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Summary 

 

The number of nosocomial infections with multidrug-resistant (MDR) strains of Acinetobacter 

baumannii (Ab) rises worldwide. Hence, MDR Ab became the leading pathogen for which the 

development of novel antibiotics is of utmost importance. The extreme antibiotic resistance of Ab is 

especially provided by the composition of its outer membrane (OM). Tightly regulated and specific 

outer membrane proteins (OMPs) contribute to the efficient barrier function as well as the virulence 

of Ab. Upon biogenesis, nascent OMPs are guided through the periplasm to the β-barrel assembly 

machinery (BAM) by periplasmic chaperones. The BAM finally enables insertion of OMPs into the OM. 

In most Gram-negative bacteria SurA, Skp and DegP represent the major periplasmic chaperones. In 

Escherichia coli (Ec), Yersinia enterocolitica (Ye) as well as Pseudomonas aeruginosa (Pa) a reduced OM 

integrity, as well as an increased susceptibility against antibiotics could be observed upon the deletion 

of SurA. Therefore, the aim of this work was to determine the relevance of SurA and the two other 

periplasmic chaperones, Skp and DegP in Ab. Markerless single gene knockout mutants for surA, skp 

and degP were created in AB5075, a highly virulent MDR Ab strain, and analyzed with regards to 

consequences on OM integrity, antibiotic susceptibility and virulence. In contrast to what has been 

observed for other Gram-negative pathogens, in Ab only weak phenotypes resulted. Also, the 

concurrent lack of surA + skp, surA + degP, and skp + degP, which is lethal in Ec, was tolerated well by 

AB5075. Most surprisingly, even a triple knockout strain, lacking all three periplasmic chaperones was 

viable. A mass spectrometric analysis revealed no significant reduction in the abundance of the major 

OMPs of Ab including OmpA and CarO. Thus, our findings suggest the existence of mechanisms that 

allow Ab to tolerate or compensate for the concurrent lack of the three periplasmic chaperones SurA, 

Skp and DegP.  
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Zusammenfassung 

Die Zahl der Pathogene die gegen nahezu alle kommerziell verfügbaren Antibiotika resistent sind, ist 

in den letzten Jahren weltweit gestiegen. Vor allem für das multiresistente Bakterium Acinetobacter 

baumannii (Ab) ist die Entwicklung neuer Antibiotika oder alternative therapeutische Optionen 

dringend notwendig. Insbesondere in Krankenhäusern verursachen multiresistente Stämme von Ab 

eine große Anzahl an schwer therapiebaren Infektionen. Wichtige Faktoren, die zur Virulenz, Resistenz 

und der schwierigen Therapierbarkeit von Ab beitragen sind die geringe Permeabilität der äußeren 

Membran sowie zahlreiche Außenmembranfaktoren, die direkt oder indirekt mit der Resistenz bzw. 

Virulenz von Ab verknüpft sind. Während ihrer Biogenese werden äußere Membranporteine mit Hilfe 

periplasmatischer Chaperone, zu einem in der Außenmembran verankerten Multiproteinkomplex, 

dem BAM-Komplex (β-barrel assembly machinery (BAM)) transportiert, der ihre Insertion in die äußere 

Membran katalysiert. In Gram-negativen Bakterien repräsentieren SurA, Skp sowie DegP die 

wichtigsten periplasamtischen Chaperone. Durch eine Deletion von SurA wurden in Escherichia coli 

(Ec), Yersinia enterocolitica (Ye) und Pseudomonas aeruginosa (Pa) eine stark beeinträchtigte 

Außenmembranintegrität sowie eine erhöhte Sensitivität gegenüber Antibiotika verursacht. Das Ziel 

dieser Arbeit war daher, die Relevanz der periplasmatischen Chaperone SurA, Skp und DegP für die 

Virulenz und Antibiotikaresistenz von Ab zu untersuchen. Dafür wurden genomische Knockouts für 

surA, skp und degP generiert. Diese Knockout-Mutanten wurden anschließend bezüglich ihrer 

Außenmembranintegrität, ihrer Sensitivität gegenüber Antibiotika, bezüglich ihrer Virulenz analysiert. 

Im Gegensatz zu den starken Phänotypen, die bei Einzelmutanten in anderen Gram-negativen 

Pathogenen beobachtet wurden, gab es in Ab nur sehr schwach ausgeprägte Phänotypen. Selbst die 

gleichzeitige Deletion von surA + skp, surA + degP und skp + degP führte in Ab nur zu vergleichsweise 

schwachen Effekten. In Ec dagegen ist bekannt, dass ein Doppel-Knockout letal ist. 

Überraschenderweise war in Ab sogar eine Triple-Mutante, in der alle der drei periplasmatischen 

Chaperone gleichzeitig deletiert wurden, lebensfähig. Massenspektrometrische Analysen zeigten in 

dieser Triplemutante keine signifikante Reduktion der wichtigsten äußeren Membranproteine von Ab, 

darunter OmpA und CarO. Zusammenfassend, weisen die Daten in dieser Arbeit darauf hin, dass in Ab 

ein Mechanismus existiert, der dazu führt, dass Ab, die simultane Deletion von SurA, Skp und DegP 

tolerieren bzw. kompensieren kann.   
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1 Introduction 

 

1.1 Acinetobacter baumannii, rise of the most successful nosocomial pathogen  

 

The discovery of the antibacterial activity of penicillin in 1928 can be considered as the starting point 

of the golden era of antibiotics (Fleming, 2001; Zaffiri et al., 2012). It initiated the revolution of modern 

medicine and in the following, a variety of antimicrobial substances were discovered. Infectious 

diseases, including tuberculosis and pneumonia, that previously caused high morbidity and mortality, 

could now be successfully treated (Zaffiri et al., 2012). However, shortly after the commencing use of 

penicillin antibiotic resistant bacteria arose (Abraham and Chain, 1940). In the following years, bacteria 

evolved resistance mechanisms against almost any newly developed antimicrobial agent, and 

antibiotic resistance was soon recognized as a global problem (Cohen, 1992; Kunin, 1983; Neu, 1992). 

Especially bacteria concurrently resistant to a variety of antibiotics, so called multidrug-resistant 

bacteria (MDR), challenge the global health system (Calvert et al., 2018). At the same time, the 

development of new antimicrobial agents decreased significantly in the past decades (Boucher et al., 

2009). These days, MDR bacteria rank among the major threats for human health (Calvert et al., 2018). 

The European Union in 2017 recorded 25.000 deaths per year due to infections with MDR (Asokan et 

al., 2019). Economically, the treatment of diseases caused by MDR results in excess costs due to 

prolonged hospital stays as well as the use of more expensive antibiotics (Peleg et al., 2008; Sipahi, 

2008; Spellberg and Rex, 2013). Thus, it is a tremendous challenge for the global health system to 

invent new antimicrobial agents and antibiotics active against MDR. In 2017 the world health 

organization (WHO) published a list with 12 MDR species categorized as critical, high or medium 

resistant against antibiotics. The list prioritized the pathogens according to the urgency with which 

research and development of new antibiotics needs to be carried out. Top-listed was the carbapenem-

resistant pathogen Acinetobacter baumannii (Ab) (Tacconelli et al., 2018). Ab has evolved a variety of 

resistance mechanisms as well as different strategies to persist in the hospital environment (Ayoub 

Moubareck and Hammoudi Halat, 2020; Dijkshoorn et al., 2007). Because of its tremendous 

adaptability, Ab is justifiably considered as ´priority 1´ by the WHO (Tacconelli et al., 2018). Aim of the 

work presented herein was therefore to validate novel drug targets previously identified in other 

Gram-negative pathogens in Ab. 
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1.1.1 Origin and characteristics 

The genus Acinetobacter comprises strictly aerobic, Gram-negative, non-motile coccobacilli (Peleg et 

al., 2008). After a long history of taxonomic studies, Acinetobacter species currently are specified as 

members of the γ-Proteobacteria belonging to the family of Moraxellaceae (Rossau et al., 1991). The 

first strain of Acinetobacter was isolated by Martinus Willem Beijernick from soil in 1911. At this time, 

Acinetobacter was termed Micrococcus calcoaceticus (Beijerinck, 1911). Decades later, Brisou and 

Prévot proposed a novel genus Acinetobacter to discriminate between non-motile and motile bacteria 

within the genus Achromobacter (Brisou and Prevot, 1954). Performing DNA hybridization studies in 

1986, Bouvet and Grimont could distinguish 12 species within the genus Acinetobacter, including Ab 

and Acinetobacter calcoaceticus (Bouvet and Grimont, 1986). To date, over 50 Acinetobacter species 

are designated. Most of them are nonpathogenic species living in natural reservoirs like wetlands, 

wastewater and ponds (Al Atrouni et al., 2016; Harding et al., 2018). However, the genus Acinetobacter 

also comprises pathogenic species, like Ab, currently challenging the global health system (Higgins et 

al., 2010a; Perez et al., 2007). In contrast to other pathogenic Acinetobacter species, Ab is primarily a 

nosocomial pathogen and has no known natural habitat (Peleg et al., 2008). Between 2003 and 2005 

Ab was repeatedly isolated from wounds of US soldiers involved in military operations in Iraq. It was 

speculated that the source of these infections was contaminated soil (Camp and Tatum, 2010; Davis 

et al., 2005). However, later it was demonstrated that the increased infection rate of soldiers in Iraq 

with Ab was caused by contaminated field hospitals and health-care facilities (Scott et al., 2007). 

 

1.1.2 Clinical importance  

In the 1960s Ab did not receive much attention when it was isolated from clinical samples, and was 

generally considered as a low-grade pathogen. However, over the years the clinical importance of Ab 

infections has increased tremendously (Bergogne-Berezin and Joly-Guillou, 1991; Bergogne-Berezin 

and Towner, 1996; Joly-Guillou, 2005). The most pertinent health care-associated pathogens are 

included in the Acinetobacter calcoaceticus - Acinetobacter baumannii complex (Acb), compromising 

the closely related species A. baumannii, A. calcoaceticus, A. nosocomialis, A. pittii, A. seifertii, and A. 

dijkshoornia (Bernards et al., 1996; Cosgaya et al., 2016; Gerner-Smidt, 1992; Gerner-Smidt et al., 1991; 

Nemec et al., 2015; Nemec et al., 2011). Because of the high similarity in genotype and phenotype, the 

distinction of the Acb complex is limited to detection of species-specific gene cluster using PCR-based 

methods (Higgins et al., 2010b; Higgins et al., 2007; Turton et al., 2006). Followed by A. pittii and A. 

nosocomialis, Ab represents the most considerable pathogen associated with nosocomial infections 

(Chuang et al., 2011; Chusri et al., 2014; Fitzpatrick et al., 2015; Lee et al., 2011; Wisplinghoff et al., 

2012). Additionally, Ab strains appear to be more virulent compared to other Acinetobacter species 

(Wong et al., 2017).  
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Especially the rapid increase of MDR Ab strains has led to an upsurge of nosocomial infections and 

severe restriction of therapeutic options (Bergogne-Berezin and Towner, 1996; Joly-Guillou, 2005; 

Peleg et al., 2008). In comparison to other Acinetobacter species, or other Gram-negative pathogens 

like Pseudomonas aeruginosa (Pa), the number of MDR Ab strains is significantly higher (Chuang et al., 

2011; Giammanco et al., 2017; Wisplinghoff et al., 2012). From 2004 to 2014 the number of isolated 

MDR strains rose by 40% (Giammanco et al., 2017). Nowadays, the majority of Ab strains isolated 

worldwide is resistant against almost the entire repertoire of accessible antibiotics excluding those 

that have shown a decreased effect or a higher toxicity, and are thus called extreme drug- resistant 

(XDR) (Infectious Diseases Society of, 2012; Wong et al., 2017).  

Considering the ability to “escape” the bactericidal effects of antibiotics, Ab was grouped among other 

pathogens in the so called ESKAPE group, comprising Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species. 

