrie (MALDI-TOF) dat dit peptide wordt gekliefd. Dit 
leidde tot de vorming van 2 kleinere peptiden (QRRQQSG met een moleculair 
gewicht van 858 Da en FTLIE met een moleculair gewicht van 621 Da, waarvan 
(QRRQQSG) wordt gedetecteerd met behulp van MS. MS/MS werd uitgevoerd en er 
werd vastgesteld dat de gedetecteerde piek, die was voorspeld als het gesplitste 
product, inderdaad de gesplitste vorm van het synthetische peptide was. 
 
Dit resultaat geeft aan dat XcpA nog actief is na extractie en zuivering in buffer met 
detergent. Bovendien kan XcpA dit kleine geconserveerde peptide van de 
pseudopilines herkennen zonder de aanwezigheid van de transmembranaire -en 
periplasmatische regio. Om de functionaliteit van deze test te bevestigen, werden 
vier gemodificeerde synthetische peptiden gemaakt die reeds werden getest in de 
literatuur: QRRQQSAFTLIE, QRRQQSGFTLIK, QRRQQSGLTLIE en QEEQQSGFTLIE. Net 
zoals waargenomen bij de in vitro activiteit assay met gemuteerde pilines werden 
drie peptiden gesplitst (Strom en Lory, 1991). Een peptide, QEEQQSGFTLIE, die de 
positief geladen aminozuren niet meer, kon niet worden gedetecteerd door deze 
werkwijze. Dit betekent dat ofwel het peptide niet gesplitst is, of dat het gesplitste 
peptide niet detecteerbaar was door de slechte ioniseerbaarheid van het peptide. 
Het niet gekliefde peptide vertoonde immers ook een slechte ioniseerbaarheid. 
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De ioniseerbaarheid van het peptide is dus belangrijk en kan dus een knelpunt van 
deze nieuw ontwikkelde activiteit assay zijn. Niettegenstaande kan deze methode 
worden gebruikt voor het screenen van meerdere inhibitor peptiden voor een 
ontwikkeling van geneesmiddelen tegen dit enzym. Dit zou kunnen uitgevoerd 
worden door allereerst incubatie van XcpA met een overmaat aan inhibitor peptide 
en vervolgens het standaard peptide toe te voegen. Hoewel het effect van een 
remmer peptide beter zou kunnen worden getest in real-time, met bijvoorbeeld dit 
synthetisch peptide een fluorescente groepen te geven. De ioniseerbaarheid van een 
peptide kan worden verhoogd door: (i) het modificeren van de peptide door het 
toevoegen van bijkomende positieve lading(en); (ii) Het gebruik van een andere MS 
analysator dan TOF, bijvoorbeeld Fouriertransformatie; (iii) het protocol wijzigen 
door bijvoorbeeld in negatieve modus te meten.  
 
Er werd reeds gesuggereerd dat deze activiteit assay kan worden uitgevoerd in real-
time, door bijvoorbeeld een fluorescente reporter te gebruiken (Peng et al, 2001). 
Nog geen resultaten kunnen worden verkregen aangezien er geen bruikbare 96 well 
plaat reader was met de golflengten van interesse. Bovendien kan deze test in 
theorie ook gebruikt worden om de N-methylatie te bestuderen. Hierbij zou SAM 
aan de reactie moeten toegevoegd worden. Na incubatie zou het staal dan 
geanalyseerd worden m.b.v. MALDI-TOF, maar nu gemeten in negatieve modus. Het 
peptide van belang is FTLIE, die reeds een negatieve lading bevat. Maar, geen 
positieve resultaten zijn tot nu toe verkregen. Of dit wordt veroorzaakt door een 
slechte ioniseerbaarheid van dit peptide of de noodzaak naar de andere onderdelen 
van het substraat, is niet zeker. Andere fluormetrische testen voor de studie van de 
methyltransferase activiteit kunnen ook gebruikt worden (Wooderchak et al, 2008). 
 
Deze activiteit assay werd ook gebruikt om te detecteren of de mutanten en 
alternatieve vormen van XcpA nog actief zijn. Hiervoor werden twee mutanten 
ontwikkeld en getest: de vijfvoudige (XcpAC17A/C97S/C100S/C72S/C75S) mutant, de 
activiteitsmutant (XcpAD149N) (LaPointe & Taylor, 2000) en mCherry-XcpA. Het 
mCherry-XcpA fusie-eiwit bleek actief te zijn. In de literatuur is slechts de 
activiteitsmutant getest maar er werd wel verondersteld dat de activiteit van de 
vijfvoudige mutant niet detecteerbaar zou zijn in vitro (Strom et al, 1993a), vanwege 
de sterke daling van beide activiteiten wanneer slechts één cysteïne in het zink-
bindende motief gemuteerd werd. 
 

5.3.1. Conclusie 
We ontwikkelden een in vitro assay voor de peptidase activiteit van XcpA. Deze test 
werd vergeleken met andere resultaten in de literatuur door het testen van 
verschillende peptiden en mutanten van XcpA. In alle gevallen kwamen de resultaten 
overeen met de resultaten die in de literatuur werden weergegeven. Het grote 
voordeel van deze test is de veelzijdigheid, de reproduceerbaarheid en 
hetgebruiksgemak. Een belangrijk nadeel is echter de afhankelijkheid van de 
ioniseerbaarheid van de peptiden. Deze test biedt ook de mogelijkheid om 
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verschillende inhibitoren te testen. Wat interessant zou zijn voor de ontwikkeling van 
geneesmiddelen.  
 
5.4. XcpA en oligomerisatie 

5.4.1. De oligomere toestand van XcpA WT en de 
XcpAC17A/C97S/C100S/C72S/C75S mutant 

Oligomerisatie studies werden uitgevoerd door het gebruik van BN-PAGE, cross-
linking studies en (F)SEC om de oligomere toestand van XcpA bepalen. Een 
probleem, dat echter inherent is aan het bestuderen van de oligomerisatie toestand 
van eiwitten, is de gevoeligheid voor artefacten die veroorzaakt zijn door 
zwavelbruggen tussen dezelfde moleculen die in de natieve toestand niet 
voorkomen. 
 
Om de oligomere toestand te bestuderen, werd dus de vijfvoudige 
(XcpAC17A/C97S/C100S/C72S/C75S) mutant gebruikt. Bij cross-linking experimenten  met BS3, 
DSS en paraformaldehyde bij een eiwitconcentratie van 0,2 mg/ml bleek dat de 
mutant een dimeer kon vormen. Bovendien toonde een BN-PAGE experiment twee 
banden aan, wat aanduidt dat dit eiwit 2 verschillende oligomere toestanden heeft 
in natieve omstandigheden. 
 
Hierdoor blijkt dus dat de XcpAC17A/C97S/C100S/C72S/C75S mutant tenminste een dimeer 
vormt. Er werd ook waargenomen, door FSEC, dat de oligomere toestand tussen WT-
XcpA en XcpAC17A/C97S/C100S/C72S/C75S mutant verschilt. Bij het vergelijken van de FSEC 
profielen van WT-XcpA en de XcpAC17A/C97S/C100S/C72S/C75S mutant, werd een verschil in 
elutie volume van één ml waargenomen. Hoewel aanvullende experimenten met 
multiangle laser light scattering (MALLS) nodig zijn om deze verschuiving in 
moleculair gewicht te schatten. Alleszins werd er aangetoond dat de af- of 
aanwezigheid van de cysteïnes in het cytoplasmatische domein, de oligomere 
toestand van XcpA blijkt te beïnvloeden. Het kan worden verondersteld dat de 
verstoring van het zink-bindende motief het hydrodynamische volume van XcpA kan 
beïnvloeden en hierdoor mogelijks een verschuiving veroorzaakt in het (F)SEC elutie 
profiel, of er is mogelijks een andere reden. Het fenomeen van de oligomerisatie die 
afhankelijk is van het zink-bindend motief is ook al waargenomen bij een bepaald 
chaperone, Hsp33. Dit chaperonne is inactief als een monomeer, terwijl het zink 
gebonden heeft, maar bij redox veranderingen verliest het eiwit zijn zink-bindende 
mogelijkheid en dimeriseert Hsp33. Deze dimeer kan vervolgens het substraat 
binden (Jakob et al, 2000). Deze resultaten tonen aan dat XcpA mogelijks een 
gelijkaardig werkingsmechanisme heeft, met enkele uitzonderingen. 
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5.4.2. De studie van de oligomere status van XcpA tijdens co-
expressie met XcpT 

Oorspronkelijk werd dit experiment uitgevoerd om een in vivo activiteit assay te 
ontwikkelen. Maar uiteindelijk leidde dit tot extra experimenten om de nieuwe reeds 
en onbekende oligomeer of hogere vorm van XcpA te bestuderen. Het idee van het 
oorspronkelijke experiment was om het wild type XcpA met een fluorescente 
mCherry-tag en XcpT met een fluorescerende GFP-tag te co-expresseren. Echter, een 
opmerkelijke verschuiving in schijnbaar moleculair gewicht werd waargenomen op 
SDS-PAGE voor mCherry-XcpA. Deze verschuiving was niet gedetecteerd bij co-
expressie van de vijfvoudige mutant, wat erop wijst dat de cysteïnes deze 
verschuiving mogelijks faciliteren. Bovendien is deze vorm met een hoger moleculair 
gewicht de enige vorm van XcpA die gedetecteerd wordt door SDS-PAGE, m.a.w. de 
monomeer wordt niet meer geobserveerd. Er werd ook geen afbraak of degradatie 
waargenomen. Dus met andere woorden, is deze vermoedelijke hogere oligomere 
vorm, verkregen na co-expressie met het substraat XcpT-GFP, stabieler dan wanneer 
alleen aangemaakt wordt. Als gevolg van deze interessante eigenschappen, werden 
additionele experimenten uitgevoerd. 
 