In addition to the increased resistance against antibiotics, pathogens of the ESKAPE group are 

responsible for the majority of nosocomial infections worldwide (Boucher et al., 2009; Rice, 2008). Ab 

causes various nosocomial infections including pneumonia, meningitis, and endocarditis as well as 

infections of soft-tissues, the bloodstream or the urinary-tract (Dijkshoorn et al., 2007). Usually, Ab 

poses no danger to people with a fully functional immune system. Risk factors predisposing for an Ab 

infection include a prolonged stay in the hospital, immunosuppression, or exposure to contaminated 

medical equipment like catheters or ventilators (Garcia-Garmendia et al., 1999; Garcia-Garmendia et 

al., 2001; Gomez et al., 1999; Mulin et al., 1995; Wisplinghoff et al., 1999). As an opportunistic 

nosocomial pathogen, Ab mainly affects immunocompromised or critically ill patients in intensive care 

units (ICUs) (Dijkshoorn et al., 2007). In 2009, Ab accounted for 3.7% to 19.2% of infections in ICUs 

worldwide, depending on the geographical region that was analyzed (Vincent et al., 2009). In ICUs, Ab 

most frequently causes central-line associated bloodstream infections or ventilator-associated 

pneumonia caused by contaminated medical equipment (Bernards et al., 2004; Sievert et al., 2013; 

Weiner et al., 2016). These infections are often associated with the ability of Ab to persist on different 

surfaces over an extended period of time (Getchell-White et al., 1989; Giannouli et al., 2013; Jawad et 

al., 1998; Wendt et al., 1997). Additionally, many Ab stains show a significantly reduced susceptibility 

against commonly used disinfectants (Martro et al., 2003; Wisplinghoff et al., 2007). In sum, the 

development of manifold mechanisms to resist the bactericidal environment in a hospital, including 

the use of disinfectants and antibiotics, make Ab to the most successful nosocomial pathogen of these 

days.  
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1.2 Model strain Ab AB5075  

For the present study the MDR Ab strain AB5075 was used. AB5075 was isolated in 2008 from an U.S 

American soldier suffering from osteomyelitis of the tibia (Jacobs et al., 2014). AB5075 is a highly 

virulent global clone 1 strain. It is well characterized and sequenced, making it a suitable tool for 

studies using Ab (Gallagher et al., 2015; Jacobs et al., 2014; Zurawski et al., 2012). Gallagher et al. 

created an accessible, comprehensive transposon mutant library for AB5075 

(http://tools.uwgenomics.org/tn_mutants/) (Gallagher et al., 2015). Also the periplasmic proteome of 

AB5075 in absence and presence of the antibiotic imipenem has been characterized (Scribano et al., 

2019). AB5075 carries three plasmids named p1AB5075, p2AB5075, and p3AB56075 consisting of 83.6 

kb, 8.7 kb and 1.9 kb respectively (Gallagher et al., 2015). The large plasmid p1AB5075 harbors several 

resistance genes, especially mediating resistance to aminoglycosides (see also chapter resistance 

mechanisms) (Anderson et al., 2018; Gallagher et al., 2017; Gallagher et al., 2015). One remarkable 

characteristic of the strain AB5075 is its ability to switch between different phenotypes by phase 

variation (Tipton et al., 2015). Phase variation of AB5075 implies a rapid and reversible switch of gene 

expression, resulting in a heterogeneous population consisting of two phenotypical variants, 

macroscopically identifiable by differences in appearance (opaque and translucent colonies on specific 

solid media) and several virulence-associated traits (Andrewes, 1922; Henderson et al., 1999) such as 

biofilm and capsule formation, motility, resistance, and persistence. It could be shown that opaque 

variants display a more virulent and resistant phenotype compared to the translucent variants (Chin 

et al., 2018; Tipton et al., 2015; Tipton and Rather, 2017). The exact cues and the regulatory machinery 

inducing and facilitating a phase switch of Ab have not yet been clarified in detail. However, a high cell 

density and the accumulation of extracellular signaling molecules could be associated with phase 

variation (Tipton et al., 2015) and orthologues of the ompR-envZ two-component system have been 

identified as regulators for phase variation (Tipton and Rather, 2017). During routine overnight 

culturing AB5075 typically undergoes a phase variation. The result is a mixed culture of two 

phenotypically different populations of Ab characterized by different properties (Chin et al., 2018; 

Tipton et al., 2015; Tipton and Rather, 2017). Therefore, it is important for interpretation and 

reproducibility of experimental results to use pure or at least highly enriched cultures consisting of 

only one phase type. The usage of mixed populations containing both variants often leads to a high 

variability in assay outcomes. Since the opaque phase represents the variant with the higher resistance 

and virulence and presumably is more relevant in the host (Chin et al., 2018; Tipton et al., 2015; Tipton 

and Rather, 2017), only this phase was used in this work, if technically feasible. The variants can be 

distinguished by plating of an AB5075 culture on a special solid medium (Tipton et al., 2015). 

Translucent variants appear more transparent, by holding the plate against light, whereby opaque 

colonies appear non-transparent.  
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Because opaque cells generate more capsule, the variants can additionally be differentiated by 

performing a Maneval´s capsule stain (Hughes, 2019; Maneval, 1941). 

 

Figure 1 Mixed culture of two phenotypically different populations of Ab AB5075, plated on 0.5 x LB 

agar as described in Tipton et al. 2015. Opaque colonies are indicated by the red arrow. Translucent 

colonies are indicated by the blue arrow. Colonies which are currently undergoing phase switch are 

indicated by the green arrow 

 

 
Figure 2 Maneval´s capsule stain of two phenotypically different populations of Ab AB5075. (A) 

Opaque cells with a clearly pronounced capsule surrounding the cells, visible as a halo around the pink 

cell. The blue background staining is excluded by the capsule, whereby the capsule appears to be white 

in the picture. (B) Translucent cells without a capsule. Because of the missing capsule the cells are 

directly surrounded by blue background. 
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1.3 Resistance mechanisms  

The ability of Ab to resist the treatment with antibiotics and other bactericidal agents is accomplished 

by a plethora of intrinsic and acquired mechanisms (Lee et al., 2017; Vila et al., 2007). At genomic level 

MDR Ab strains possess large resistance islands (RI), integrated into their chromosomes. RIs typically 

comprise genes encoding for multiple resistance mechanisms (Pagano et al., 2016). As the Ab strain 

AYE and several others, AB5075 harbors a RI, named TnAbaR1, which is integrated into the comM gene 

(Adams et al., 2008; Gallagher et al., 2015; Kochar et al., 2012; Rose, 2010). TnAbaR1 of AB5075, 

however, is much shorter (13.5 kb compared to ~ 85 kb in strain AYE). Nevertheless, the RI carries 

several genes encoding for resistance against heavy metals as well as antibiotics (Gallagher et al., 

2015). The second RI of AB5075 is present on its largest of three plasmids, p1AB5075. This RI harbors 

genes mediating resistance against aminoglycosides, chloramphenicol, and trimethoprim (Gallagher et 

al., 2015). In a mutant lacking both RIs in parallel, Gallagher et al. identified paralogs of genes on the 

chromosome that became essential for normal growth. This indicates that the RIs not only carry 

resistance genes, but also genes which can compensate the loss of essential core genes (Gallagher et 

al., 2017). Besides RIs, many Ab strains harbor insertion sequences (IS) in their genome. IS are 

transposable elements of 0.5 to ~ 2 kb, that enhance the expression as well as the spread of resistance 

genes (Pagano et al., 2016). In AB5075, four IS elements are integrated into the chromosome (ISAba1, 

ISAba13, ISAba113, and ISPpu12), and one (ISAba125) in the p1AB5075 plasmid (Gallagher et al., 2015). 

Apart from these intrinsic resistance mechanisms, Ab is capable to acquire additional resistance genes 

via natural transformation or horizontal gene transfer (Ramirez et al., 2010; Valenzuela et al., 2007; 

Wilharm et al., 2013). 

1.3.1 OM β-barrel proteins: crucial factors shaping OM permeability and susceptibility to antibiotic 

treatment 

At the cellular level, the high intrinsic resistance of Ab is facilitated by a very low permeability of its 

OM (Vila et al., 2007; Zgurskaya et al., 2015). Because of the high prevalence of small and only minor 

active porins, the permeability of Ab for specific antibiotics is about 100-fold lower compared to Ec 

(Sugawara and Nikaido, 2012). The most abundant and best characterized OMP of Ab is OmpAAB, a 

homolog to the OM protein F (OprF) of Pa and the OM protein A (OmpA) of Ec (Gribun et al., 2003; 

Jyothisri et al., 1999). Despite the large size (28-36 kDa, eight-stranded β-barrel) of the OmpAAB 

channel, the permeation rate is low, defining OmpAAB as a “slow porin” (Sugawara and Nikaido, 2012). 

Because of the high similarity to OprF of Pa it is assumed that OmpAAB is also able to switch between 

an open and closed conformation, whereby the closed formation is more frequently adopted 

(Nestorovich et al., 2006; Sugawara et al., 2006; Sugawara and Nikaido, 2012). 

The carbapenem-associated OM porin (CarO, 29-kDa) was identified as the second most abundant 

OMP in Ab (Vashist et al., 2010).  
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Although contrary results have been published (Siroy et al., 2005; Zahn et al., 2015), the deletion or 

disruption of the carO gene was associated with resistance to the carbapenem imipenem in many 

strains of Ab (Catel-Ferreira et al., 2011; Limansky et al., 2002; Mussi et al., 2005). However, in Ab also 

other OMPs, like the 33- to 36 kDa OM protein (Omp33-36) have been associated with resistance to 

carbapenem antibiotics, especially imipenem (Clark, 1996; del Mar Tomas et al., 2005). 

In Pa, the porin OprD is associated with resistance towards imipenem (Hancock and Brinkman, 2002). 

However, in Ab it is still under debate whether OprD is associated with imipenem uptake (Dupont et 

al., 2005; Zahn et al., 2016) or not (Catel-Ferreira et al., 2012; Smani and Pachon, 2013). Recently, Zahn 

et al. solved the crystal structure of OprD of the Ab strain AB307-0294 and renamed it to OM 

carboxylate channel Ab 1 (OccAB1). Compared to other Occ proteins, OccAB1 has a large pore-size and 

facilitates a relatively high uptake of small-molecules including antibiotics. Besides OccAB1 they solved 

the crystal structure of three further Occ proteins, which they renamed (former designations in 

parentheses) to OccAB2 (HcaE), OccAB3 (VanP), and OccAB4 (BenP). The fifth Occ, OccAB5, shares a 

significantly high similarity to OccAB4 and was not further investigated. The small pore size of OccAB2-

4 could also contribute to the low permeability of Ab (Zahn et al., 2016). Another OM channel is 

represented by the OMP DcaP, which was first described in 2001 (Parke et al., 2001). Recently, the X-

ray crystal structure of DcaP was solved, uncovering a trimeric porin-like structure. DcaP is involved in 

the uptake of substrates such as succinate, but also in the uptake of β-lactamase inhibitors including 

tazobactam and sulbactam. Furthermore, during infection DcaP is highly abundant in the OM 

(Bhamidimarri et al., 2019).  

Taken together, pathogenic Ab species possess several OM porins which are involved in the low 

permeability of the OM but also in resistance against antibiotics. 

1.3.2 Expression of efflux pumps 

In addition to the low influx of antimicrobials or other bactericidal agents, Ab maintains its high 

resistance due to the expression of efflux pumps (Abdi et al., 2020; Vila et al., 2007). The major clinically 

relevant efflux pumps expressed by MDR Ab strains, AdeABC, AdeDE and AdeIJK belong to the 

resistance-nodulation-division (RND) family (Chau et al., 2004; Damier-Piolle et al., 2008; Magnet et 

al., 2001; Tseng et al., 1999). RND efflux pumps typically represent tripartite structures composed of 

an OM channel protein (AdeC and AdeK), a membrane fusion protein (MFP) (AdeA and AdeI) and a 

multidrug transporter (AdeB and AdeJ) facilitating the efflux of antimicrobial agents across the inner 

and outer membrane (Eswaran et al., 2004; Tseng et al., 1999; Zgurskaya and Nikaido, 2000).  

In several studies it has been shown, that the overproduction of these efflux pumps is associated with 

resistance to multiple antibiotics including aminoglycosides, β-lactams, tetracyclines, carbapenems 

and cephalosporins (Chau et al., 2004; Damier-Piolle et al., 2008; Hou et al., 2012; Magnet et al., 2001).  
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1.3.3 Aminoglycoside modifying enzymes (AMEs) 

Antimicrobials able to pass the OM barrier of Ab may be degraded by different enzymes. One of the 

major reasons for e.g aminoglycoside resistance of MDR Ab strains is the expression of AMEs, classified 

into acetyltransferases, nucleotidyltransferases and phosphotransferases (Benveniste and Davies, 

1973; Shaw et al., 1993). These enzymes modify functional groups of aminoglycosides, resulting in 

decreased binding efficiency to the bacterial ribosomes, where the antibiotics act by disrupting protein 

synthesis (Ramirez and Tolmasky, 2010). However, extremely resistant Ab strains express various AMEs 

or even a combination of different AME classes (Nemec et al., 2004; Zhu et al., 2009).  

1.3.4 Resistance to β–lactam antibiotics  

Apart from aminoglycosides, MDR Ab strains are also often resistant to antibiotics, belonging to the 

class of β-lactams, such as carbapenems (Jeon et al., 2015). This resistance is facilitated by the 

expression of a variety of hydrolytic enzymes, so called β–lactamases (Jeon et al., 2015). There are four 

groups of β-lactamases (A-D), whereof three are metal-independent (A, C and D) and one is metal-

dependent (B) (Ambler, 1980). Recently, Wu et al. demonstrated a direct interaction of the class D β-

lactamase OXA-23 with OM porins like OmpA and CarO in vivo. The authors assume that this 

interaction keeps the enzymes near the porins where the penetration of antibiotics takes place and 

provides a fast enzymatic elimination of antimicrobial agents (Wu et al., 2016). This illustrates how 

multifactorial antibiotic resistance is facilitated in Ab.  

In sum, the high intrinsic resistance of MDR Ab is facilitated by the interplay of a low permeability, the 

presence of aminoglycoside-modifying enzymes or β-lactamases and the constant efflux of 

antimicrobial agents (Fernandez-Cuenca et al., 2003; Wong et al., 2017).  

1.3.5 Desiccation resistance 

Besides the high resistance against a wide variety of antibiotics, a decisive factor for the clinical 

importance of MDR Ab is its ability to persist in the bactericidal environment of the hospital. In 1978, 

Buxton et al. revealed Ab´s extreme resistance against desiccation by recovering it from a 

contaminated washcloth after seven days (Buxton et al., 1978). Since then, many experiments 

demonstrated the ability of Ab to resist desiccation over a long period in a strain-dependent manner 

(Getchell-White et al., 1989; Giannouli et al., 2013; Jawad et al., 1998; Wendt et al., 1997).  

The exact mechanism of desiccation tolerance is still not fully understood. However, different factors 

like stress-response mechanisms (Aranda et al., 2011; Farrow et al., 2018), capsule formation (Tipton 

et al., 2018), parts of the OM, like hepta-acylated lipid A (Boll et al., 2015) and biofilm formation 

(Espinal et al., 2012; Gayoso et al., 2014) could be identified as factors contributing to desiccation 

tolerance.   



9 
 

Taken together, MDR Ab rates among the most successful nosocomial pathogens worldwide because 

it has evolved multiple mechanisms mediating resistance against antibiotics or bactericidal 

environments (Peleg et al., 2008). 

1.4 Virulence factors 

Like mentioned before, Ab is highly virulent and more often causative for infections compared to other 

species of the genus Acinetobacter (Wong et al., 2017). Virulence of Ab is facilitated by manifold factors 

and mechanisms. 

1.4.1 OM porins 

Apart from functioning as selective porins, Ab OMPs have also been identified as virulence factors (Lee 

et al., 2017). In several studies, the major OMP of Ab. OmpAAB, could be associated with biofilm 

formation (Gaddy et al., 2009), induction of cell apoptosis (Choi et al., 2005; Gaddy et al., 2009; Lee et 

al., 2010) and binding and invasion of host epithelial cells (Choi et al., 2008; Gaddy et al., 2009; Smani 

et al., 2012). Additionally, Omp33-36 (Rumbo et al., 2014; Smani et al., 2013), CarO and an OprD-like 

protein (Fernandez-Cuenca et al., 2011) were associated with virulence.  

1.4.2 Pili and other adhesins (adhesion, motility, natural competence and biofilm formation) 

MDR Ab strains express different types of pili to interact with biotic and abiotic surfaces, to mediate 

host cell invasion, to facilitate motility or to enable the formation of biofilms (Harding et al., 2018). In 

1975, Henrichsen and Blom were the first to discover long polar fimbriae on the surface of an A. baylyi 

strain (Henrichsen and Blom, 1975). Nowadays, several types of pili are described as virulence factors 

of Ab (Harding et al., 2018). In spite of the lack of flagella, Ab is able to move across wet surfaces in a 

type 4 pili (T4P)-dependent manner. This movement is called twitching motility and is facilitated by the 

extension and retraction of T4P (Harding et al., 2013; Henrichsen, 1983; Wilharm et al., 2013). T4P are 

assumed to be associated also with DNA-uptake, mediating the high natural competence of Ab 

(Harding et al., 2013; Herzberg et al., 2000; Porstendorfer et al., 1997; Porstendorfer et al., 2000; 

Wilharm et al., 2013). Recently, Ronish et al. described differences in the surface chemistry of the T4P 

protein PilA within two Ab strains, leading to a phenotype favoring twitching motility or biofilm 

formation. They assumed that the tradeoff between the two phenotypes is driven by the presence of 

either single pili or pilus bundling in microcolonies (Ronish et al., 2019). Because of the complexity of 

biofilm formation, pilus bundling, however, is only one factor favoring the formation of biofilms. In 

some Ab strains the type I chaperone-usher pilus system, encoded by six genes (csuA/BABSDE), is 

crucial for biofilm formation (Tomaras et al., 2003). However, the presence of the csuA/BABSDE operon 

does not necessarily lead to the formation of Csu type pili (McQueary and Actis, 2011). McQueary et 

al. examined structurally different pili in clinical isolates harboring the csuA/BABSDE operon.  
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They found that a variety of types of pili is expressed by Ab during biofilm formation (McQueary and 

Actis, 2011). Additionally, it was shown that type I pili are not involved in the adherence to epithelial 

cells, exemplifying the complexity of Ab virulence (de Breij et al., 2009).  

For adhesion to collagen I, III, IV and V as well as to other extracellular matrix components, a trimeric 

autotransporter, belonging to the type Vc secretion system, was found to be responsible (Bentancor 

et al., 2012). The Acinetobacter trimeric autotransporter (Ata) consists of a transporter domain, 

integrated in the OM, and a surface exposed passenger domain (Bentancor et al., 2012; Harding et al., 

2018). Ata is also involved in virulence, apoptosis, adhesion to human epithelial cells and biofilm 

formation in Ab (Bentancor et al., 2012; Weidensdorfer et al., 2015; Weidensdorfer et al., 2019).  

1.4.3 Secreted virulence factors 

Further secretion systems have been characterized, secreting proteins including toxins, lipases or 

proteases which promote virulence and persistence of Ab (Weber et al., 2017). The lipases LipA and 

LipH as well as the metallopeptidase CpaA represent effectors secreted by the type II secretion system 

(T2SS) (Harding et al., 2016; Johnson et al., 2015). T2SSs are widely expressed among Gram-negative 

bacteria and were identified in Ab in 2014 (Eijkelkamp et al., 2014; Sandkvist, 2001). This protein 

complex is built up by a platform anchored to the IM, an outer-membrane complex, a pseudopilus 

which is evolutionary related to T4P and an ATPase as driving force (Campos et al., 2013; Korotkov et 

al., 2012). Proteins comprising a T2SS are encoded by 12 – 16 general secretion pathway genes (gsp) 

(Douzi et al., 2012). However, the exact function and interplay of the gsp genes is not fully understood. 

In Ab ATCC 17978 and A. nosocomialis M2 the necessity of some gsp genes (gspD, gspE1 and lipA) for 

virulence as well as LipA secretion could be demonstrated using different infection models using 

(Harding et al., 2016; Johnson et al., 2015). Nevertheless, virulence and the secretion of LipA in mutants 

lacking gspN and gspE2 were not affected, indicating a dispensable or different role for these genes in 

T2SS (Johnson et al., 2015; Wang et al., 2014). Interestingly, for processing of the pseudopili T2SSs 

share the prepilin peptidase PilD with T4P, demonstrating their close evolutionary relationship 

(Harding et al., 2016). 

For interaction and killing of competing bacteria Ab encodes a type VI secretion system (T6SS), 

secreting effectors like antibacterial toxins (Carruthers et al., 2013; Fitzsimons et al., 2018; Lewis et al., 

2019; Weber et al., 2013). The secretion apparatus of T6SSs is closely related and similar to the 

injection system of bacteriophage T4 (Brunet et al., 2014). A protein complex located in the IM 

(TssAEFGK), stabilized by the proteins TssMJK, serves as the baseplate of the T6SS apparatus. The 

effectors are bound to an injectable tube surrounded by a contractile sheath (TssBC) that is assembled 

by hemolysin co-regulated proteins (Hcp), proline-alanine-alanine-arginine proteins (PAAR) and valine-

glycine-arginine G proteins (VgrG) at the tip. After secretion, the contracted sheath is disassembled 

and recycled by an ATPase (ClpV) (Zoued et al., 2014).  
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As mentioned above, it was suggested that T6SSs are primary used for interspecies killing in 

competitive environments. However, studies have shown that the expression of T6SSs is tremendously 

decreased, or even abrogated in MDR Ab strains. Thus it was assumed that MDR Ab strains favor the 

evolutionary more advantageous expression of resistance genes than the high energy consuming 

expression of T6SS (Repizo et al., 2015; Weber et al., 2015; Wright et al., 2014).  

1.4.4 Outer membrane vesicles (OMVs) 

Another strategy of Ab to interact with host cells and to take advantage in a competitive environment 

is the secretion of outer membrane vesicles. OMVs are spherical nanoparticles of a size between 20 

and 300 nm, composed of lipopolysaccharides (LPS), OMPs, phospholipids, DNA or RNA and other 

proteins driving from the OM and periplasmic space (Kulp and Kuehn, 2010; Weber et al., 2017). The 

previously mentioned virulence factor OmpAAB represents the most abundant OMP in OMVs, and is 

able to induce apoptosis in host cells (Choi et al., 2005; Jin et al., 2011; Moon et al., 2012). Recently, 

Moon et al. demonstrated that the virulence factor OmpAB is also involved in OMV biogenesis (Moon 

et al., 2012). In several proteomic studies, also other virulence-associated effectors could be identified 

in OMVs of Ab (Kwon et al., 2009; Li et al., 2015; Mendez et al., 2012). Interestingly, also AmpC-like as 

well as carbapenem-hydrolyzing class D β-lactamases, able to reduce the extracellular concentrations 

of antibiotics, could be detected in OMVs (Jin et al., 2011; Liao et al., 2015). Originally, the formation 

of OMVs has been reported as an important virulence trait, but more recently, they were repeatedly 

considered as a novel therapeutic strategy to prevent or ameliorate Ab infections. Actually, in murine 

sepsis infection models the vaccination with OMVs produced a strong humoral immune response and 

resulted in an increased survival of mice (Huang et al., 2016; Huang et al., 2014; McConnell et al., 2011).  

1.4.5 Specialized systems for the acquisition of iron and other essential nutrients 

During infection, essential nutrients are scarce, especially iron (Weinberg, 2009). To overcome iron 

limitations, Gram-negative bacteria have an effective iron homeostasis, which means the regulation of 

iron acquisition, storage and the expression of iron-containing proteins (Andrews et al., 2003). Ab 

possesses different iron acquisition systems (Eijkelkamp et al., 2011; Runci et al., 2019; Zimbler et al., 

2009). The secretion of small proteins with a high affinity to iron, so called siderophores, is one 

mechanism shared by many aerobic bacteria (Saha et al., 2013).  

In Ab, three siderophore-mediated iron acquisition systems have been identified, whereof 

acinetobactin is the best characterized (Dorsey et al., 2003; Mihara et al., 2004; Penwell et al., 2015; 

Proschak et al., 2013; Yamamoto et al., 1994). Gaddy et al. demonstrated the dependence of a 

functional acinetobactin expression for the persistence of the Ab strain ATCC 19606 in human alveolar 

epithelial cells. In infection models using Galleria mellonella caterpillars or mice, acinetobactin 

dependent killing was demonstrated, indicating the importance of acinetobactin not only for survival 

in the host but also for virulence (Gaddy et al., 2012).  
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Additionally, systems for zinc (Hood et al., 2012; Lonergan et al., 2019; Mortensen et al., 2014; Nairn 

et al., 2016) and manganese (Green et al., 2020; Juttukonda et al., 2016) acquisition have been 

identified and were associated with virulence.  

Taken together, the high pathogenicity of MDR Ab strains is facilitated by multiple virulence factors. 

Thus, not only the development of new therapeutics that are able to kill MDR Ab, but also of 

therapeutics reducing the virulence, and thus capable to ameliorate or support the clearance of 

infections with Ab, would be highly desirable.  

1.5 The cell envelope of Gram-negative bacteria  

As mentioned before, the high resistance against antibiotics and bactericidal environments of Ab is 

primarily facilitated by the bacterial cell envelope and its composition. In contrast to Gram-positive 

bacteria, the cell envelope of Gram-negative bacteria is composed of two membranes (the inner, IM; 

and outer membrane, OM) (Nikaido, 2003). The IM separating the cyto- from the periplasm is a 

symmetric phospholipid bilayer with integral proteins or lipoproteins anchored to the inner leaflet. 

Besides mediating protein translocation, integral membrane proteins are involved in lipid biosynthesis 

and oxidative phosphorylation, both of which are usually performed by organelles in eukaryotic cells 

(Ruiz et al., 2006). The periplasm separates the IM and OM (Silhavy et al., 2010). Despite the lack of 

ATP, protein transport of nascent OMPs to the OM as well as protein degradation of misfolded proteins 

take place in the periplasm (Bos et al., 2007). Furthermore, the periplasm harbors a peptidoglycan 

layer, serving as an additional exoskeleton for stabilization of the bacterial cell (Vollmer and Holtje, 

2004). A special characteristic of the OM is its asymmetry. Similar to the IM, the inner leaflet is 

composed of phospholipids, but the outer leaflet is mainly composed of lipopolysaccharide (LPS) or 

lipooligosaccharide (LOS) (Funahara and Nikaido, 1980; Kamio and Nikaido, 1976; Mühlradt and 

Golecki, 1975). LPS is composed of an acylated glucosamine disaccharide (lipid A), a core 

oligosaccharide, and a polysaccharide chain (O-antigen) varying in length (Raetz and Whitfield, 2002). 

LOS are composed analogous to LPS, but lack the O-antigen polymer (Preston et al., 1996). 

 

In many bacteria, LPS or LOS are essential for cell viability and contribute both to resistance and 

pathogenicity (Raetz and Whitfield, 2002). Furthermore, the inhibition of LPS biosynthesis leads to the 

accumulation of toxic intermediates generated during LPS biosynthesis, which cannot be tolerated by 

many bacteria (Yuasa et al., 1969; Zhang et al., 2013). However, Ab (Bojkovic et al., 2015; Moffatt et 

al., 2010), Neisseria meningitidis (Nm) (Steeghs et al., 1998) as well as Moraxella catarrhalis (Peng et 

al., 2005) are able to compensate the loss of LPS. In Nm, it was first assumed that LPS deficiency was 

compensated by the expression of capsular polysaccharides (Steeghs et al., 2001). This theory was 

refuted, however, by the generation of double mutants in Nm lacking proteins involved in the synthesis 

of LPS and capsule formation (Bos and Tommassen, 2005).  
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The exact mechanism of how Ab, Nm and other species survive without LPS/LOS is still not understood. 

However, in contrast to other bacteria, Nm (Bos et al., 2004) and Ab (Bojkovic et al., 2015; Richie et al., 

2016; Wei et al., 2017) are able to somehow tolerate the accumulation of toxic intermediates or may 

have evolved mechanisms to efficiently remove them. 

A large portion of the OM composition is comprised of integral membrane proteins, so called OMPs. 