Ten eerste werd een groot verschil in elutie volume waargenomen door FSEC, meer 
bepaald een verschuiving van 3 ml elutie volume. Dit is geheel in tegenstelling tot de 
verschuiving van één ml die het verschil is tussen de vijfvoudige mutant en het wild 
type. Anderzijds, bij analyse van hetzelfde staal, maar nu met de excitatie en emissie 
golflengten van GFP werd waargenomen dat de meest overheersende pieken van 
het mCherry profiel en het GFP profiel co-elueren. Dit geeft aan dat deze twee 
eiwitten interageren en hierdoor dus een complex vormen of beide eiwitten vormen 
afzonderlijk een hogere complex, die toevallig co-elueren. Beide resultaten zijn 
interessant en nog niet vermeld in de literatuur. Ten derde heeft onze activiteitstest 
aangetoond dat het peptide niet meer wordt gekliefd. Dit is vreemd omdat mCherry-
WT XcpA actief bleek te zijn. Dit geeft aan dat de nieuwe "vorm" inactief of dat de 
andere onderdelen van het substraat nodig zijn voor reactie of een gebonden 
substraat blokkeert de doorgang van het peptide voor splitsing. Ten vierde, beide 
eiwitten, mCherry-XcpA en XcpT-GFP, werden gezuiverd met een Strep-tag® en een 
IMAC zuivering, respectievelijk. Latere SDS-PAGE-analyse heeft aangetoond dat een 
kleine fractie van het substraat (XcpT-GFP) co-elueert met XcpA na Strep-tag® 
zuivering. Dit is echter niet genoeg om te bewijzen dat, onder de geteste 
omstandigheden, er een complex van XcpT en XcpA gevormd wordt. Ten vijfde, bij 
het opkoken en het toevoegen van β-mercapto-ethanol werd er een andere 
verschuiving in schijnbaar moleculair gewicht ontdekt rond het geëxtrapoleerde 
moleculair gewicht van een mCherry-XcpA dimeer (70 kDa). Deze vorm kon echter 
niet ongedaan gemaakt worden door β-mercapto-ethanol. Dus, of deze verschuiving 
in moleculair gewicht is veroorzaakt door een zwavelbrug of door een covalent 
complex is nog niet zeker. In het laatste geval is het de vraag hoe en met welk eiwit. 
Het kon niet XcpT-GFP zijn omdat het GFP fluorescentiesignaal enkel gevonden 
wordt op het schijnbare moleculair gewicht van de monomeer. Ook wordt een 
covalent reactietussenproduct niet voorspeld in het reactiemechanisme.  
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Dus de zwavelbrug gekoppelde dimeer lijkt plausibel, maar waarom was de 
zwavelbrug niet verminderd door het gebruikte β-mercapto-ethanol? Alhoewel er 
moet vermeld worden dat slechts 5 mM β-mercapto-ethanol gebruikt werd en dat 
het staal niet lang geïncubeerd werd met β-mercapto-ethanol. Of een andere 
mogelijkheid is dat de veronderstelde zwavelbrug omgeven wordt door de micel en 
dat β-mercapto-ethanol deze zwavelbrug niet gemakkelijk kan bereiken. 
 
De volgende hypothese moet ook worden vermeld. Deze hypothese veronderstelt 
dat asparaginezuur proteasen (zoals XcpA), na binding van hun substraat, een 
conformationele verandering ondergaan die de katalytische residuen samenbrengen 
om zo de reactie te starten (Hu et al, 2011). Bovendien blijkt XcpA, na binding van 
XcpT, een hoger moleculair gewicht te bevatten dat waarschijnlijk wordt geactiveerd 
en, vermoedelijk, dimeriseert wat weer kan leiden tot de vorming van een 
zwavelbrug in het membraan. Dit zou bijgevolg deze nieuw geobserveerde toestand 
van XcpA kunnen verklaren.  
 
De gebruikte gels, na SDS-PAGE, vertoonden een dubbele bandenpatroon van gelijke 
intensiteit voor elke band. Dit kan worden verklaard door overladen van het staal, 
gedeeltelijke afbraak of onvolledige reductie van het staal. Ook moet er worden 
opgemerkt dat dit dubbele banden patroon ook gedetecteerd wordt voor XcpT-GFP. 
In tegenstelling tot XcpA, zijn de dubbele banden van XcpT-GFP niet even intens. 
Maar wat intrigerend lijkt, is dat wanneer de concentratie van mCherry-XcpA hoger 
is, de laagste band de meest intense wordt en vice versa. De hoogste band zou niet-
gekliefd substraat zijn, terwijl de onderste band het substraat na splitsing van de 
positief geladen leaderpeptide zou kunnen zijn. Dit zou erop kunnen wijzen dat de 
hogere vorm van XcpA nog steeds actief is en daarom zijn substraat klieft. 
 
Ten slotte, deze werkwijze biedt ook een oplossing voor het zuiveren van XcpT. XcpT, 
tijdens de zuivering, heeft de neiging om te aggregeren (Durand et al, 2005). Maar 
nu, door co-expressie, zoals aangetoond, kan XcpT gezuiverd worden. Hoewel XcpT 
niet volledig kon worden gescheiden van XcpA, wordt verondersteld dat meer 
wasstappen, kan leiden tot de succesvolle zuivering van gemodificeerd XcpT. 
 
Jammer genoeg werd dit resultaat gedetecteerd tijdens de laatste weken van het 
project en was het daarom niet meer mogelijk om meer gegevens te verzamelen en 
dus aanvullende experimenten uit te voeren om deze te bevestigen en verder te 
kunnen bestuderen. Een interessant experiment zou kunnen zijn om de co-expressie 
te herhalen maar nu met de enkele mutant (mCherry-XcpAC17A) en XcpT-GFP en 
vervolgens te observeren of deze verschuiving in schijnbaar moleculair gewicht nog 
steeds optreedt. 
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5.4.3. Conclusie 
De oligomere toestand van WT-XcpA lijkt specifiek een monomeer te zijn, terwijl de 
vijfvoudige mutant een hogere oligomere vorm lijkt te vormen, zoals een dimeer. 
Aangezien het verschil tussen deze 2 eiwitten enkel het zink-bindende motief is, is 
dit moeilijk te koppelen aan strikte conclusies want de mogelijkheid bestaat nog dat 
als het zink-bindende domein verstoord wordt, er een plausibel interactiedomein 
verstoord/gevormd wordt voor monomerizatie/oligomerisatie. Maar aanvullende 
gegevens (d.w.z. FSEC, SEC en SDS-PAGE) waarin mCherry-XcpA en de mCherry-
XcpAC17A/C97S/C100S/C72S/C75S mutant co-expressie uitgevoerd wordt met het substraat 
XcpT-GFP, lijkt echter de hypothese te bevestigen dat de cysteïnes een belangrijkere 
rol spelen dan gedacht. Meer bepaald bij het bepalen van de oligomere status van 
XcpA. Er kan dus worden voorgesteld dat na binding van XcpT, XcpA wordt 
geactiveerd en vervolgens dimeriseert wat leidt tot de vorming van een 
membranaire zwavelbrug en bijgevolg zou dit de nieuwe vorm van XcpA kunnen 
verklaren. 
 
5.5. Finale conclusie 

Tijdens deze thesis werd een nieuwe in vitro activiteit assay voor XcpA ontwikkeld. 
Deze test is tot dusver gevalideerd en heeft verschillende voordelen, zoals 
gebruiksgemak en reproduceerbaarheid maar deze heeft ook nadelen zoals de 
vereiste van ioniseerbaarheid.  Andere activiteit assays of wijziging van deze 
activiteitstest kan worden uitgevoerd om de methylatie of de real-time activiteit van 
XcpA en verwante eiwitten te kunnen bestuderen. Hieruit blijkt ook dat gezuiverd 
XcpA actief is en dat de geconserveerde synthetische peptide kan worden herkend 
en gesplitst worden door XcpA. Bovendien, deze test biedt ook de mogelijkheid om 
verschillende inhibitoren die mogelijks interessant zijn als toekomstige 
geneesmiddelen, te testen.  
 
Deze heeft aangetoond dat de cysteïnes van XcpA verantwoordelijk zijn voor het 
aggregatie probleem. Bovendien, na het verwijderen van deze cysteïnes door 
mutaties werd er waargenomen dat het eiwit kwetsbaarder wordt voor 
proteolytische afbraak. Dit geeft aan dat naast een structurele rol, het zink-bindende 
motief ook een extra functionele rol kan hebben, naast de N-methylatie activiteit. 
 