These OMPs typically are β–barrel proteins, and are mainly responsible for virulence and resistance 

(Koebnik et al., 2000; Schulz, 2002). Despite the efficient barrier function of the OM, it facilitates the 

import of nutrients as well as the export of toxic components by OMPs (Silhavy et al., 2010). 

1.5.1 Biogenesis of outer membrane proteins 

After biogenesis in the cytoplasm, nascent OMPs are guided to the Sec by the holdase SecB or by the 

signal recognition particle (SRP) (Tsirigotaki et al., 2017). This is facilitated by an N-terminal signal 

sequence. The Sec machinery itself is built up by several integral membrane proteins (SecY, SecG, SecE, 

SecF, SecD and YajC) mediating an efficient translocation (Mori and Ito, 2001). Sec-mediated protein 

translocation across the IM into the periplasm is energized by the ATPase SecA. The majority of 

proteins destined to the periplasm follow the Sec pathway as described, however, some proteins are 

translocated SecB-independently (Kihara and Ito, 1998) and the translocation of already folded 

proteins is mediated by the twin arginine translocation (Tat) system, encoded by the tatABCD operon 

(Frain et al., 2019). After translocation and cleavage of the signal sequence by a signal peptidase, 

periplasmic chaperone proteins bind the precursor OMPs to prevent aggregation and misfolding 

(Rollauer et al., 2015). Next, the chaperones guide the nascent OMPs through the periplasm to the β-

barrel assembly machinery (BAM) which mediates the folding and insertion into the OM (Knowles et 

al., 2009; Noinaj et al., 2017). In Ec, survival factor A (SurA), the seventeen kilodalton protein (Skp) and 

the high temperature requirement A (HtrA) or DegP protein represent the best studied periplasmic 

chaperones (Goemans et al., 2014). Originally, described as a protein essential for bacterial survival 

during stationary phase, later on a chaperone function of SurA, important for OMP biogenesis was 

recognized (Lazar and Kolter, 1996; Rouviere and Gross, 1996; Tormo et al., 1990). SurA belongs to the 

family of peptidyl-prolyl cis-trans isomerase (PPIase), catalyzing cis-trans transformation in peptide 

bonds (Behrens et al., 2001; Rahfeld et al., 1994). It is composed of two parvulin-like PPIase domains 

(P1 and P2) embraced by the N- and C-terminal domain, whereby the PPIase activity was shown to 

exclusively reside in the P2 domain, and the specific peptide binding activity in the P1 domain (Behrens 

et al., 2001; Bitto and McKay, 2002; Xu et al., 2007). More recent studies revealed that SurA cycles 

between distinct conformational and functional states during the OMP assembly process and that both 

P1 and P2 are involved in regulation of these states (Calabrese et al., 2020; Jia et al., 2020). 

SurA is thought to be the primary periplasmic chaperone involved in the periplasmic transport of a 

wide range of proteins (Goemans et al., 2014).  
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The deletion of surA led to a decreased abundancy of many OMPs, including OmpA, OmpF, OmpX, and 

LamB, however, often indirectly via the induction of a periplasmic stress response and subsequent 

downregulation of the expression of major OMPs (Rouviere and Gross, 1996; Sklar et al., 2007b; 

Vertommen et al., 2009; Weirich et al., 2017). Nevertheless, for some proteins like LptD and FhuA a 

direct SurA-dependency could be shown (Sklar et al., 2007b; Vertommen et al., 2009; Weirich et al., 

2017). 

In addition to SurA, other proteins with PPIase activity, namely PpiA, PpiD and FkpA, have been 

identified in the periplasm (Bos et al., 2007). Although a double knockout of ppiD and surA is lethal in 

Ec, a direct association of the mentioned PPIases with OMP biogenesis has not been drawn (Bos et al., 

2007; Dartigalongue and Raina, 1998).  

Skp is composed of a β-barrel core domain that mediates trimerisation of three α-helices, and leads to 

the formation of a `jellyfish`-like architecture (Korndorfer et al., 2004; Walton and Sousa, 2004). 

Because of significant structural similarities to the eukaryotic holdase prefoldin, it was suggested that 

Skp also is a chaperone belonging to the holdase family (Walton and Sousa, 2004). While the substrate-

binding cavity of Skp is comparably small, a large substrate-profile including several OM proteins as 

well as periplasmic proteins could be detected (Chen and Henning, 1996; Jarchow et al., 2008; Walton 

and Sousa, 2004). In contrast to Ec, with SurA playing the major role in OMP biogenesis, in Nm Skp 

seems to be the most relevant periplasmic chaperone (Volokhina et al., 2011).      

Belonging to the HtrA serine proteases family, DegP was first initially described as a periplasmic 

protease essential for survival of Ec at higher temperatures (Lipinska et al., 1989; Lipinska et al., 1990; 

Skorko-Glonek et al., 1995; Strauch et al., 1989). DegP contains a N-terminal catalytic domain linked to 

two PDZ domains at the C terminus (Krojer et al., 2002). The proteolytic activity of DegP could be linked 

to the PDZ1 domain, whereas the PDZ2 domain was not essential for protease activity (Jomaa et al., 

2007; Spiess et al., 1999). Structural analyses have shown that in absence of substrates DegP forms a 

homohexamer assembled by two trimeric rings (Krojer et al., 2002). However, after binding to a 

substrate DegP is capable to form higher-order oligomers (12-mer and 24-mer), providing a large 

catalytic cavity (Jiang et al., 2008; Krojer et al., 2008). The expression of DegP is regulated by the σE 

and Cpx signaling pathways, primarily responding to envelope stress (Alba and Gross, 2004; Danese et 

al., 1995). Using the native substrate MalS, first evidence for an additional chaperone activity of DegP 

in a temperature-dependent fashion was provided (Spiess et al., 1999). As for Skp and SurA several 

OMPs, including OmpA, OmpF and LamB, could be identified as substrates of DegP (Krojer et al., 2008).  

A model for the transport of nascent OMPs by the main periplasmic chaperones SurA, Skp and DegP, 

has been proposed. In this model, SurA acts as the primary chaperone, and Skp and DegP act together 

in a parallel pathway, but play a minor role in OMP biogenesis in Ec (Rizzitello et al., 2001; Sklar et al., 

2007b).  
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After the transport through the periplasm, nascent OMPs are assembled and integrated in the OM, by 

the BAM. In Ec the complex is assembled by the β-barrel protein BamA, containing five polypeptide 

transport-associated (POTRA) domains, and the four lipoproteins BamBCDE (Noinaj et al., 2017). BamA 

and BamD are essential components of the BAM in Ec (Malinverni et al., 2006; Wu et al., 2005) as well 

as in Nm (Volokhina et al., 2011). The deletion of the other components of the BAM is not lethal, but 

the loss of BamB eventually results in reduced OM density (Malinverni et al., 2006; Onufryk et al., 2005; 

Sklar et al., 2007a; Sklar et al., 2007b; Wu et al., 2005). This could also be demonstrated for Ye (Weirich 

et al., 2017). Although the existence of an open and closed confirmation of BamA could be 

demonstrated, the exact mechanism of protein assembly and OM integration is not fully understood 

yet (Wu et al., 2020). However, different models for OMP assembly by the BAM have been proposed 

(Noinaj et al., 2017; Wu et al., 2020). The first model, describes the multiprotein complex as a 

trafficking complex, whereby the insertion of the OMPs is only assisted by the BAM. Here, BamA leads 

to a destabilization of the OM where nascent or pre-folded OMPs, guided by SurA, are directly inserted 

in the OM. In the second model, the BAM complex systematically folds the OMPs in the OM strand by 

strand by the formation of a BamA-OMP hybrid barrel. Afterwards the newly synthesized OMPs are 

separated from BamA in a budding-like mechanism (Wu et al., 2020). Recently, a variation of this model 

has been proposed in which the OMP is assembled at the interphase of the OM and the separation 

from BamA is facilitated by swinging motions of BamA (Doyle and Bernstein, 2019).  

1.5.2 Periplasmic chaperones as new drug targets? 

The composition of the OM is responsible for the tight barrier function of Gram-negative bacteria. 

Since periplasmic chaperones decisively influence the composition of the OM, the interest in assessing 

their potential to serve as new drug targets in different pathogens is increasing (Justice et al., 2006; 

Klein et al., 2019; Watts and Hunstad, 2008; Weirich et al., 2017).  

Because SurA is the primary chaperone for many OMPs in Ec, its deletion leads to a reduced abundance 

of several OMPs and results in a profound rearrangement of the OM composition. Effects of a lack of 

a SurA can either be mediated directly, e.g. if OM proteins are inserted into the OM strictly SurA-

dependent, or also indirectly as is the case e.g. for LPS. The OMP LptD, which is crucial for LPS insertion 

into the OM, is one of the strictly SurA-dependent proteins in Ec and also Ye and Pa. Therefore, a lack 

of SurA indirectly induces changes in LPS assembly and insertion by impairment of LptD biogenesis. As 

a consequence of OM rearrangements, the sensitivity against detergents like bile salts increases in 

surA mutant strains (Lazar and Kolter, 1996; Rouviere and Gross, 1996; Sklar et al., 2007b). 

Interestingly, in Pa the deletion of SurA seems to be even lethal. However, experiments using a 

conditional knockout of SurA showed a reduction of OM integrity, resistance against human serum and 

antibiotics, and virulence (Klein et al., 2019).  
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A decreased virulence upon a lack of SurA could also be observed in species of the genus Yersinia, 

including Ye (Weirich et al., 2017), Yersinia pestis (Southern et al., 2016) and Yersinia 

pseudotuberculosis (Obi et al., 2011) as well as in Shigella flexneri (Purdy et al., 2007), Salmonella 

enterica (Sydenham et al., 2000; Tamayo et al., 2002), and especially in uropathogenic Ec (Hunstad et 

al., 2005; Justice et al., 2006; Watts and Hunstad, 2008). 

Playing only a minor role in the biogenesis of OMPs in Ec and Pa, the deletion of skp results in less 

significant phenotypes (Klein et al., 2019; Sklar et al., 2007b). However, for some OMPs (OmpA, OmpC, 

OmpF, and LamB) a decreased abundancy could be detected in mutants lacking Skp (Chen and 

Henning, 1996). In Ye the deletion of skp led to increased susceptibility towards treatment with human 

serum and a reduced virulence in a mouse infection model, albeit to a lesser extent compared to the 

deletion of surA (Weirich et al., 2017). A knockout of the skp gene led to a reduction of virulence in 

Salmonella Typhimurium (Rowley et al., 2011). In Nm, in which Skp seems to be the major chaperone, 

the lack of Skp leads to reduced levels of the OMPs PorA and PorB (Volokhina et al., 2011). Very 

recently, it could be shown that the deletion of skp leads to a hyposensitivity against antimicrobial 

peptides (AMPs) in Salmonella Typhimurium (Kapach et al., 2020).  

An effect on virulence could be also demonstrated upon the deletion of degP in several species, 

including Ec (Redford and Welch, 2006), Klebsiella pneumoniae (Cortés et al., 2002), Salmonella 

Typhimurium (Mo et al., 2006), and Pa (Yorgey et al., 2001). In Shigella flexneri, the loss of DegP results 

in a reduced intracellular spread, which represents an important virulence trait (Purdy et al., 2007; 

Purdy et al., 2002). Furthermore, Fu et al. demonstrated the importance of DegP in bacterial acid 

resistance in Ec (Fu et al., 2018).  

The knockout of surA and skp or surA and degP in parallel is not tolerated by Ec. This demonstrates not 

only functional redundancy, but also emphasizes the potential of periplasmic chaperones as novel drug 

targets. (Rizzitello et al., 2001).  

Apart from the periplasmic chaperones, also components of the BAM complex could be considered as 

potential new drug targets. A variety of novel compounds, including JB-95 (Urfer et al., 2016), MRL-

494 (Hart et al., 2019), darobactin (Imai et al., 2019), as well as the antibody MAB1 (Storek et al., 2018), 

were found to inhibit BamA function and thereby induced a reduction of membrane barrier function 

or even acted bactericidal.  

In Ye, the deletion of bamB led to comparable phenotypes compared to that caused by the deletion of 

surA including reduced abundance of specific OMPs, increased susceptibility towards complement 

induced killing, decreased sensitivity toward specific antibiotics, as well as decreased virulence 

(Weirich et al., 2017). 
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Taken together, the disruption and deletion of the OMP biogenesis machinery lead to significant 

changes in antibiotic resistance, OM integrity and composition as well as virulence. For this reason, the 

components of OMP biogenesis, especially periplasmic chaperones, represent promising novel drug 

targets for the treatment of infections caused by MDR Gram-negative pathogens.  
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2. Aim of the thesis 

Infections with MDR Ab strains have become a major health problem worldwide. Especially the 

capability of Ab to colonize and persist on items in the hospital environment and the lack of adequate 

treatment options is very challenging. Since the frequency of infection rises, and consequently also the 

number of fatal cases new therapeutic options need to be developed. One strategy that became more 

popular in the recent years is not to aim at the killing of pathogens (which exerts high selection 

pressure and thereby fosters the rise and spread of resistance), but to disarm them, or to re-sensitize 

them to antibiotic treatment. To disarm means to reduce the virulence of pathogens by specifically 

blocking the function or biogenesis of virulence factors. Thereby the host can be enabled to clear 

infections by itself. Re-sensitization means to circumvent resistance mechanisms, e.g. by blocking 

antibiotic inactivating enzymes, as is already done by using combinations of beta-lactam antibiotics 

and beta-lactamase inhibitor. Re-sensitization, however, could also be achieved by enhancing the 

entry of antibiotics into the bacterial cells, e.g. by impairing the OM barrier function. Previously, the 

potential of the periplasmic chaperones SurA, Skp and DegP in Ye and Pa to serve as novel targets for 

therapeutics has been tested. Both a reduction of virulence and/or a break of antibiotic resistance 

could be demonstrated. Especially a knockout of SurA reduced virulence in both Ye and Pa, and 

moreover, re-sensitized a multidrug-resistant clinical bloodstream isolate of Pa to antibiotic treatment 

(Klein et al., 2019; Weirich et al., 2017).  

Therefore, the aim of this work was to examine the potential of the periplasmic chaperones SurA, Skp 

and DegP to serve also as antivirulence/resistance breaker targets in Ab.  

To achieve this, the following tasks were to be fulfilled: 

(1) Creation and verification of deletion mutants lacking SurA, Skp or DegP in the highly virulent 

MDR strain Ab AB5075. Therefore, a protocol for efficient creation of marker-less gene 

knockouts had to be established.  

(2) Phenotypic characterization of the created mutant strains with regards to general fitness and 

the desired phenotypes (membrane integrity, antibiotic susceptibility, virulence associated 

traits and virulence in an infection model).  

(3) Assessment of changes in the OMP composition caused by the deletion of the periplasmic 

chaperones by mass spectrometric analyses (MS). 

(4) Assessment of virulence-associated phenotypes and virulence in an infection model (Galleria 

mellonella). 
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“3.1. Plasmids and strains” 

 

“Table 1: Plasmids and strains used in this study.” 

Plasmid Resistance 

marker 

Cassette for 

counter 

selection 

Parent 

plasmid 

Strains generated with Source of 

plasmid 

pVT77 tellurite lacIq-Ptrc-lacO-

tdk 

- - GenScript / 

(7) 

surA_pVT77 tellurite lacIq-Ptrc-lacO-

tdk 

pVT77 AB5075_ΔsurA 

AB5075_ ΔsurA / ΔdegP 

AB5075_ ΔsurA / Δskp 

AB5075_ΔsurA/Δskp/ΔdegP 

GenScript 

skp_pVT77 tellurite lacIq-Ptrc-lacO-

tdk 

pVT77 AB5075_Δskp 

AB5075_ΔsurA/ Δskp 

AB5075_Δskp/ ΔdegP 

AB5075_ΔsurA/Δskp/ΔdegP 

This study 

degP_pVT77 tellurite lacIq-Ptrc-lacO-

tdk 

pVT77 AB5075_ΔdegP 

AB5075_ΔsurA/ ΔdegP 

AB5075_Δskp/ ΔdegP 

AB5075_ΔsurA/Δskp/ΔdegP 

This study 
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3.2 Culture Media for Bacteria 

 

Table 2: Liquid and solid culture media for bacteria used in this study 

Culture medium Ingredients 

Liquid culture media 

LB Broth (Miller) 10 g tryptone 

10 g NaCl 

5 g yeast extract 

ad 1 l ddH2O 

Mueller Hinton Broth II (MHB II) 3 g beef extract 

1.5 g starch 

17.5 g acid hydrolysate of casein  

ad 1 l ddH2O 

Solid culture media  

Luria Bertani (LB) agar (Miller) 10 g tryptone 

5 g yeast extract 

10 g NaCl 

15 g agar 

ad 1 l ddH2O 

Agar for transformation via twitching motility  2,5 g tryptone 

1,25 g NaCl 

2,5 g agar 

ad 500 ml ddH2O 

0,5 x Agar for visualization of phase variation  5 g tryptone 

2,5 g NaCl 

2,5 g yeast extract 
8 g agar  

ad 1 l ddH2O 

 

3.3 Buffers and solutions  

 
Table 3: Buffers and solutions used in this study 

Buffer/solution Ingredients 

5 x SDS running buffer 60.4 g Tris base 

288 g Glycine 

20 g SDS  

ad 2 l ddH2O 

5 x TBE electrophoresis buffer  54 g Tris base 

27.5 g boric acid 

20 ml 0.5 M EDTA (pH 8) 

ad 1 l ddH2O 

10 x Western blot transfer buffer 60.4 g Tris base 

288 g Glycine 

ad 2 l ddH2O 

10 x Western- wash buffer 24.2 g Tris base 

180 g NaCl 

100 ml Tween 20 
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adjust to pH 7.4 with HCl 

ad 2 l ddH2O 

Blocking buffer 0.3 g BSA 

ad 10 ml PBS 

Extraction buffer 50 mM Tris 

10 mM MgCl2 

2% TritonX-100 

HPLC solvent A 0.1% formic acid 

HPLC solvent B  80% acetonitrile 

0.1% formic acid 

Lysis buffer 10 mM Tris 

1 mM MgCl2 

5 mM EDTA  

0.2 mM DTT 
pH 7,5 

PBS-T 0.1 % 100 µl Tween 20 

ad 100 ml PBS 

Resuspending buffer  0.2 M Tris 

1 M Sucrose  

1 mM EDTA 

pH 8.4 

TE buffer  0.2 ml Tris-HCl 1 M (pH8) 

0.04 ml EDTA 0.5 M (pH8) 

ad 20 ml ddH2O 
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“3.4 Oligonucleotides” 

“Table 4: Oligonucleotides used in this study” 
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Gene Name Sequence (5´-3´) 

Expected size 

of PCR 

product (bp) 

Oligonucleotides used for amplification of up- and downstream flanking regions of target genes 

skp 

skp_Up_fwd 
AGTCAACGGCTGATATCCATTGCTGTTGACCGAAGCTGAAT

GATGACTATAAC 
1165 

skp_Up_rev 
TTATTTCATTGAATTAACCTTTTGTATCATCCCTAACATTAAT

TTATTTAATTTATTCATGT 

skp_Down_fwd 
ATGAATAAATTAAATAAATTAATGTTAGGGATGATACAAAA

GGTTAATTCAATGAAATAAA 
1178 

skp_Down_rev 
GGATCCCCGGGTACCGAGCTCGAATTCCTCCGGTCATAATA

TTCTATTTACGCAAA 

degP 

degP_Up_fwd 
ATTCGGAACCCAGCATGATATTCCGGAAATACAAGAAAGA

ACGTGCTTGCGGATG 
1077 

degP_Up_rev 
CATTTTTATAATATTTTACTGAATACGTAAATAGCGAGATTT

CATTCGGTGCTCACC 

degP_Down_fwd 
GTGGGTGAGCACCGAATGAAATCTCGCTATTTACGTATTCA

GTAAAATATTATAAAAATGAACC 
1072 

degP_Down_rev 
CCGCAAGCTTCCTGCAGGCTCTAGAGGATCAGTTAAGCTGA

TATTCCTGCCCG 

Oligonucleotides used for sequencing of target region after knockout 

surA 

seq_ΔSurA_FWD ATTGCTGCCAACTCGGCCTG 
WT: 2363 

Mutant: 1082 
seq_ΔSurA_REV CAATTGCTGTAGGTACTTCACACG 

skp 

seq_∆Skp_fwd GGTGACTGGACTCGACAAG 
WT: 1061 

Mutant: 617 
seq_∆Skp_rev GCTGCGGTAACAATGTAAGC 

degP 

seq_∆DegP_fwd AACACCACCTTGTGCATAGAAG 
WT: 1989 

Mutant: 642 
seq_∆DegP_rev GCATCCACTGGACATACATTAC 

Oligonucleotides used for verification of deletion (inside primers; bind in the region intended to be 

deleted) 
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surA 

Validation_∆SurA_negative_fwd CAAACGATACAGGTTCAGCAC 
WT: 515 

Mutant: - 
Validation_∆SurA_rev GTACAGCTGGTAATGCTGACAAG 

skp 

Validation_∆Skp_negative_fwd CAGCAAGGCTTACAGTCAAGAG 
WT: 607 

Mutant: - 
Validation_∆Skp_rev CGCCAACTACACAATTCTCAC 

degP 

Validation_∆DegP_negative_fwd CGGTAATCAAGCCTCTGCTTC 
WT: 626 

Mutant: - 
Validation_∆DegP_rev CTTTACGGTATTGCACATGGTG 

Oligonucleotides used for the detection of specific gene transcripts by RT-PCR 

surA 

RT-PCR_ΔSurA_FWD TCCGAAGTGGTAAGCCCTGA 

82 

RT-PCR_ΔSurA_REV TAGCGAAATCTTCACCCGCT 

skp 

RT-PCR_ΔSkp_FWD ACGTCAAGCGCAGACTCAA 

113 

RT-PCR_ΔSkp_REV ACTGTAAGCCTTGCTGTGTTG 

degP 

RT-PCR_ΔDegP_FWD CCACAGCAACAAGGTCCTCA 

116 

RT-PCR_ΔDegP_REV ATACTGATGCGGGAAGCGTT 
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3.5 Kits 

 

Table 5: Kits used in this study 

Product Manufacturer 

MiSeq v2 reagent kit Illumina, San Diego 

Nextera DNA Flex Library Prep Kit Illumina, San Diego 

Plasmid Miniprep Kit II, peqGOLD Peqlab, Erlangen 

QIAamp DNA Mini Kit Qiagen, Hilden 

Wizard AV Gel and PCR Clean up System Promega, Mannheim 

 

3.6 Reagents and chemicals 

 

Table 6: Reagents and chemicals used in this study 

Product Manufacturer 

1-N-phenylnaphthylamine (NPN) Acros organics / Thermo Fisher, 

Schwerte   

Agar Roth, Karlsruhe 

Agarose, SeaKem Lonza, Rockland (USA) 

Azido-3'-deoxythymidine (AZT) Jena Bioscience, Jena 

Bile salts  Sigma-Aldrich, Taufkirchen 

Clarity Western ECL Blotting Substrates Bio-Rad, München 

Congo Red solution (1%) Carolina, New York 

Descosept Dr. Schumacher, Malsfeld 

dNTP Mix (10 mM each) Thermo Fisher, Schwerte 

DpnI restriction enzyme Thermo Fisher, Schwerte 

Dithiothreitol (DTT) Applichem, Darmstadt 

Ethylenediaminetetraacetic acid (EDTA) Merck, Darmstadt 

Gene Ruler 1 kb plus DNA Ladder Thermo Fisher, Schwerte 

Glycine Applichem, Darmstadt 

Glycerol Applichem, Darmstadt 

HEPES Roth, Karlsruhe 

IPTG Peqlab, Erlangen 

KOD Hot Start DNA Polymerase (Novagen) Merck, Darmstadt 

Laemmli buffer 5x Bio-Rad, München 
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Lysozyme Sigma-Aldrich, Taufkirchen 

Magnesium chloride (MgCl2) Applichem, Darmstadt 

Maneval´s stain Carolina, New York 

Mercaptoethanol Applichem, Darmstadt 

Methanol Applichem, Darmstadt 

Orange G Sigma-Aldrich, Taufkirchen 

Phosphate buffered saline (PBS) Gibco/ Thermo Fisher, Schwerte 

PAGE Ruler prestained Protein Ladder (10 – 

180 kDA) 

Thermo Fisher, Schwerte 

Polymyxin B (PMB) Merck, Darmstadt 

Protease inhibitor  Sigma-Aldrich, Taufkirchen 

RNase-free water Thermo Fisher, Schwerte 

RNA storage solution Thermo Fisher, Schwerte 

Roti®-Blue Colloidal Coomassie Staining solution Roth, Karlsruhe 

Roti-Histol Roth, Karlsruhe 

Sodium chloride (NaCl) Merck, Darmstadt 

Sodium dodecyl sulfate (SDS) Roth, Karlsruhe 

Sucrose Sigma-Aldrich, Taufkirchen 

SYBR Safe DNA gel stain Thermo Fisher, Schwerte 

Tellurit Sigma-Aldrich, Taufkirchen 

Tris base Applichem, Darmstadt 

Tris(hydroxymethyl)aminomethane (Tris) Sigma-Aldrich, Taufkirchen 

Triton X-100 Applichem, Darmstadt 

TRIzolTM Reagent Thermo Fisher, Schwerte 

Trularv™ Galleria mellonella larvae BioSystems Technology, Crediton 

(England) 

Tryptone Applichem, Darmstadt 

Tween 20 Merck, Darmstadt 

Yeast extract Roth, Karlsruhe 
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3.7 Consumables 

 

Table 7: Consumables used in this study 

Product Manufacturer 

Blotting paper sheets Bio-Rad 

Cuvettes Sarstedt, Nümbrecht 

Erlenmeyer flasks DWK Life Scences, Mainz 

E-test stripe (vancomycin) Liofilchem, Roseto degli Abruzzi 

(Italy) 

Glass bottles DWK Life Scences, Mainz 

Glass spatulas WU, Mainz 

Gloves (Peha-soft nitrile) Hartmann, Heidenheim 

Inoculation loops (1 µl, 10 µl) Greiner, Frickenhausen 

Lightcyler 480 multiwell plates, 96 wells Roche, Rotkreuz (CH) 

Lightcycler 480 sealing foils Roche, Rotkreuz (CH) 

Microfine insulin syringe BD Bioscience, Heidelberg 

Micronaut-S AST plates Merlin Diagnostika, Bornheim-Hersel 

Microtiter plates (polystyrene, 24 well)  Greiner, Frickenhausen 

Microtiter plates (polystyrene, 96 well) Greiner, Frickenhausen 

Microtiter plates (polystyrene, 96 well, F-bottom, 
non-binding) 