Deze thesis bestudeerde ook de oligomere toestand en de stabiliteit van WT-XcpA. 
Hieruit werd bepaald dat WT-XcpA stabiel is en waarschijnlijk een monomeer vormt. 
Bovendien, wanneer het eiwit niet meer het zink-bindende motief bevat, kan een 
hogere oligomeer (bijvoorbeeld een dimeer) gevormd worden. Ten slotte, na co-
expressie van mCherry-XcpA en XcpT-GFP, is er een verschuiving in schijnbaar 
moleculair gewicht en in elutie volume gedetecteerd. Hoewel dit niet werd 
waargenomen bij co-expressie van mCherry-XcpAC17A/C97S/C100S/C72S/C75S en XcpT-GFP. 
Dit lijkt de hypothese te bevestigen dat de cysteïnes een belangrijke rol spelen in de 
conformationele verandering in oligomere toestand die geïnduceerd wordt door 
substraatbinding. Bovendien is deze vorm niet gevoelig voor aggregatie of 
degradatie wat deze vorm ideaal maakt voor kristallisatie studies. 
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5.6. Perspectieven 

Toekomstperspectieven voor dit project zijn: (i) verdere optimalisatie van de 
activiteitstest om zo minder ioniseerbare peptiden te kunnen bestuderen en indien 
mogelijk de N-methylatie en de peptidase reactie in real-time met fluorometrische 
analyses te kunnen bestuderen; (ii) Doorgaan met de oligomerizatie studies van 
XcpA door MALLS voor de vijfvoudige mutant en WT-XcpA, waaronder de co-
expressie vorm; (iii) Als een zij-project, het ontwerpen van een XcpA molecule dat 
het zink-bindende motief bevat, maar in staat is om zijn functie uit te voeren, 
bijvoorbeeld door het cytoplasmatische subdomein van Xanthomonas campestris pv. 
campestris te verwisselen met het cytoplasmatische subdomein van XcpA. Een 
multiple sequence alignment van XcpA en XpsO (XcpA homoloog in Xanthomonas 
campestris pv campestris) wordt gegeven in (Bijlagen: 8.11); (iv) Verduidelijking van 
de aard van het nieuwe complex, of het nu een dimeer van mCherry-XcpA is, een 
covalent complex van mCherry-XcpA en XcpT-GFP of iets nieuws; (v) Ten slotte 
beginnen met het uiteindelijke doel van dit project, namelijk kristallisatie studies. 
Hierbij kunnen ook extra kristallisatieomstandigheden worden toegepast, zoals 
bijvoorbeeld incubatie met een inhibitor en/of zijn substraat. 
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6. Materials and Methods 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: Flowchart representing all the used techniques in this study. FSEC, fluorescent size 
exclusion chromatography; RT, room temperature; SEC, size-exclusion chromatography.  

FLOWCHART OF THIS STUDY 
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6.1. Cloning of XcpA constructs 

Several plasmids and/or constructs were used in this study (Table 6.1). All additional 
protocols can be read in 'protocols: 9' 
 
Table 6.1: Plasmids and constructs used in this study. Used restriction sites and characteristics of the 
mentioned plasmids and constructs. CbR means resistance to carbenicillin because the plasmid 
encodes a β-lactamase, which disrupts carbenicillin's function. Chloramphenicol resistant (CmR) 
means that it encodes an chloramphenicol acetyltransferase, which ensures resistance against the 
antibiotic chloramphenicol. Kanamycin (KmR) resistance is facilitated by nptII. T7 signifies that the 
used promoter is recognized by T7 RNA polymerase. LacI is a known inhibitor of the lacoperator, 
which regulates the transcription of the gene of interest. 
 

Plasmid/ 
construct 

Used restriction 
sites 

Characteristics Function Source 

pET52b+ BamHI and SalI PT7, CbR, lacI, origin = 
pBR322 

Expression 
vector (T7) 

Novagen 

XcpA coding  
sequence 

BamHI, SalI, 
XhoI and AvrII 

Contains the coding 
sequence of codon 
optimized WT XcpA 

Construct Drs. W. Van 
Putte 

pACYC duet  
encoding an 

mCherry construct 

XhoI and AvrII PT7, CmR, lacI, encodes 
mCherry and a Strep-tag® in 

frame with the construct 

Expression 
vector (T7) 

Drs W. Van 
Putte 

pGEM®-T Easy 
Vector 

/ PT7, CbR, LacZα, origin = 
pUC, high copy 

Cloning 
vector 

Promega  

XcpA mutants BamHI, SalI, 
XhoI and AvrII 

Contains the coding 
sequence of mutant XcpA 

Construct This study 

pET28b - XcpT-GFP / Kanamycin resistant, ORI, 
contains LacI, encodes 

XcpPT-GFP fusion protein 
with a C-terminal His6x-tag 

Expression 
vector (T7) 

Drs. W. Van 
Putte 

 

6.1.1. Restriction digest  
The plasmids/constructs were digested by two selective restriction enzymes (New 
England Biolabs (NEB), Ipswich, USA) (Table 6.2), while the reaction temperature and 
buffer (CutSmart, NEB) were chosen according to these enzymes. After incubation, 
the gel loading dye (2.5% (w/v) Ficoll®-400, 11mM EDTA, 3.3mM Tris-HCl, 0.017% 
(w/v) SDS, 0.15% (w/v) Orange G at pH 8.0, NEB) was added to the digest, which was 
subsequently loaded on a 1 % (w/v) agarose gel to perform agarose gel 
electrophoresis (160 V, Bio-RAD, Hercules, USA). The visualization of DNA (BioDoc-It 
imaging system (UVP, LLC)) was facilitated by GelRed (Biotium, Hayward, USA) which 
was added to the agarose gel prior to polymerization. 
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Table 6.2: Restriction enzymes used in this study. The vertical bars represent the cleaving site of the 
respective enzyme. NEB, New England Biolabs. 
 

Enzyme Recognition site Ideal conditions Source 
SalI-HF® 5'...G|TCGAC...3' 

3'...CAGCT|G...5' 
CutSmart and 37°C NEB, 

(Ipswich, USA) 
BamHI-HF® 5'...G|GATCC...3' 

3'...CCTAG|G...5' 
CutSmart and 37°C NEB, 

(Ipswich, USA) 
XhoI 5'...C|TCGAG...3' 

3'...GAGCT|C...5' 
CutSmart and 37°C NEB, 

(Ipswich, USA) 
AvrII 5'...C|CTAGG...3' 

3'...GGATC|C...5' 
CutSmart and 37°C NEB, 

(Ipswich, USA) 
 

6.1.2. DNA isolation and purification  
After observing the results of the agarose gel electrophoresis, the desired band (i.e. 
construct or plasmid which had the corresponding theoretical molecular weight) on 
the gel was cut out. The isolated DNA was purified by the use of the Wizard® SV Gel 
and PCR Clean-Up purification system (Promega, Madison, USA).  
 

6.1.3. Ligation 
The ligation was performed by adding T4 DNA ligase (NEB, Ipswich, USA) to the 
purified construct and plasmid with a ratio of 6 to 1, respectively. Subsequently, this 
mix was incubated at 24 °C for 1 hour. Then it was possible to use the ligation mix for 
transformation of bacterial strains. An optional check could be to perform an 
agarose gel electrophoresis of the ligation mix. 
 
6.2. Transformation of XcpA constructs: electroporation 

6.2.1. Bacterial strains and growth conditions 
The appropriate bacterial strains were transformed by the received ligation mixes 
(Table 6.3). 
 
Table 6.3: Bacterial strains used in this study. 

Strains 
(E. coli) 

Genotype/characteristics Transformed by 
(in this study) 

Source 

DH5α F-, Φ80lacZΔM15 Δ(lacZYA-argF) U169 
recA1 endA1 hsdR17 (rK–, mK+) phoA 

supE44 λ– thi-1 gyrA96 relA1 

Intermediate cloning 
constructs for mutants in 

pGEM 

Invitrogen 

BL21(DE3) F-, ompT, gal, dcm, hsdS(rB
- mB -), 

λ(DE3) 
mCherry-XcpA, mCherry-

XcpA+ XcpT-GFP and 
mCherry-55 

Novagen 

C43(DE3) F-, ompT, gal, dcm, hsdS(rB
- mB -), 

λ(DE3) 
XcpA WT and mutants in 

pET52b+ 
Lucigen 
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All strains were grown at 37 °C in lysogeny broth (LB, 1 % (w/v) NaCl, 0.5 % (w/v) 
Yeast extract and 1% (w/v) Trypton ) medium or on LB agar plates. When the strains 
were transformed, the medium was supplemented with the corresponding 
antibiotic(s) (Table 6.4).  
 
Table 6.4: Antibiotics used in this study. 

Antibiotic Needed concentration 
(µg/ml) 

Stock conc 
(mg/ml) 

# µl/100 ml Source 

Carbenicillin 100 250 40 Duchefa 
Biochemie 

Chloramphenicol 25 34 73 Sigma-Aldrich 
Kanamycin 25 25 100 Duchefa 

Biochemie 
 

6.2.2. Preparation of electrocompetent cells 
An E. coli strain of interest (Table 6.3) was grown (200 rpm, 37°C) and when the 
optical density at 600 nm (OD600) reached a value of 0.6 (measured by SmartSpec 
3000, Bio-Rad, Hercules, USA), the cells were harvested by centrifugation at 4000 
rpm for 5 minutes at 4° C. The pellet was solubilized with sterile double-distilled 
water (ddH2O) and subsequently centrifuged. This step was performed twice. 
Afterwards the pellet was solubilized with an autoclaved 50% (v/v) glycerol solution 
(Sigma-Aldrich, St. Louis, USA) and centrifuged (4000 rpm, 5 minutes, 4 °C). Finally 
the pellet was solubilized again with 10 % (v/v) glycerol. The cells were allocated in 
fractions of 60 µl and stored at -80°C. 
 