Greiner, Frickenhausen 

Mueller-Hinton Broth agar plate Oxoid/ Thermo Fisher, Schwerte 

Nitrocellulose membrane (0.45 µm pore size) GE Healthcare, Freiburg 

non-breathable seal for Micronaut plates Merlin Diagnostika, Bornheim-Hersel 

PCR reaction tubes (0.2 ml) Sarstedt, Nümbrecht 

Parafilm Brand, Wertheim 

Petri dishes Greiner, Frickenhausen 

Pipettes (5 ml, 10 ml, 25 ml, 50 ml) Corning, Amsterdam (NL) 

Pipette tips (10 µl) Brand, Wertheim 

Pipette tips (200 µl) Sarstedt, Nümbrecht 

Pipette tips (1000 µl) Greiner, Frickenhausen 

Pipette tips, filter tips, sterile STARLAB, Hamburg 

Reaction tubes (1.5 ml, 2 ml) Greiner, Frickenhausen 

Reaction tubes (15 ml, 50 ml) Greiner, Frickenhausen 

Round-bottom tubes (5 ml, 14 ml) Greiner, Frickenhausen 

SDS gels, Mini-Protean TGX Precast Gel, 10% Bio-Rad, München 
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3.8 Technical Equipment 

 

Table 8: Technical equipment used in this study 

Equipment Type Manufacturer 

Analytical scale L 2200 S Sartorius, Göttingen 

Centrifuge  5417R Eppendorf, Hamburg 

Centrifuge  Optima LE-80K Beckmann Coulter, Krefeld 

Centrifuge  Optima MAX-XP Beckmann Coulter, Krefeld 

Centrifuge Multifuge 3S-R Heraeus, Hanau 

Electrophoresis system Mini PROTEAN Tetra Cell Bio-Rad, München 

French Press FA-032 Thermo Fisher, Schwerte 

Gel electrophoresis chamber Mini-Sub Cell GT Bio-Rad, München 

Gel documentation system BioDoc Analyze Biometra, Göttingen 

Heating block Thermomixer comfort Eppendorf, Hamburg 

Ice machine AF 20 Scotsman, Vernon Hills 
(USA) 

Incubator for agar plates B6420 Heraeus, Hanau 

Laminar flow safety cabinet BDK-S 1200, 1300 Weiss, Sonnenbühl 

Magnetic stirring hotplate MR 3002 Heidolph, Schwabach 

Mass spectrometer LTQ Orbitrap Elite Thermo Fisher, Schwerte 

Microscope  BX51 Olympus, Hamburg 

Microwave Micromat AEG, Frankfurt a.M. 

NGS DNA Sequencer MiSeq Illumina, San Diego 

Photometer Bio Photometer Eppendorf, Hamburg 

Pipettes (2,5 µl, 10 µl, 100 µl, 

200 µl, 1000 µl) 

Reference; Research plus Eppendorf, Hamburg 

Pipetting aid Easypet Eppendorf, Hamburg 

Power supply PowerPac 200/300 Bio-Rad, München 

Quantitative realtime PCR 

system 

Lightcycler 480 Roche, Rotkreuz (CH) 

Rocking shaker Assistant RM5 Karl Hecht, Sondheim 

Shaking incubator HT Infors, Bottmingen 

Spectral photometer NanoDrop One Thermo Fisher, Schwerte 

Tecan microplate reader Infinite M200 Pro Tecan,Crailsheim 

Thermal cycler C1000 Touch Bio-Rad, München 

Vortexer Vortex Genie 2 Scientific Industries, New 

York (USA) 
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Water bath WB 10 Memmert, Schwabach 

3.9 Software and programs 

 

Table 9: Software and programs used in this study 

Software/Program Manufacturer/Reference 

Acrobat X Pro  Adobe Systems, San Jose (USA) 

Adobe Photoshop CS6 Adobe Systems, San Jose (USA 

BLAST (2.10.0+) Altschul et al. 1997 

ClustalΩ Sievers et al. 2011, Zimmermann et 

al. 2018 

DEP package ver 1.10.0 Zhang et al. 2018 

EndNote X7  Clarivate Analytics, Philadelphia 

(USA) 

Ggplot2 ver 3.3.2 Wickham et al. 2016 

Glimma package ver 1.16.0 Su et al. 2017 

GraphPad Prism 7.04 GraphPad Software, San Diego 

ImputeLCMD package ver 2.0 Lazar, 2015 

Jalview Waterhouse et al. 2009 

LightCycler 480 SW 1.5.0  Roche, Rotkreuz (CH) 

Limma package ver 3.44.3 Ritchie et al. 2015 

MaxQuant software package version 1.6.7.0 (Cox and Mann, 2008) 

Microsoft Office 2019 Microsoft, Redmond (USA) 

Nf-core/bacass pipeline Ewels et al. 2020 

SnapGene software  GSL Biotech, Chigcago (USA) 

UpSetR ver 1.4.0 Conway et al. 2017 

Vsn package ver 3.56.0 Huber et al. 2002 
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4. Methods 

Declaration of contributions 

 

The section methods including all figures and the corresponding signatures are literally taken from 

Birkle et al. (manuscript submitted) and are highlighted with quotation marks as well as written in 

italics. The numbering of the figures and tables were adjusted to this thesis. 

The manuscript Birkle et al. (manuscript submitted) was written by PD Dr. Monika Schütz and me. 

 

The “Library Preparation, Sequencing and Genome Assembly” described in chapter 4.4 as well as the 

section “Differential Expression Analysis of Proteomics Data” in chapter 4.15.2 was performed and 

written by the co-author of Birkle et al. (manuscript submitted) Dr. Angel Angelov from the NGS 

Competence Center Tübingen (NCCT).   

 

The “NanoLC-MS/MS Analysis” described in chapter 4.15.1 was performed and written by the co-

authors of Birkle et al. (manuscript submitted) Dr. Mirita Franz-Wachtel and Prof. Boris Maček from 

the Proteome Center Tübingen. 
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“4.1 Cultivation of Bacteria in liquid and on solid Media”  

“AB5075 was routinely grown in LB (Miller) medium without supplements. Overnight cultures were 

inoculated from glycerol stocks and grown overnight without shaking at room temperature (RT) to keep 

the strain in an opaque state (Tipton et al., 2015). Every culture was routinely tested for the presence 

of a capsule as an indicator for the strain being in an opaque state by a Maneval’s stain before being 

used for experiments. For growth on LB agar (e.g. after mutagenesis) bacteria were incubated at 37°C 

for 18 h with supplements if indicated. Strains and supplements used are listed in “Table 1.” 

 

“4.2 Generation of Knockout Mutants of AB5075”  

“To generate markerless single gene deletion mutants, a plasmid harboring a knockout cassette having 

an appropriate selection marker (TelluriteRes) was created. For amplification of the up- and downstream 

regions of the gene to be deleted, genomic DNA of AB5075 was isolated using the QIAamp DNA Mini 

Kit (Qiagen). The flanking regions of genes of interests comprising ~ 1000 bp of the 3´- and 5´- ends and 

a scar sequence encoding a small peptide of 30 aa (first 15 and last 15 amino acids including the start 

and stop codon of the gene to be deleted) were amplified by PCR using genomic DNA as template. The 

plasmid pVT77 (Trebosc et al., 2016) synthesized by GenScript; GenBank: KX397287.1) was linearized 

also by PCR and purified using the Promega Wizard SV Kit (Promega). Amplified up- and downstream 

fragments were fused with the linearized and purified plasmid pVT77 by Gibson assembly. Successful 

insertion of the KO-cassette was verified by PCR amplification and sequencing of the insert region. All 

oligonucleotides used for the described PCR amplifications are listed in “Table 4.  

Next, AB5075 was transformed by exploiting its capacity to take up DNA while moving along a surface. 

Therefore, a three-streak plate of AB5075 was prepared and incubated overnight at 37°C. For 

transformation, the knockout plasmid to be transformed (total amount 4-8 µg) was adjusted to a 

volume of 20 µl in sterile phosphate buffered saline (PBS) (GibcoTM) in a 1.5 ml reaction tube. Then a 

single colony of AB5075 was picked from the plate prepared the day before using a sterile pipette tip 

and resuspended in the 20 μl knockout plasmid DNA in PBS. The DNA/AB5075 mixture was pipetted up 

and down several times using a sterile 100 µl pipet tip. Finally, a motility agar plate (5 g/l tryptone, 2.5 

g/l of NaCl, and 5 g/l of agarose) was inoculated by stabbing and pipetting 2 μl of the mixture into the 

agar (7 times). Plates were closed with a lid, sealed with parafilm and incubated right side up for 18 h 

at 37°C. Next day, 1 ml PBS was used to wash off the colonies growing on the surface of the agar. 

Another 1 ml PBS was used to harvest the cells from the space between plate and agar by stabbing into 

the agar and dispensing the PBS several times to harvest as much of the bacteria as possible. After 

harvest, 100 μl bacterial suspension was plated onto LB agar containing tellurite (30 mg/l for pVT77) 

(Sigma Aldrich) as a selective agent.  



34 
 

The remaining cells were spun down in a tabletop centrifuge (5.000 x g for 5 min) (Eppendorf 5417R, 

rotor: F45-30-11) and the supernatant was discarded. Pelleted bacteria were resuspended in 100 µl PBS 

and spread onto a second LB agar plate also containing tellurite as a selective agent. Both plates were 

incubated upside down for 18 h at 30°C. Next day, single colonies were picked to perform colony PCR 

using the oligonucleotide pairs listed in “Table 4 to detect whether the KO plasmid had been taken up. 

Colonies that were tested positive for the presence of the KO plasmid were used to inoculate 2 ml fresh 

LB broth containing 1 mM IPTG (Peqlab) (without further supplements) to induce expression of the 

heterologous thymidine kinase encoded on the pVT77 plasmid. Thymidine kinase triggers cytotoxicity 

in the presence of 3'-azido-3'-deoxythymidine (AZT) (Jena Bioscience). Then bacteria were allowed to 

grow for 3 h at 37°C with shaking. Afterwards, bacteria were streaked on selective agar (containing 

200 µg/ml AZT) using a 10 µl inoculation loop and incubated overnight at 37°C. To test whether the 

target gene had been replaced by the KO cassette via homologous recombination, a PCR was carried 

out using oligonucleotide pairs flanking the corresponding gene using genomic DNA as a template 

(“Table 4). Colonies tested positive for the deletion of the target gene were additionally tested with 

another colony PCR using an oligonucleotide pair where the 5’ primer was placed upstream of the 

target gene and the 3’ primer was placed in the deleted region (“Table 4). No PCR product was detected 

in colonies where the KO was successful. Additionally, the regions containing the gene deletion were 

verified by sequencing. For the double and triple KO strains, also a qualitative RT-PCR was carried out 

to test for the presence of mRNA transcripts.” 

 

“4.3 Isolation of genomic DNA”  

“Genomic DNA, used for the validation of gene deletion as well as for sequencing, was isolated as 

follows: 5 ml overnight culture was prepared at 37°C and with shaking at 200 rpm. DNA isolation was 

performed using the QIAamp DNA mini Kit (Qiagen) according to the manufacturer’s instructions. 

Genomic DNA was stored at -20 °C until use.” 

“4.4 Library Preparation, Sequencing and Genome Assembly”  

“Libraries for Illumina sequencing were prepared with Nextera DNA Flex Library Prep Kit (Illumina), 

using as input 500 ng of genomic DNA for each mutant strain. Sequencing was performed on an Illumina 

MiSeq sequencer using a MiSeq v2 reagent kit (300 cycles) in paired-end mode (2 x 150). In order to 

verify the expected genome edits in the deletion mutants, we performed de novo assemblies using the 

nf-core/bacass pipeline (Ewels et al., 2020). The gene deletions in each strain were validated by 

inspecting the respective genomic regions in the assemblies.” 
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“4.5 Isolation of RNA and RT-PCR”  

“For RNA isolation 5 × 109 bacteria were harvested from an overnight culture and resuspended in 1 ml 

TRIzolTM Reagent (Thermo Fisher Scientific). RNA isolation and DNase digestion were carried out as 

described previously (Klein et al., 2019). The resulting RNA was stored at a concentration of 0.1 μg/μl 

in RNA storage solution (Invitrogen) at -80°C until use. To carry out RT-PCR, RNA was thawed on ice 

and diluted 1:10 using RNase-free water (Ambion). mRNA expression of mutant strains in comparison 

to wild type was analyzed qualitatively by RT-PCR using the QuantiFast SYBR Green qRT-PCR Kit 

(Qiagen) according to the manufacturer’s instructions. The resulting PCR products were analyzed by 

agarose gel electrophoresis and staining of the gel with SYBR Safe (Thermo Fisher Scientific). Primers 

used are listed in “Table 4.” 

 

“4.6 Generation of pure Stocks of opaque Cells”  

“AB5075 can undergo a phase switch which is induced by a high density of cells in the growing culture. 

This phase switch is associated with a number of phenotypic changes that also influence virulence 

(Tipton et al., 2015). To generate homogenous opaque state glycerol stocks, a mixed culture was plated 

on 0.5 x LB agar as described in Tipton et al. (2015) and grown overnight at 37°C (Tipton et al., 2015). 

Essentially, opaque colonies were identified by oblique lighting and single colonies were used for a 

three-phase streak on LB agar plates. After 6-8 h of growth at 37°C several single opaque colonies were 

picked using a dissecting microscope and used to inoculate 2 ml LB medium each. The cultures were 

then grown overnight at RT. Purity was again assessed by streaking on 0.5 x LB agar plates. The 

remaining cultures were used to prepare glycerol stocks that were flash-frozen and stored until use at 

-80°C. Only cultures that had an estimated purity of 99% or greater were used for further experiments. 