6.2.3. Transformation of electrocompetent cells by electroporation  
The required E. coli strain, DNA solution (plasmid or ligation product) was thawed 
and placed on ice. After adding the DNA to the cell suspension, the cells were 
transported to an ice-cooled electroporation cuvette. Subsequently the cells were 
electroporated at 2,5 kV ; 25 µF and 200 Ohm (E. coli Pulser™, Bio-Rad, Hercules, 
USA). The cells were then rapidly resuspended in 1 ml of LB medium and were placed 
at 37°C for 1 hour. Afterwards the cells were placed on LB agar plates with the 
corresponding antibiotic. The plates were incubated overnight at 37°C.  
 

6.2.4. Colony PCR and sequencing 
The plates were observed for bacterial growth (colonies) and a random amount of 
clones were picked up to perform a colony PCR to determine whether these contain 
edthe correct ligated product. Afterwards, the selected colonies were shortly added 
to sterile water and used to inoculate a 10 ml of fresh LB medium with the 
appropriate antibiotic at the same time. The latter cells were again grown overnight 
at 37°C and the former cells were lysed by the use of a heat shock by boiling them 
for 10 minutes at 95 °C. A small portion of this lysate was added to the PCR reaction 
mix (GoTaq®, Promega, Madison, USA). Several different primers were used (Table 
6.5).  
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Subsequently an agarose gel electrophoresis was performed on every PCR mix and 
the positive colonies (i.e. those that showed a band at the appropriate molecular 
weight) were selected. The positive colonies' plasmids were purified using the 
PureYield™ Plasmid Miniprep System (Promega, Madison, USA) and were digested 
with the appropriate restriction enzymes. Afterwards the digest was loaded on a 1% 
(w/v) agarose gel and subsequently agarose gel electrophoresis was performed. The 
gel was analyzed to detect whether the construct was available or not. Finally the 
positive plasmids were sequenced (Genetic service facility, Antwerpen, Belgium). 
 
Table 6.5: Primers used in this study. All primers were synthesized by IDT. Primer characteristics were 
determined using OligoCalculator (http://www.basic.northwestern.edu/biotools/oligocalc.html). 

Primer Primersequence (5'-> 3') GC % 
(%) 

Annealing 
temperature 

ΔG 
(kcal/mol) 

Restriction 
site(s) 

T7 
promoter 

TAATACGACTCACTATAGGG 40,0 47.5 °C -22,3 / 

T7 
terminator 

GCTAGTTATTGCTCAGCGG 52,6 53,4 °C - 24,3 / 

FW XcpA ATTATGGATCCTCCCCTCCTC 
GAC TACCTG 

53 64,4 °C - 41,1 BamHI 

Rev XcpA TAATAGTCGACTCATTTGAA 
TCCGGC GAATTG 

48 59,7 °C -37,2 SalI 

FW XcpA 
mCherry 

TTATACTCGAGCCCCTCCTCG 
ACTACC 

56 62,8 °C -37,7 XhoI 

Rev XcpA 
mCherry 

ATTTAGGATCCTCATTTGAAT 
CCGGCG AATTGCAGATAGGTC 

43 66,5 °C -57,6 AvrII 

D149N 
(sense) 

AGCCTGATCGATGCCAATCAC 
CAACTGCTG 

53 64,4 °C -43 / 

D149N 
(antisense) 

GCAGCAGTTGGTGATTGGCAT 
CGATCAGGC 

57 65,7 -43,8 / 

FW C17L 
 

GGATCCATGCCCCTCCTCGACTA 
CCTGGCCAGCCATCCGCTGGCCT 

TTGTCTTGTTAACCATCTC 

58 78,5 -102,7 BamHI 

FW C17A 
 

GGATCCATGCCCCTCCTCGACTAC 
CTGGCCAGCCATCCGCTGGCCTTT 

GTCTTGGCCACCATCCTC 

64 80,8 - 108,2 BamHI 

C72S/C75S 
(sense) 

ATTCGGCGAGCCCGCGCAGCG 
GCCAC 

77 70,6 -46,3 / 

C72S/C75S 
(antisense) 

GTGGCCGCTGCGCGGGCTCGCC 
GAAT 

77 70,6 -46,3 / 

C97S/C100S 
(sense) 

GGCGGCAAGAGCTCGTCCAGCA 
AGGCCG 

71 70,2 -46,4 / 

C97S/C100S 
(antisense) 

CGGCCTTGCTGGACGAGCTCTT 
GCCGCC 

71 70,2 -46,4 / 
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Table 6.6: PCR protocols used in this study .*, The mentioned amount of time multiplied by the total 
amount of base pairs of interest divided by 1000; ", seconds ; ', minutes; Reaction mixtures were 
followed according to the provider's protocol, which is added in the section 'protocols'.  
 

Enzyme Steps Temperature Time Function enzyme 
Phusion® 
Hot Start 
Flex DNA 
Polymerase 
(NEB) 

1) Initial denaturation 
2) Denaturation 
3) Annealing 
4) Extension 
Repeat 35x from 2) 
5) Final extension 
 

98 °C 
98 °C 

45-72 °C 
72 °C 
72 °C 

 

30 '' 
10 " 
30 " 

30 " * 
10 ' 

Acquiring mutants 

GoTaq® 
DNA 
polymerase 
(Promega) 

1) Initial denaturation 
2) Denaturation 
3) Annealing 
4) Extension 
Repeat 35x from 2) 
5) Final extension 
 

95 °C 
95 °C 

42-65 °C 
72 °C 
72 °C 

 

2 ' 
1  
1 ' 

1 ' * 
10 ' 

Colony PCR 

 
6.3. Expression tests 

A single colony on an LB agar plate was isolated, using a sterile pipet tip, and brought 
into a flask, containing 50 ml of LB medium with the appropriate antibiotic (Table 
6.4). The flask was incubated overnight at 200 rpm and 37 °C. One ml of the 
preculture was brought in a shake flask, containing 10 ml of LB and the 
corresponding antibiotic and was then incubated at 37°C. The amount of flasks used 
depended on the number of conditions (temperature, inducer concentration, ...) of 
interest. For every temperature an extra tube (blank) was used which was needed to 
measure the OD600. The OD600 of every blank was measured and when the cells had 
reached an OD600 between 0,6 or 1,0 (measured by SmartSpec 3000, Bio-Rad), the 
cells were induced by the use of isopropyl-β-D-1-thiogalactopyranoside (IPTG, 
Duchefa Biochemie, Haarlem, The Netherlands) and subsequently incubated at the 
appropriate temperature (16 °C or 28 °C). One ml of the blank was also isolated and 
centrifuged for five minutes at 14000g. The pellet was isolated and stored at - 20°C. 
After an incubation time of 1h/2h/3h/.../overnight (ON), 1 ml of the induced cells 
was isolated and subsequently the OD600 was measured. After centrifugation (5', 
14000 g) the pellet was stored at -20°C. When the samples of all the conditions of 
interest have been acquired, the cells were thawed on ice and a certain amount of 
dH2O (OD600 * 100) µl was added to resuspend the pellets. After addition of Laemmli 
buffer (2% (w/v) SDS, 0.025% (w/v) bromophenol blue, 20% (v/v) glycerol, 62.5 mM 
Tris-HCL at pH 6.8) and boiling (5' at 95°C) the cells were loaded and SDS-PAGE was 
performed for further analysis. 
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6.4. Expression and purification of XcpA 

6.4.1. Growing cells 
Cells, transformed by the plasmid of interest, were grown overnight (200 rpm, 37°C) 
in LB medium containing the corresponding antibiotic. A fraction of this preculture 
was added to 12 bottles, each containing 1 liter of selective LB medium, and 
incubated at 37 °C. Subsequently, the OD600 for every bottle was measured and 
when the cells had reached an OD600 between 0,6 or 1,0 (measured by SmartSpec 
3000, Bio-Rad), the cells were induced by the use of 0,5 mM IPTG and subsequently 
incubated at 28 °C. After an appropriate time the cells were isolated by 
centrifugation at 15000 g for 15 minutes at 4°C. The pellet was stored at -80°C.  
 

6.4.2. Lysis of cells and membrane isolation 
Each of the following step was performed on ice and all the buffers used were 
filtered using a 0,22 µm membrane (Millipore). The pellet was thawed on ice and 
buffer was added (50 mM Tris, 150 mM NaCl and pH 7.5) to solubilize the cells. 
Lysozyme (Sigma-Aldrich, St. Louis, USA) (1 μg/ml), PierceTM Protease Inhibitor EDTA-
free Tablet (Thermo Scientific) (1 tablet for 50mL) and Benzonase endonuclease 
(Merck, Darmstadt, Germany) (1μL/50 mL) were added as well. Afterwards, the cells 
were subdivided in 50 ml tubes and for each tube 20-25 ml was lysed by sonication 
(Digital Sonifier Model S-250D, Branson). The sonication protocol was 3 minutes at 
an amplitude of 30 %, while the sonicator was active for 1 second and inactive for 2 
seconds for every run. The remaining cells were discarded by centrifugation (Avanti 
J-30I (Beckman Coulter, Fullerton, USA), JA-10 rotor, 2 times for 15 minutes at 
10000g) and the obtained supernatant was centrifuged at 100000g for 1 hour at 4°C 
(Avanti J-30I (Beckman Coulter) and JA-30.50 rotor) and the newly acquired 
supernatant was discarded. This step was used to acquire the membrane pellet, 
which was afterwards solubilized with buffer (50 mM TRIS, 300 mM NaCl, 10% (v/v) 
glycerol and 1 PierceTM Protease Inhibitor EDTA-free Tablet (Thermo Scientific) at pH 
7.5).  
 

6.4.3. Membrane solubilization 
To the solubilized membrane pellet (membrane fraction), an additional buffer (50 
mM TRIS, 150 mM NaCl, DDM (depends on the starting membrane fraction) and pH 
7.5) was added. This buffer was added to ensure that the total n-Dodecyl-β-D-
maltopyranoside (DDM) percentage of the membrane fraction is 1% (w/v). The 
membrane fraction was rotated for 2 hours at 4 °C to homogenize the sample. 
Afterwards, the unsolubilized membrane fraction was centrifuged (J-30I (Beckman 
Coulter) and JA-30.50 rotor) at 100000g for 1 hour at 4°C.  
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6.4.4. Purification of XcpA. 
The supernatant was filtered using a 0.22 μM filter (Millipore) and was purified using 
affinity chromatography. This affinity chromatography is performed by the use of a 
Strep-tag®, which is encoded in the used plasmid. Matrix (iba, Goettingen, Germany), 
which contains beads with immobilized Strep-tactin®, was added to the column. 
After washing the column with buffer (50 mM TRIS, 150 mM NaCl, 0.03 % (w/v) DDM 
at pH 7.5), the sample was loaded and subsequently the column was washed with 
the same buffer. The protein of interest was eluted with elution buffer (50 mM TRIS, 
150 mM NaCl, 0.03 % (w/v) DDM, 5 mM desthiobiotin (iba) at pH 7.5). After the 
chromatography, 15 µl of every fraction was isolated to determine the concentration 
(NanoDrop 1000®, Thermo Fischer Scientific, Waltham, USA) and to visualize the 
samples by SDS-PAGE. Subsequently, the captured fractions were stored at -80°C. 
 
Additionally, a SEC purification was performed. Therefore the protein fractions, after 
Strep-tag® purification, were pooled and concentrated, using a Vivaspin® (Vivaspin 
20, 100000 MW cut-off, Sartorius Stedim, Göttingen, Germany). The column 
(Superdex 200 10/300 GL (GE Healthcare)), which was coupled to an ÄKTA Purifier, 
was first equilibrated with running buffer (150 mM NaCl, 50 mM TRIS and 0.03% 
(w/v) DDM at pH 7.5). Subsequently, the protein sample was loaded on the column. 
The eluting sample was fractionated, using fractions of 0.5 ml, and collected starting 
from the void volume (8 ml) to the column volume (24 ml). Selected samples of 
some fractions were loaded on SDS-PAGE gel to evaluate the purification. 
 

6.4.5. SDS-PAGE analysis 
Fifteen µl of interesting protein fractions, bacterial cells or membrane fractions was 
incubated with eight μl Laemmli buffer. The samples were loaded on a 15% (w/v) 
acrylamide/bisacrylamide containing gel with a 6% (w/v) acrylamide/bisacrylamide 
stacking gel and subjected to SDS-PAGE at 140-160V for approximately 1 hour. After 
the run was completed, the protein bands were stained with Coomassie Brilliant 
Blue R-250 (Thermo Scientific) for at least 3 hours, after which the non-bound 
Coomassie solution was washed off the gel with Coomassie destain solution (50% 
(v/v) methanol, 10% (v/v) acetic acid).  
 

6.4.6. Western blot analysis 
The proteins, located on a SDS-PAGE gel, were transferred to a Hybond ECL 
Nitrocellulose membrane (GE Healthcare, Little Chalfont, UK) in protein transfer 
buffer (PTB, 25 mM Tris-HCl, 192 mM glycine, 20% (v/v) methanol at pH 8.3). Next, 
the nitrocellulose membranes were washed with phosphate buffered saline (PBS, 
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2.0 mM KH2PO4 at pH 7.4) and 
subsequently placed in 5% (w/v) blocking buffer (BB, PBS containing 5% (w/v) non-
fat dry milk (Bio-Rad)) to block the membrane.  
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After washing in PBST (PBS containing 0,1% (w/v) Tween20) the membrane was 
incubated with 1% (w/v) BBT (1% (w/v) nonfat dry milk in PBST) containing anti-
Strep-HRP antibody (1:5000, Precision Protein™ StrepTactin-HRP Conjugate #161-
0381, Bio-Rad). The blots were developed with Pierce ECL Western Blotting 
Substrate (Thermo Fischer Scientific, Waltham, USA).  
 
An alternative for Western blotting was also used for fluorescent proteins. This 
technique required an SDS-PAGE of the fluorescent protein and upon finishing, the 
gel was placed in water and analyzed using a Pharos scanner (PharosFXTM Plus 
system, Bio-Rad) at the appropriate wavelengths. 
 
6.5. Mutagenesis by splice overlap extension PCR 

Primers were designed, encoding the mutations of interest (Table 6.5). For every 
mutant, 3 runs were employed. Two runs were performed simultaneously using the 
Phusion Hot Start DNA polymerase®. One run used the forward primer of XcpA and 
the antisense primer, containing the mutations, while the second run used the 
reverse primer of XcpA and the sense primer. Afterwards, the PCR products were 
purified (Materials and methods: 6.1) and subsequently added to the third PCR 
reaction, using the GoTaq® DNA polymerase. The third run used the forward and 
reverse primer of XcpA. After purification of the resulting PCR fragment, the 
construct was ligated into a pGEM® T-EASY vector. After amplification of this vector, 
the process of the three PCR runs was repeated with another primer pair, containing 
the other mutations. After obtaining the quadruple mutant, a final PCR reaction was 
run using the GoTaq® DNA polymerase. The used primers were the reverse primer of 
XcpA and the forward primer containing the mutation of interest. After purification 
of the PCR construct, the construct was ligated into a pGEM® T-EASY vector. 
Afterwards, the plasmid was amplified using DH5α cells and the construct was 
isolated using a restriction digest. The construct was ligated into the vector of 
interest(pET52b+). 
 
6.6. Co-expression study 

6.6.1. Co-expression 
The 2 compatible plasmids, delivered at a 1:1 ratio, were electroporated into 
BL21(DE3) cells according to the protocol mentioned above (6.2). Subsequently, one 
colony, grown on an agar plate containing both antibiotics, was isolated and grown 
overnight in selective LB medium (0.1 mg/ml carbenicillin and 0.025 mg/ml 
chloramphenicol). The growing of the cells, expression, lysis, membrane isolation 
and purification are similar to the protocols mentioned above (6.4). 
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6.6.2. Strep-tag® purification with subsequent IMAC purification of 
flow-through 

Strep-tag® purification was performed according to the protocol mentioned above 
(6.4.4). The column was equilibrated with buffer A (50 mM HEPES, 200 mM NaCl and 
0.09 % (w/v) Cymal-6 at pH 7.4) and the sample (flow-through of the Strep-tag® 
purification) was subsequently loaded. After washing the column with buffer A 
containing 10% (v/v) of buffer B (50 mM HEPES, 200 mM NaCl, 300 mM imidazole 
and 0.09 % (w/v) Cymal-6 at pH 7.4). Afterwards the protein was eluted by adding 
buffer B. The samples were then analyzed by SDS-PAGE. 
 
6.7. Oligomerization studies 

6.7.1. Blue Native PAGE 
Purified samples containing the protein of interest were prepared with NativePAGE 
Sample Buffer (4X) (Invitrogen) and NativePAGE 5% (w/v) G-250 Sample Additive 
(Invitrogen). Subsequently, the prepared samples were loaded on a 4-16% (w/v) 
gradient blue native gel, cast in a BioRad protean II minigel system. The gel 
electrophoresis was run according to the protocol which was provided by the 
manufacturer (Invitrogen, 30 min at 35 V and afterwards 160 V for 3 hours). For 
analysis, the gel was carefully stained with Coomassie, similar to the previously 
described protocol. As for the marker, the NativeMark Unstained Protein Standard 
(Invitrogen) was used. 
 