Purity was additionally assessed by performing a Maneval’s capsule stain. For the following 

experiments overnight cultures were grown at RT and without shaking to obtain AB5075 wild type and 

the regarding mutant strains in the opaque phase only. Regularly, the opaque state was confirmed by 

plating the cells on 0.5 x LB agar as well as performing Maneval’s capsule stain.“  

See Figure 1 as an example of the visual sorting of opaque and translucent cells. 

 

“4.7 Maneval’s Capsule Stain”  

“A single colony was resuspended in 10 µl PBS. 5 µl of this suspension was pipetted onto the left side of 

a glass slide for microscopy. A drop of 1% Congo Red solution (Carolina) was added and mixed with the 

bacteria. Then a smear was prepared by evenly distributing the mixture across the entire slide using a 

clean glass slide. The smear was allowed to air-dry. Next, 3 drops of Maneval’s stain (Carolina) were 

placed on parafilm and the slide was placed upside down into the staining solution.  
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After a 2 min incubation at RT excess staining solution was removed by tilting the slide on Whatman 

paper. The slide was then air-dried, embedded with Roti-Histol (Carl Roth) and sealed with a coverslip. 

Samples were then analyzed with an upright light microscope using the 63x lens and oil immersion. 

Only capsule positive bacteria were characterized by a distinct halo around the bacterial cells.”  

See Figure 2 as an example of the Maneval´s capsule stain of opaque and translucent cells. 

“4.8 Growth Curves”  

“Growth curves were recorded to monitor potential differences in growth between the wild type strain 

and the knockout mutants. First, overnight cultures were prepared. Next day, the OD600nm was 

measured and cultures were adjusted to 1 x 107 cells/ml using fresh LB. In a 24 well plate (Greiner Bio-

One), 1 ml of bacterial suspension was added per well. Plates were incubated with a lid and with 

shaking at 300 rpm at 37°C or 42°C for 14 or 24 h, as indicated. All growth curves were recorded in 

triplicates and in three independent experiments using an Infinite® PRO 200 plate reader (Tecan).” 

“4.9 Bile Salts Assay”  

“5 ml overnight cultures were grown at RT without shaking. Next day all samples were adjusted to 1 x 

107 bacteria/ml using PBS and a 10-fold serial dilution using PBS was prepared in a 96-well plate. 5 µl 

of each sample and dilution were spotted on LB agar plates containing 0.3% bile salts (Sigma Aldrich). 

Plates were incubated right side up overnight at 37°C and pictures were taken the next day using a 

digital camera. The bile salts assay was performed three times.” 

“4.10 NPN Assay” 

“Membrane integrity was analyzed as described before (Klein et al., 2019; Konovalova et al., 2016) 

using the hydrophobic fluorescent 1-N-phenylnaphthylamine (NPN) (Acros organics). Briefly, overnight 

cultures of each strain, grown at RT without shaking, were harvested by centrifugation for 5 min at 

5.000 x g (Heraeus Multifuge 3 S-R, rotor: 6445). The pellets were resuspended with 2 ml 5 mM HEPES 

buffer (pH 7.2) and centrifuged for 10 min at 5.000 x g (Heraeus Multifuge 3 S-R, rotor: 6445). This 

washing step was repeated once. Afterwards cells were adjusted to an OD600nm of 0.5 with 5 mM HEPES 

buffer (pH 7.2) and NPN was added to a final concentration of 10 µM. 200 µl of the solution was 

transferred to a 96-well, black, F-bottom and nonbinding plate (Greiner Bio-One) in triplicates. 

Fluorescence was measured immediately (excitation: 350 nm, emission: 420 nm) using an Infinite® PRO 

200 plate reader (Tecan). As a positive control, Polymyxin B (PMB) (Merck) was added to the WT 

strain/NPN solution to a final concentration of 8 µg/ml and measured at the same conditions. 

Additionally, 200 µl of 5 mM HEPES buffer was used as a negative control and subtracted from the 

values of the sample data. Three independent assays were performed. Relative fluorescence was 

calculated by using the AB5075 wild type strain as a reference. Significant differences were analyzed 

by a two-way ANOVA analysis.”  
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“4.11 Antibiotic Susceptibility Testing (AST) with Broth Microdilution” 

“To obtain an AB5075 culture in opaque state, 5 ml overnight cultures were inoculated from a frozen 

opaque stock and grown without shaking at RT. Bacteria were harvested by centrifugation for 5 min at 

5.000 x g (Heraeus Multifuge 3 S-R, rotor: 6445), resuspended in 500 µl 0.9% NaCl and adjusted to a 

0.5 McFarland standard. To prepare the inoculum for AST testing, 62.5 µl of the suspension were mixed 

with 15 ml of cation-adjusted Mueller-Hinton Broth (Biotrading). Micronaut-S AST plates (MERLIN 

Diagnostika) were inoculated with 100 µl of bacteria per well according to the manufacturer 

instructions. Plates were sealed with a non-breathable seal (MERLIN Diagnostika) and incubated for 18 

hours at 37°C. Subsequently the seal was removed and the OD600nm was determined using an Infinite® 

PRO 200 plate reader (Tecan). Additionally, plates were visually inspected for growth using a special 

mirror system.” 

“4.12 E-tests for Vancomycin”  

“As described above, bacteria were adjusted to a McFarland standard of 0.5. Using a sterile cotton 

swab, the bacteria suspension was distributed evenly on a Mueller-Hinton Broth agar plate (Oxoid). 

Then, a vancomycin E-test stripe (Liofilchem) was placed in the centre of the agar plate and the plate 

was incubated right side up for 18 h at 37°C. After that the inhibition zones were measured. The assay 

was repeated in two independent experiments.”  

“4.13 Preparation of Samples for Mass spectrometric Analysis”  

“To examine changes in the protein expression of the ΔsurAΔskpΔdegP mutant strain compared to the 

wild type a MS analysis was performed, using whole cell lysates (WCL). For the generation of WCL, the 

OD600nm of 20 ml overnight cultures of each strain was measured in a 1:20 dilution using LB. After 

centrifugation for 5 min at 5.000 x g (Heraeus Multifuge 3 S-R, rotor: 6445) the supernatant was 

removed. Next, 100 µl sterile distilled water was added per OD600nm of 0.1 of the diluted sample and the 

protein concentration was determined using the Pierce® BCA protein assay kit (Thermo Fisher 

Scientific). Afterwards, 100 µl 4x Lämmli buffer (Bio-Rad) per OD600nm of 0.1 containing 10% β-

Mercaptoethanol (AppliChem) were added. The samples were boiled at 95°C for 5 min. 13 µg protein 

per lane were loaded on a 10% Mini-PROTEAN® TGX™ Precast Protein Gel (Bio-Rad) and the samples 

were allowed to enter the gel by applying a current of 100V for 2 mins. Next, the Gel was stained with 

Roti®-Blue Colloidal Coomassie Staining solution (Carl Roth) containing 20% methanol (AppliChem).” 

“4.14 Preparation of Membrane Fractions”  

“For a more precise proteomic analysis, an additional MS analysis was performed using membrane 

fractions. Subcellular fractionation was performed as described before (Oberhettinger et al., 2015) with 

slight modifications. For each strain 50 ml overnight culture was prepared at RT without shaking. Cells 

were pelleted by centrifugation for 5 min at 5.000 x g (Heraeus Multifuge 3 S-R, rotor: 6445).  
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After one single washing step with sterile PBS, cells were resuspended in 500 µl resuspending buffer 

(0.2 M Tris, 1 M Sucrose and 1 mM EDTA, pH 8.4). Additionally, resuspension buffer was supplemented 

with 1 mg/ml Lysozyme and protease inhibitors (Sigma Aldrich). The suspension was incubated for 10 

min at RT, whereby after 5 min 3.2 ml distilled water was added. By centrifugation for 45 min at 16.000 

x g (Beckman Coulter Optima LE-80K, rotor: SW 41 Ti) and 4°C, the membrane fraction was separated 

from other remaining components of the cell. The harvested pellet was resuspended in 2.5 ml lysis 

buffer (10 mM Tris, 1 mM MgCl2, 5 mM EDTA and 0.2 mM DTT, pH 7,5) and lysed using a french press 

(Thermo Fisher Scientific). Unlysed cells were removed by centrifugation for 10 min at 5.000 x g 

(Heraeus Multifuge 3 S-R, rotor: 6445) at 4°C. By another centrifugation step at 290.000 x g (Beckman 

Coulter Optima MAX-XP, rotor: TLA 100.3) for 60 min at 4°C the membrane fraction was pelletized and 

separated from the cytosolic fraction. The pellet was resuspended in 2 ml extraction buffer (50 mM Tris, 

10 mM MgCl2, 2% TritonX-100) and incubated for 30 min at 4°C. Then, the suspension was centrifuged 

for 40 min at 84.000 x g (Beckman Coulter Optima MAX-XP, rotor: TLA 100.3) at 4°C, followed by 3 

washing steps with water and centrifugation for 20 min at 84.000 x g (Beckman Coulter Optima MAX-

XP, rotor: TLA 100.3). The final pellet containing the membrane fraction was resuspended in 100 µl 

water and prepared for MS analysis as described before.”        

“4.15 NanoLC-MS/MS Analysis and Data Processing” 

“4.15.1 NanoLC-MS/MS Analysis” 

“NanoLC-MS/MS Analysis and Data Processing was essentially carried out as described in Klein et al. 

(Klein et al., 2019) with the following modifications: peptide mixtures were separated using either a 57 

or 127 min segmented gradient (10-33-50-90%) of HPLC solvent B (80% acetonitrile in 0.1% formic acid) 

in HPLC solvent A (0.1% formic acid) at a flow rate of 200 nl/min. The 7 or 12 most intense precursor 

ions were sequentially fragmented in each scan cycle using higher energy collisional dissociation (HCD) 

fragmentation. In all measurements, sequenced precursor masses were excluded from further selection 

for 30 s. The target values for MS/MS fragmentation were 105 charges and 3 x 106 charges for the MS 

scan. MaxQuant software package version 1.6.7.0 was used. Database search was performed against 

a target-decoy Acinetobacter baumannii database obtained from UniProt, containing 3,839 protein 

entries and 286 commonly observed contaminants. Endoprotease trypsin was defined as protease with 

a maximum of two missed cleavages. Oxidation of methionine and N-terminal acetylation were 

specified as variable modifications, and carbamidomethylation on cysteine was set as fixed 

modification. Initial maximum allowed mass tolerance was set to 4.5 parts per million (ppm) for 

precursor ions and 20 ppm for fragment ions. The iBAQ (Intensity Based Absolute Quantification) and 

LFQ (Label-Free Quantification) algorithms were enabled, as was the “match between runs” option 

(Luber et al., 2010; Schwanhäusser et al., 2011)” 
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“4.15.2 Differential Expression Analysis of Proteomics Data”  

“The analysis was performed with the DEP package ver 1.10.0 (Zhang et al., 2018) in R, using three 

replicates for each strain. The default workflow was applied, using filtering for proteins which have 

maximum of one missing value in at least one condition, variance-stabilizing transformation with the 

vsn package ver 3.56.0 (Huber et al., 2002) and MNAR imputation of missing values using the 

imputeLCMD package ver 2.0 (Lazar, 2015). Differential enrichment analysis was performed with the 

limma package ver 3.44.3 (Ritchie et al., 2015), the volcano and upset plots were generated with the 

ggplot2 ver 3.3.2 (Wickham, 2016) and UpSetR ver 1.4.0 (Conway et al., 2017) packages respectively. 

Interactive volcano plots, available at https://bit.ly/379SM6R (WCL) and https://bit.ly/35kHHNV 

(MEM), were produced with the Glimma package ver 1.16.0 (Su et al., 2017).” 

“4.16 Galleria mellonella Infection”  

“Galleria mellonella larvae were infected to examine the virulence of the knockout mutants in 

comparison to the wild type strain. 5 ml overnight culture of each strain was prepared at RT without 

shaking. Bacteria were harvested by centrifugation for 5 min at 5.000 x g (Heraeus Multifuge 3 S-R, 

rotor: 6445). The supernatant was discarded and bacteria were resuspended in 5 ml PBS. The OD600nm 

of overnight cultures was measured and cells were adjusted to 1 x 107 bacteria/ml using PBS. 10 µl of 

the bacteria suspension was injected into 10 Trularv™ larvae (BioSystems Technology) per strain using 

a microfine insulin syringe (BD Bioscience). After infection the larvae were incubated at 37°C for 6 days 

and inspected regularly. Larvae were defined to be dead when no movement occurred after touching 

them gently for several times with forceps. To determine the actual inoculum, a 10-fold serial dilution 

of the suspension used for infection of larvae was prepared using sterile PBS. 100 µl of the dilutions 104, 

103 and 102 were plated on LB agar and incubated overnight at 37°C. Next day, colonies were counted 

and the actual infection dose was calculated. In total, in six independent experiments 30 larvae per 

strain were infected with 9 x 104 - 2.3 x 105 bacteria. As a negative control, larvae were injected with 

10 µl PBS only. For statistical analysis a log rank test (Mantel-Cox test) was performed.” 
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“5. Results” 

Declaration of contributions 

 

The section results, including all figures and the corresponding signatures are literally taken from Birkle 

et al. (manuscript submitted) and are highlighted with quotation marks as well as written in italics. The 

numbering of the figures and tables were adjusted to this thesis.  