6.7.2. Cross-linking 
Since the used cross-linkers (DSS, BS3 and paraformaldehyde) react with primary 
amines such as lysine or Tris, buffer exchange was used. The sample was loaded on a 
SEC column and another buffer was used (HEPES 50 mM, NaCl 150 mM and 0.03% 
(w/v) DDM at pH 7.5). Subsequently, the obtained fractions were pooled and 
concentrated using a Vivaspin® (Sartorius Stedim). This acquired sample was then 
used for cross-linking experiment. The sample was first subdivided in aliquots and 
then the cross-linker of interest was added to the sample. The final concentration of 
cross-linker (BS3 and DSS) was 1 mM, which was added from a stock concentration 
of 30 mM. For paraformaldehyde, four different cross-linker concentrations (1, 2, 3 
and 5 µl) were used from a stock solution containing 30 % (w/v) paraformaldehyde. 
After the appropriate incubation time (1 hour, 3 hours or ON) the cross-linker was 
quenched by adding an excess of 1 M of Tris (at pH 8). The different samples were 
subsequently loaded on an SDS-PAGE for analysis.  
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6.8. Activity studies 

The activity of the protein was assessed using a reaction mixture which consisted of 
the following reagents: the protein of interest (1 µg according to OD280 by 
Nanodrop); the peptide of interest (made by Genscript, Piscataway ,USA), 2 µl from a 
2 mg/ml stock solution); an additional reagent of interest (reducing agent, inhibitor 
etc.); buffer (50 mM Tris, 150 mM NaCl and 0.03 % (w/v) DDM at pH 7.5) was used to 
bring the reaction volume to a total of 30 µl. Afterwards, the reaction mixture was 
shortly centrifuged at 2000 g for 2 seconds and stored at 37°C for 48 hours. After 
incubation, the samples were boiled (95°C) for 5 minutes and centrifuged at 13000 
rpm for 10 minutes. The samples were stored at -20°C and/or, whenever possible, 
given to DI Isabel Vandenberghe (L-ProBe) for MS (MALDI-TOF) analysis.  
 
6.9. Stability studies 

6.9.1. FSEC 
A fluorescence-detection size exclusion chromatography (FSEC) assay was used to 
analyze the stability and/or extraction efficiency of a certain range of conditions for 
the protein of interest. A great advantage of this technique is that, since there are no 
fluorescent proteins available in the membrane, the membrane pellet can be loaded 
after solubilization and thus no purification is needed. The membrane pellets were 
acquired following the previous protocol. Solubilizing of the membrane proteins was 
also performed according to the protocol mentioned above (Material and methods: 
6.4). However, the centrifugation step was different. The samples were centrifuged 
(Optima Tlx ultracentrifuge) at 30000g for 1 hour at 4°C. Subsequently, the 
supernatant of the samples was isolated and loaded onto a SEC column (Superose 6, 
10/300 GL (GE Healthcare)), while using a buffer (150 mM NaCl, 50 mM Tris and 0.03 
% (w/v) DDM at pH 7.5) with a flow rate of 0.6 ml/min. The fluorescence was 
observed using the appropriate wavelengths (Attachments: 8.6) with the following 
detector (RF-10 A XL, Shimazu). 
 

6.9.2. Stability over time 
The sample containing the protein of interest was incubated at 4 °C for a certain 
amount of time. Every 24 hours, an aliquot from the sample was isolated. To the 
aliquot, Laemmli buffer was added and this mixture was subsequently stored at -
20°C. Another aliquot was also stored at room temperature, while the remaining 
aliquot was boiled for 5 minutes at 95°C. All aliquots were analyzed by SDS-PAGE. 
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8. Attachments 
 

8.1. Alignment of (pseudo)pilins from P. aeruginosa 

The alignment of all five pseudopilins and the type IV pilin is shown (Figure 8.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1: Multiple sequence alignment of the pseudopilins and type IV pilin in P. aeruginosa. 
Protein sequences acquired from the Uniprot database. Multiple sequence alignment made by 
ClustalW2. 
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8.2. Amino acid and DNA sequences of XcpA 

The amino acid and DNA sequences of XcpA have been studied (Table 8.1). 
Additionally, Edman degradation has detected the cleavage sites 
 
Table 8.1: DNA and amino acid sequences of XcpA. Both sequences were retrieved from the genome 
database of Pseudomonas aeruginosa. The marked amino acids, were found by Edman degradation of 
the presumable cleavage products. The higher (~20 kDa) band's N-terminus is shown in yellow, while 
the lower band's N-terminus is shown in green. 
 

DNA sequence of XcpA 
 
ATGCCCCTCCTCGACTACCTGGCCAGCCATCCGCTGGCCTTTGTCTTGTGCACCATCCTCCTCGGCCTG
CTGGTCGGCAGCTTCCTCAACGTCGTCGTGCATCGCCTGCCGAAGATGATGGAGCGCAACTGGAAG
GCCGAGGCCCGCGAAGCGCTCGGGCTGGAGCCGGAACCCAAGCAGGCGACCTACAACCTGGTGCT
GCCGAATTCGGCGTGCCCGCGCTGCGGCCACGAGATCCGCCCCTGGGAAAACATCCCGCTGGTCAG
CTACCTGGCGCTGGGCGGCAAGTGCTCGTCCTGCAAGGCCGCCATCGGCAAACGCTACCCCCTGGTG
GAACTGGCCACCGCGCTGCTTTCCGGCTACGTCGCCTGGCATTTCGGCTTCACCTGGCAGGCGGGCG
CGATGCTCCTGCTGACCTGGGGTCTGCTGGCGATGAGCCTGATCGATGCCGATCACCAACTGCTGCC
GGACGTGCTGGTGCTGCCGCTGCTCTGGCTGGGCCTGATCGCCAACCATTTCGGCCTCTTCGCCAGC
CTCGACGATGCGCTGTTCGGCGCGGTGTTCGGCTACCTGAGCCTGTGGTCGGTGTTCTGGCTGTTCA
AGCTGGTGACCGGCAAGGAGGGCATGGGCTACGGCGACTTCAAGCTGCTGGCCATGCTCGGTGCCT
GGGGCGGCTGGCAGATCCTGCCGCTGACCATCCTGCTGTCGTCGCTGGTCGGGGCGATCCTCGGGG
TGATCATGCTGCGCCTGCGCAACGCCGAAAGCGGCACGCCGATCCCCTTCGGTCCCTATCTGGCTATT
GCCGGGTGGATTGCTTTGCTCTGGGGTGATCAAATAACCCGGACCTATCTGCAATTCGCCGGATTCA
AATGA 
 

Amino acid sequence of XcpA 
 
MPLLDYLASHPLAFVLCTILLGLLVGSFLNVVVHRLPKMMERNWKAEAREALGLEPEPKQATYNLVLPNS
ACPRCGEIRPWENIPLVSYLALGGKCSSCKAAIGKRYPLVELATALLSGYVAWHFGFTWQAGAMLLLTW
GLLAMSLIDADHQLLPDVLVLPLLWLGLIANHFGLFASLDDALFGAVFGYLSLWSVFWLFKLVTGKEGMG
YGDFKLLAMLGAWGGWQILPLTILLSSLVGAILGVIMLRLRNAESGTPIPFGPYLAIAGWIALLWGDQITR
TYLQFAGFK 
 
 
8.3. Molar extinction coefficients and molecular weights 

of the proteins used in this study. 

To effectively measure the protein concentration of a pure sample, the molar 
extinction coefficient can be used (Table 8.2). 
 
Table 8.2: Molecular weight and molar extinction coefficient of the studied proteins. 

 WT-XcpA mCherry-XcpA 
MW 31,7 kDa 60,6 kDa 
Molar extinction coefficient 79410 M-1 cm-1 115530 M-1 cm-1 
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8.4. Visualization of constructs 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2: sequence map of pET52b+, which encodes WT-XcpA. The designated blue line represents 
the encoded protein which is bordered by 2 restriction sites. These coding sequences are located 
downstream of the lac operator. CmR, chloramphenicol resistance gene encoded by the cat promoter; 
rop, repressor of primer; bom, basis of mobility; AmpR, carbenicillin resistance gene, encoded by 
AmpR promotor; ori, origin of replication.  
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8.5. Alignment of obtained mutants 
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Figure 8.3: Multiple sequence alignment of the obtained mutants. Mutants were sequenced and the 
multiple sequence alignment was given by ClustalW2.  
 
The newly obtained constructs were sequenced and the multiple sequence 
alignment of these mutants confirmed the mutations of interest (Figure 8.3). 
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8.6. Wavelengths of used fluorescent tags 

Two fluorescent tags were used in this study, sf-GFP (superfolder-GFP) and mCherry. 
Their excitation and emission wavelengths were used for the fluorescent scanning 
and the FSEC (Table 8.3). 
 
Table 8.3: Excitation and emission wavelengths of the used fluorescent tags. Between brackets the 
used filters of Pharos FX plus are shown 
 Excitation wavelength (nm) Emission wavelength (nm) 
sf-GFP 488 (488) 507 (530) 
mCherry 587 (532) 610 (605) 
 
8.7. Information about used detergents 

All the used detergents were bought from Anatrace® (Maumee, USA) and had the 
following characteristics (Table 8.4). 
 
Table 8.4: Characteristics of the used detergents. a) N = Nonionic, Z = Zwitterionic. This indicates the 
type of detergent. b) The Aggregation Number equals the MW of the micelle divided by the MW of 
the detergent. c) The critical micelle concentration (cmc) depends on temperature and solution 
conditions. This value is important for solubilizing and purification of membrane proteins. d) 
Percentage (w/v) of detergent as used for solubilization.  

 
 
  

Name Abbr. Type a MW 
(Da) 

Aggregatio
n Nrb 

cmc 
(mM)c 

cmc (% 
w/v)c 

Percenta
ge for 

Solubiliz
ationd 

n-Dodecyl-β-D-
maltopyranoside  

DDM N 510.6 78-149 0.17 0.0087 1 % 

n-Decyl-β-D-
maltopyranoside  

DM N 482.6 69 1.8 0.087 1 % 

6-Cyclohexyl-1-Hexyl-β-D-
Maltoside  

Cymal-
6 

N 508.5 63 0.56 0.028 2 % 

n-Octyl-β-D-
glucopyranoside  

nOG N 292.4 78 18 0.53 2 % 

N,N-
Dimethyldodecylamine N-
oxide  

LDAO Z 229.4 76 1-2 0.023 1 % 

n-Nonyl-β-D-
Maltopyranoside 

NM N 486.5 55 6 0.28 2% 

5-Cyclohexyl-1-Pentyl-β-
D-Maltoside 

Cymal-
5 

N 495 66 2.4-5 0.12 2% 

Octaethylene glycol 
monododecyl ether 

C12E8 N 538.8 90-120 0.09 0.0048 1% 
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8.8. Results of activity tests 

The following figure (Figure 8.4) represents all the activity tests, performed in this 
thesis.  
 

A) Synthetic peptide QRRQQSGFTLIK (1461 Da)cleaved by WT XcpA 

 
B) Synthetic peptide QRRQQSAFTLIE (1476 Da) cleaved by WT XcpA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It should be mentioned that the peak of interest, 859 m/z, is not detected, while the 
peak 873.3 is. This can be explained by the mass difference of alanine (89 Da) versus 
glycine (75 Da), which was substituted in this peptide. 
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C) Synthetic peptide QRRQQSGLTLIE (1428 Da) cleaved by WT XcpA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

D) Synthetic peptide QEEQQSGLTLIE (1408 Da) cleaved by WT XcpA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

E) Negative control, which is WT XcpA only 
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F) mCherry-WT XcpA with standard synthetic peptide (1461 Da) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

G) XcpAC17A/C97S/C100S/C72S/C75S mutant with standard synthetic peptide (1461 Da) 
 
 
 
 
 
 
 
 
 
 
 
 
 

H) XcpA activity mutant D149N with standard synthetic peptide (1461 Da) 
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I) XcpA higher form (upon co-expression) with standard synthetic peptide (1461 Da) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.4: Results of the activity assays. The peak at 859 m/z (and 873 m/z) has been shown to be 
the cleaved peptide. The peptide 857 m/z is located in the background. 
 
 
 
8.9. Strep-tag® and His tag 

To purify the proteins of interest, two different purification methods were used 
(excluding the SEC purification) (Table 8.5). Table based upon experience, gained 
while working with these techniques during this thesis. 
 
Table 8.5: Comparison of the Strep® II tag and the His tag.  
 Strep® II tag His tag 
Sequence Trp-Ser-His-Pro-Gln-Phe-Glu-Lys His-His- His-His- His-His 
Metal binding  
proteins (XcpA) 

Technique does not interefere with 
metal ions 

Technique  
interferes with metal ions 

Purity Purer More contaminants 
Yield Depends on the protein Depends on the protein 
Buffer Same buffer can be used Buffer exchange 
Elution Desthiobiotin (5mM) Imidazole (300 mM) 
 
  

799.0 839.2 879.4 919.6 959.8 1000.0
Mass (m/z)

898.9

0

10

20

30

40

50

60

70

80

90

100

%
 I

nt
en

si
ty

4700 Reflector Spec #1 MC[BP = 987.4, 899]

98
7.

4

88
2.

5
88

3.
5

86
7.

0

87
7.

0

91
4.

0

96
9.

5

83
8.

5

85
7.

4

84
5.

0

94
1.

5

98
2.

5

80
5.

2

83
1.

2



  Attachments 

  107 

8.10. Schematic representation of dual purification 

The process of the dual purification is explained in this figure (Figure 8.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5: Schematic representation of the dual purification of the co-expressed proteins.  
 
8.11. Alignment of XcpA and XpsO 

Since the cysteines, located in the cytoplasm, are causing the aggregation, a solution 
for this could be to replace the cytoplasmic subdomain of XcpA with the cytoplasmic 
subdomain of XpsO. XpsO is a pseudopilin peptidase from Xanthomonas campestris 
pv. campestris, which does not contain any cysteines in its cytoplasmic subdomain 
(Figure 8.6). It was also shown that XpsO can complement XcpA in a XcpA deficient P. 
aeruginosa strain (Hu et al, 1995). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.6: Multiple alignment of pseudopilin peptidases XcpA and XpsO. Alignment made by 
ClustalOmega (Sievers et al, 2011).  
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9. Protocols  
9.1. Cloning protocols 

9.1.1. Restriction digest 
1% (w/v) Agarose gel components: 
 45 ml 10 X TBE (Tris/Borate/EDTA) buffer 
 4.5 g agarose 
 Fill with dH2O until a total volume of 450 ml is reached 
 35 µl GelRedTM 

 

9.1.2. DNA isolation and purification 
The isolated DNA was purified by the use of the Wizard® SV Gel and PCR Clean-Up 
purification system (Promega, Madison, USA). 
 
A. Dissolving the Gel Slice 

1. Following electrophoresis, excise DNA band from gel and place gel slice in a 1.5ml 
microcentrifuge tube. 

2. Add 10µl Membrane Binding Solution per 10mg of gel slice. Vortex and incubate at 
50–65°C until gel slice is completely dissolved. 

 
B. Processing PCR Amplifications 

1. Add an equal volume of Membrane Binding Solution to the PCR amplification. 
 
Binding of DNA 

1. Insert SV Minicolumn into Collection Tube.  
2. Transfer dissolved gel mixture or prepared PCR product to the Minicolumn 

assembly. Incubate at room temperature for 1 minute. 
3. Centrifuge at 16,000 × g for 1 minute. Discard flowthrough and reinsert Minicolumn 

into Collection Tube. 
 
Washing  

4. Add 700µl Membrane Wash Solution (ethanol added). Centrifuge at 16,000 × g for 1 
minute. Discard flowthrough and reinsert Minicolumn into Collection Tube. 

5. Repeat Step 4 with 500µl Membrane Wash Solution. Centrifuge at 16,000 × g for 5 
minutes. 

6. Empty the Collection Tube and recentrifuge the column assembly for 1 minute with 
the microcentrifuge lid open (or off) to allow evaporation of any residual ethanol. 

 
Elution 

7. Carefully transfer Minicolumn to a clean 1.5ml microcentrifuge tube.   
8. Add 50µl of Nuclease-Free Water to the Minicolumn. Incubate at room  temperature 

for 1 minute. Centrifuge at 16,000 × g for 1 minute.  
9. Discard Minicolumn and store DNA at 4°C or –20°C. 
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9.1.3. Ligation 
The ligation protocol of T4 DNA Ligase (M0202) from NEB was used.  
 

COMPONENT 20 μl REACTION 
10X T4 DNA Ligase Buffer 2 μl 

Vector DNA (4 kb) 50 ng (0.020 pmol) 
Insert DNA (1 kb) 37.5 ng (0.060 pmol) 

Nuclease-free water to 20 μl 
T4 DNA Ligase 1 μl 

 
9.2. Electroporation 

9.2.1. Preparation of electrocompetent cells 
1. Grow a preculture of electrocompetent cells overnight (200 rpm and at 37°C) 
2. Inoculate 200 mL of LB medium with this preculture (2 ml) 
3. Grow these cells by 37°C and when the OD600 reaches a value of 0.6 (measured by 

SmartSpec 3000, Bio-Rad, Hercules, USA), place the cells on ice. 
4. Incubate the cells on ice for 15 to 30 minutes 
5. Harvest the cells by centrifugation at 4000 rpm for 5 minutes at 4°C  
6. Remove the supernatant and resuspend the pellet with 200 ml of sterile double-

distilled water 
7. Harvest the cells by centrifugation at 4000 rpm for 5 minutes at 4°C  
8. Remove the supernatant and resuspend the pellet with 100 ml of sterile double-

distilled water 
9. Harvest the cells by centrifugation at 4000 rpm for 5 minutes at 4°C 
10. Remove the supernatant and solubilize the pellet with an autoclaved 50% (v/v) 

glycerol solution (Sigma-Aldrich, St. Louis, USA) 
11. Centrifuge the cells at 4000 rpm for 5 minutes at 4°C 
12. Remove the supernatant and solubilize the pellet with 10 % (v/v) glycerol 
13. Allocate the cells in fractions of 60 µl and store them at -80°C 

 

9.2.2. Transformation of electrocompetent cells 
1. Place a bottle, containing 1 liter of sterile LB medium, at 37 °C 
2. Place the DNA, the electrocompetent cells and the electroporation cuvette on ice. 
3. The DNA solution (approximately 1mg/mL) was added to the cells 
4. Resuspend the cells and add them to the electroporation cuvette 
5. Electroporate the cells at 2,5 kV; 25 μF and 200 Ohm 
6. Resuspend the cells and transport them, rapidly, to a falcon, containing 1 ml of LB. 
7. Place and incubate the falcon at 200 rpm for 1 hour at 37 °C  
8. Plate the cell suspension on LB plates, containing selective medium.  
9. Incubate the plates overnight at 37°C 
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9.2.3. Colony PCR 
1. Place a bottle, containing 1 liter of sterile LB medium, at 37 °C 
2. Prepare the microcentrifuge tubes by adding 50 µl of sterile ddH2O 
3. Prepare the master mix using the protocol of the provider. The amount of reactions 

equals the total amount of the tested colonies plus one 
4. For every colony, prepare a tube by adding 20 ml of LB and the antibiotic of interest 

with the following final concentrations (carbenicillin, 0.1 mg/ml; kanamycin 0.025 
mg/ml and chloramphenicol, 0.025 mg/ml) 

5. Isolate a colony by touching it with a sterile pipet tip and place the pipet tip in the 
microcentrifugetube containing, 50 µl of sterile ddH2O 

6. Remove the pipet tip from the microcentrifuge tube and place it in the tube 
containing the selective medium 

7. Lyse the cells in the microcentrifuge tube by heating them at 95°C for 10 minutes. 
8. Isolate 5 µl of the cel lysate and add it to the master mix 
9. Use the appropriate temperature and time for the PCR reaction and run the 

program, recommended by the provider 
10. Analyze the samples by agarose gel electrophoresis 
11. Isolate the colonies, showing a PCR product at the appropriate molecular weight 
12. Purify the plasmid from the positive colonies using the Wizard® SV Gel and PCR 

Clean-Up purification system (Promega, Madison, USA) 
 
During this thesis two DNA polymerases were used, namely GoTaq® DNA polymerase 
(Promega) and Phusion® Hot Start Flex DNA Polymerase (NEB). Each enzyme required 
another master mix.  
 
 GoTaq® DNA polymerase Phusion® Hot Start Flex DNA 

Polymerase 
Nuclease-free 

water 
To 25 µl To 50 µl 

5X Phusion HF or 
GC Buffer 

/ 10 µl 

5X green GoTaq® 
Reaction buffer 

5 µl / 

10 mM dNTPs 1 µl 1 µl 
10 µM Forward 

Primer 
0.5 µl 1 µl 

10 µM Reverse 
Primer 

0.5 µl 1 µl 

Template DNA Variable 
(<500 ng) 

Variable 
(<250 ng) 

DMSO (optional) / 1.5 µl (3% v/v) 
Phusion® Hot 
Start Flex DNA 

polymerase 

/ 0.5 µl 
(1.0 units/50 µl) 

GoTaq® DNA 
Polymerase 

0.125 µl 
(0.6125 units/50 µl) 

/ 
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9.3. Expression test 

1. Make a preculture of the bacteria, containing the plasmid of interest, by isolating 
the colony with a sterile pipet tip and placing it in a flask, containing 50 ml of 
selective LB medium. Place this flask overnight at 37°C, while shaking at 200 rpm 

2. For every condition of interest, prepare a tube by adding 10 ml of LB and the 
antibiotic of interest 

3. Inoculate the tubes with 100 µl of preculture 
4. When the OD600 reaches a value of 0.6 (measured by SmartSpec 3000, Bio-Rad, 

Hercules, USA), induce the cells with 0.5 mM IPTG. Before inducing the cells, isolate 
1 ml of cell suspension. This sample will be used as a control. 

5. Centrifuge the control for 10 minutes at 13000g, remove the supernatant and store 
the pellet at -20°C. 

6. After incubation of the condition of interest (for example 1h, 3h, 4h or ON), isolate 
and centrifuge 1 ml of cell suspension.  

7. Remove the supernatant and store the sample at -20°C. 
8. Thaw the cell pellets and add (OD*100) μL dH2O. Resuspend the samples. 
9. Add 5 µl of the cell suspension to 10 µl of Laemmli buffer and analyze the samples 

by SDS-PAGE. 
 
9.4. SDS-PAGE 

Requirements: 
 Running buffer 
 0.75M Tris/HCl pH 8.3 (90.86g Tris/L) 

 Stacking gelbuffer 
 1.25M Tris/HCl pH 6.8 (73.73g Tris/300ml) 

 
Recipe for 4 gels 

Resolving gel (15% (w/v)) Stacking gel (6% (w/v)) 
Acrylamide/Bis-

acrylamide (30%/0.8% 
(w/v)) 

10 ml Acrylamide/Bis-
acrylamide (30%/0.8% 

(w/v)) 

3 ml 

Running buffer 10 ml Running buffer 1.5 ml 
SDS (20% (w/v)) 100 µl SDS (20% (w/v)) 75 µl 

APS 200 µl APS 150 µl 
TEMED 10 µl TEMED 7.5 µl 

 / Water 10.5 ml 
 
 Coomassie staining solution (0,2% w/v) 
 2g Coomassie R in 400ml H2O 
 500 ml MeOH 
 100ml cold acetic acid 

 Destain solution 
 400ml MeOH 
 100ml acetic acid 
 500ml H2O 
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9.5. Western blot 

Buffers: 
 Protein transfer buffer PTB (1L) 
 25 mM Tris 3.03 g 
 192 mM glycine 14.4 g 
 20% (v/v) MeOH 200 mL 

 PBS buffer (1L) 
 NaCl 8 g 
 KCl 0.2 g 
 Na2HPO4 1.44 g 
 KH2PO4 0.24 g 
 This should be around pH 7.4 

 PBST buffer (250 mL) 
 PBS + 0.1% (w/v) Tween20 

 Blocking buffer x % (w/v) BB (50 mL) 
 PBS with x % (w/v)  nonfat dry milk 

 X (w/v) % BBT buffer ( 10 mL) 
 X (w/v)  % BB + 0.1 % (w/v)  Tween20 

 
Elektroblotting: 

1. Rinse Hybond ECL membrane in dH2O 
2. Hybond ECL membrane (GE healthcare) 5’ in PTB 
3. Rinse SDS-PAGE 5’ PTB 
4. Wet 6x Whatman papers (nicely cut) in PTB 
5. On negative side (black) one puts successively: wet sponge, 3 x Whatmanpaper, gel 

(without stacking), ECL membrane, 3x Whatman paper, sponge. Make sure there are 
no air bubbles between the gel and membrane. You can use a pipet. Close with 
positive side (white/red)  

6. Run blot (in PTB). Beware of the polarity! Blot of 1h @ 100V, 4h@ 40V or overnight 
@ 20V (on ice). Keep the sample cooled: use cooled PTB and ice element! 

 
Blocking: 

1. Rinse membrane in PBS buffer 
2. Overnight blocking in 5% (w/v)  BB buffer at 4°C (or 4h at 20°C) 

a. Remark: always incubate with protein up. Only 1 blot per bucket  
 
Immunodetection: 

1. Wash membrane: 3 x 20” in PBST, 1 x 5’ in PBST and 1 x 5” in PBST 
2. Incubate membrane in 6 mL 1% (w/v) BBT with 4 μL antibody (with HRP) for 1h at RT 
3. Wash membrane in new bucket: 3 x 20” in PBST, 1 x 5’ in PBST, 1 x 10’ in PBST 
4. Mix 0.5 mL of each Thermo scientific detection reagent (1 and 2) 
5. Put membrane on Saran foil ( protein up) and remove excess of washing solution 
6. Add ECL mixture 
7. Make envelope with Saran foil ( protein up) 
8. Mark orientation 
9. Place film on blot and incubate 30 '' upto 30 ' 
10. Develop film 
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9.6. Activity assay 

 
1. Prepare the following components 

 
Component Volume (µl) 

Protein (XcpA) 
(~ 0.1 mg/ml in 50 mM Tris, 150 mM NaCl 
and 0.03 % (w/v) DDM at pH 7.5 (stock))  

1-2 µg according to OD280 by Nanodrop 
~ 10 µl 

Peptide 
(2 mg/ml stock concentration) 

2 µl 

Additives If needed 
Buffer 

(50 mM Tris, 150 mM NaCl and 0.03 % (w/v) 
DDM at pH 7.5) 

Fill till total reaction volume of 30 µl 

 
2. Use the following controls: 

a. Only synthetic peptide and buffer 
b. Only protein and buffer 
c. (if applicable only synthetic peptide, additive and buffer) 
d. (if applicable only protein, additive and buffer) 

3. Incubate the samples for at least 24 hours and 48 hours maximum at 37 °C 
4. Boil the samples at 95°C for 5 minutes 
5. Centrifuge the samples for 10 minutes at max speed and at 4°C 
6. Store the samples at -20°C or analyze it with MS. 

a. Do not leave the samples at 4°C for too long, this leads to the degradation of 
the cleaved peptide. 

7. Thaw the samples on ice.  
8. For MS analysis the samples are 2x,4x and 10x diluted with 20% formic acid 
9. Samples are spotted on a MALDI-plate using (1:1) α-Cyano-4-hydroxy-cinnamic acid 

(10 mg/ml in 50:50 acetonitrile:water with 0.1% trifluoroacetic acid) as matrix. 
10. MS analysis of the sample, positive mode. If the reaction was successful a peak of 

859 m/z (depends on the peptide) should be detected, which is higher than the 
background (857 m/z). As a control the appropriate peak (m/z - 17 Da, for example 
842) should be visible as well. 
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