 

“Figure 10 “Overview of proteins that showed statistically significant changes in label-free 

quantification (LFQ) intensities” was generated by Dr. Angel Angelov from the NGS Competence Center 

Tübingen (NCCT).   

 

The manuscript Birkle et al. (manuscript submitted) was mainly written by PD Dr. Monika Schütz and 

me. 

 



41 
 

“5.1 Creation of markerless Deletions of Genes encoding for the periplasmic 

Chaperones SurA, Skp and DegP in AB5075”  

“To determine the role of periplasmic chaperones in Ab we used a MDR strain, AB5075, which has been 

sequenced, is well characterized and genetically accessible (Gallagher et al., 2015; Jacobs et al., 2014). 

To generate single gene deletion mutants for surA, skp and degP we used pVT77 as a markerless 

genome-editing tool (Trebosc et al., 2016). All deletions were verified by PCR (“Figure 3) and by 

sequencing of the scar regions. 

 

“Figure 3 PCR verification of single knockout mutants Deletion of the target genes was verified by 

PCRs using genomic DNA of the mutants as a template. One PCR was carried out using the same 

primer pair as used for sequencing of the target region after mutagenesis. These primers anneal to the 

flanking regions of the gene and result in a larger PCR product for the wild type (WT) than the mutant 

in case of successful deletion. Additionally, “nested primers” were used. These primers can only anneal 

to the unmodified wild type gene, resulting in a PCR product only for the wild type. For a list of primers 

used and the expected size of the PCR products please refer to “Table 4.” 

First, we analyzed whether the knockout strains have any defects with regards to growth (“Figure 4). 

None of the single gene knockout mutants displayed a growth defect at either 37°C or 42°C in LB 

medium. However, the mutant lacking DegP reached a higher maximum OD600nm value than the other 

mutants at both temperatures. At 42°C the OD600nm of all strains started to decline upon reaching the 

stationary phase.” 
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“Figure 4 Effect of single chaperone gene deletions on the growth of AB5075. (A) To monitor the 

growth behavior of the indicated single null mutant strains in comparison to the wild type strain (WT), 

growth curves were recorded in quadruplicate and 3 independent experiments. The initial inoculum 

was adjusted to 1 x 107 cells per ml and cells were grown with shaking at 37°C or (B) 42°C in a 24-well 

plate.”  

“5.2 Effects on the OM Integrity of AB5075”  

“As deletion of SurA has previously been associated with OM integrity defects (Klein et al., 2019; Lazar 

and Kolter, 1996; Rouviere and Gross, 1996; Weirich et al., 2017), we tested the susceptibility of the 

strains towards bile salts. To this end, we spotted serial dilutions of cultures on solid LB, as a control, 

and on solid LB supplemented with 0.3% bile salts (a condition that barely allowed growth of the wild 

type). Only the ΔdegP strain was impaired in growth in presence of bile salts, whereas the ΔsurA and 

the Δskp strain grew like the wild type (“Figure 5). This was in contrast to our previous analyses in Ye 

and Pa (Klein et al., 2019; Weirich et al., 2017) in which we detected sensitivity towards bile salts only 

in absence of SurA. Therefore, we investigated whether the Ab periplasmic chaperones may differ in 

relevance and function when compared to those of Ye and Pa.”  
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“Figure 5 Relevance of the periplasmic chaperones SurA, Skp and DegP for growth in the presence of 

bile salts. The growth behavior of the wild type (WT) and the single null strains in the absence and 

presence of bile salts was compared. The indicated strains were adjusted to 1 x 107 bacteria/ml, serially 

diluted, and spotted onto LB agar or LB agar containing 0.3% bile salts. At least three experiments were 

performed. Pictures were taken after an overnight incubation at 37°C (please note: different spot size 

of the control and treatment group result from different spacing of spots and different spreading 

behavior of liquid on the plates).”   

“5.3 Apparent redundant Functions for the periplasmic Chaperones SurA, Skp and 

DegP in AB5075”  

“In Ec SurA, Skp and DegP are -at least partially- redundant. Simultaneous disruption of the chaperoning 

pathway maintained by SurA, and the alternative pathway dependent on Skp/DegP, results in synthetic 

phenotypes (Rizzitello et al., 2001; Sklar et al., 2007b). Therefore, we tested whether the concomitant 

deletion of two of the periplasmic chaperones might have a similar effect in AB5075. To this end, we 

generated different combinations of double mutants, and succeeded also in generating a triple 

knockout strain lacking surA, skp and degP without any problems. All deletions were verified by PCR, 

sequencing of the scar region, and by RT-PCR (“Figure 6).  

 

 



44 
 

 

“Figure 6 Qualitative RT-PCR validation of double and triple knockout strains. To check for the 

absence of mRNA of the genes that were knocked out qualitative RT-PCR was carried out. Total RNA 

was isolated from the wild type (WT), the double and triple knockout strains as indicated, reverse 

transcribed and amplified using primer pairs for surA, skp and degP. The primers used are listed in 

“Table 4. A stained agarose gel of PCR products is shown.” 

Moreover, we performed whole genome sequencing of the parent strain as well as of the double and 

triple mutants confirming the target deletion of the chaperone encoding genes (data available at the 

European Nucleotide Archive (ENA), study ID PRJEB40766). Again, we recorded growth curves at 37°C 

and 42°C (“Figure 7). At 37°C the ΔsurAΔskp, ΔskpΔdegP and the triple knockout strains grew slower 

than the wild type strain and the triple mutant displayed the most pronounced growth defect. At 42°C 

we saw the strongest phenotypes for the ΔsurAΔdegP and the ΔsurAΔskpΔdegP strain.” 
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“Figure 7 Effect of double and triple chaperone gene deletions on the growth of AB5075. To monitor 

the growth behavior of the double and triple mutant strains in comparison to the wild type (WT) strain, 

growth curves were recorded in quadruplicate and three independent experiments. The initial inoculum 

was adjusted to 1 x 107 cells per ml and cells were grown with shaking at (A-D) 37°C or (E-H) 42°C in a 

24-well plate.”  
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“5.4 Phenotyping the double and triple periplasmic Chaperone Mutants of AB5075 

with respect to:”  

“5.4.1 OM Integrity”  

Our initial hypothesis was that the deletion of the periplasmic chaperones will induce changes in the 

OM composition. Therefore, we assessed OM integrity, again using a bile salts assay (“Figure 8). Of 

note, only the strain lacking both Skp and DegP displayed a reduced growth whereas further deletion 

of SurA rescued the growth defect of the ΔskpΔdegP mutant strain. 

 

“Figure 8 Relevance of the periplasmic chaperones SurA, Skp and DegP for growth in the presence of 

detergent. The growth behavior of double and triple knockout strains for the periplasmic chaperones 

SurA, Skp and DegP in the absence and presence of bile salts was compared to that of the parent strain 

AB5075 (WT). The indicated strains were adjusted to 1 x 107 bacteria/ml, serially diluted, and spotted 

onto LB agar and LB agar containing 0.3% bile salts. The dilution factor is indicated on top of the 

photograph. At least three experiments were performed. Pictures were taken after an overnight 

cultivation at 37°C.”   

To corroborate these interesting but unexpected results, we probed membrane integrity with another 

assay, i.e. the 1-N-phenylnaphthylamine (NPN)-assay (“Figure 9). NPN is fluorescent only in 

hydrophobic environments. If the integrity of the OM is compromised, NPN can reach the phospholipid 

bilayer of the inner OM leaflet more efficiently (Konovalova et al., 2016). Higher fluorescence therefore 

indicates a reduced OM integrity. Essentially, we found that all single, double and the triple mutant 

strains displayed a slight, but statistically significant increase in uptake of NPN, being most pronounced 

in the ΔsurAΔskp mutant strain. Only the ΔsurAΔdegP mutant strain did not show a significant change 

in the fluorescence signal. These results do not match those of the bile salts assay, probably indicating 

that the two assays detect different modifications of the OM.”  
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“Figure 9 Probing membrane integrity of knockout strains with the 1-N-phenylnaphthylamine (NPN) 

assay. (A) 1-N-phenylnaphthylamine (NPN) assay. The wild type (WT), single, double and triple 

knockout strains were incubated in presence of NPN which emits fluorescence only in hydrophobic 

environments. Higher fluorescence therefore indicates a reduced OM integrity. Treatment with 

polymyxin B was used as a positive control. Data show means of three independent experiments. 

Statistical analysis was performed using two-way ANOVA analysis. Asterisks designate significant 

differences (****p < 0.0001 or ***p < 0.0008).” 

 

“5.4.2 Antibiotic Susceptibility”  

“Since SurA, Skp and DegP decisively shape the composition of the OM, we investigated the impact of 

their single, double and triple deletion on antibiotic susceptibility. To this aim, we performed microbroth 

dilution assays with a set of antibiotics relevant for the treatment of infections caused by Ab according 

to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) (http://www.eucast.org) 

or to the Clinical & Laboratory Standards Institute (CLSI) 

(http://em100.edaptivedocs.net/dashboard.aspx) for piperacillin/tazobactam. Additionally, we tested 

some antibiotics typically not used for therapy of Ab (thus no breakpoints were available) and 

vancomycin as an indicator of OM permeability (“Table 10).  
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“Table 10 Influence of knockouts on susceptibility against common antibiotics. Antibiotic 

susceptibility of AB5075 wild type (WT) compared to the periplasmic chaperone deletion mutants was 

assessed by microbroth dilution and E-test. A red background indicates a decreased MIC value that is 

still above the breakpoint. A green background labels MIC values that dropped below the breakpoint. 

A gray background indicates a reduction of the MIC of less than 2-fold or unchanged MIC. Increased 

MIC values are labeled with an exclamation mark. Asterisks mark where colonies appearing in the 

inhibition zone in E-tests.” 

 

Taken together, we found rather subtle changes in antibiotic susceptibility of the single knockout 

mutants compared to the wild type strain. All double mutant strains showed increased susceptibility to 

a broader panel of antibiotics compared to wild type and the single mutants. Interestingly, the 

ΔsurAΔskp mutant strain was more susceptible to all tested antibiotics compared to the wild type 

strain. However, the most striking finding was that lack of SurA re-sensitized AB5075 to treatment with 

the aminoglycoside tobramycin since the MIC for tobramycin dropped below the EUCAST breakpoint 

for resistance (http://www.eucast.org) in all the mutants lacking SurA. The ΔsurAΔskpΔdegP strain 

showed an even lower MIC for tobramycin suggesting a synergistic impact of all three chaperones on 

tobramycin as well as amikacin resistance. 

With respect to vancomycin, all mutant strains were more sensitive than the wild type. The most 

pronounced effect was observed in the ΔsurAΔskp mutant strain. Of note, only with this mutant we 

frequently observed some colonies within the zone of inhibition (values labeled with asterisks in “Table 

10). After re-growth of some of these colonies we repeated the vancomycin E-test. The isolated clones 

were sensitive to vancomycin, but still more resistant compared to the ΔsurAΔskp parent strain (32 

mg/l).  

All in all, the lack of individual periplasmic chaperones had only a mild effect on antibiotic susceptibility. 

However, the deletion of surA, skp and degP synergistically enables a break of resistance against two 

of the three tested aminoglycosides, indicating an indirect or even direct role of these chaperones in 

aminoglycoside resistance and specifically an important role of SurA in tobramycin resistance.” 
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“5.4.3 Comparative Mass spectrometric Analyses of AB5075 wild type and 

ΔsurAΔskpΔdegP Proteomes” 

“To identify changes in the proteome of the triple mutant that might help to interpret the altered 

phenotypes we observed, we carried out mass spectrometric (MS) analyses of whole cell lysates (WCL) 

of the wild type strain and the triple knockout mutant lacking SurA, Skp and DegP. Additionally, we 

analyzed by MS a membrane-enriched fraction (MEM) to catch also membrane proteins with low 

abundance. We then performed a differential expression analysis comparing the label-free 

quantification (LFQ) intensity values of proteins identified in the ΔsurAΔskpΔdegP mutant strain 

samples to that of the wild type strain by employing the DEP package (Zhang et al., 2018) (“Figure 10). 

Results were then filtered for observations that had at least a 2-fold change in mean LFQ intensity and 

an adjusted p-value of at least 0.05 (corresponds to (-log10) of a p-value of 1.30). We found that ~ 74% 

of the proteins that showed a statistically significant change of LFQ intensities (160 in total) were less 

abundant in the triple mutant (119/160) in either of the datasets (WCL or MEM) (“Figure 10; interactive 

volcano plots for WCL https://bit.ly/379SM6R and MEM https://bit.ly/35kHHNV).  
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“Figure 10 Overview of proteins that showed statistically significant changes in lable-free 

quantification (LFQ) intensities. (A) Venn diagrams visualize the number of proteins that were less (red 

arrow) or more abundant (blue arrow) in the samples of the ΔsurAΔskpΔdegP mutant strain compared 

to wild type. Both, proteins from whole cell lysates (WCL) or membrane fractions (MEM) fraction are 

shown. Overlapping areas indicate that proteins were detected in both fractions. (B) Volcano plot 

showing statistical significance (-log10 of p-values) versus magnitude of change (log2-fold change) of 

all detected proteins in WCL samples. Colored dots indicate statistically significant differences. Grey 

dots indicate proteins that were not significantly altered in the triple mutant strain compared to wild 

type. Selected proteins that were mentioned in the manuscript are labeled with a white dot in the center 

and UniProt ID and protein name (if available).” 

 

A selection of proteins previously observed to be affected in other species, or being significantly 

changed in the ΔsurAΔskpΔdegP mutant strain is shown in “Table 11. For a comprehensive overview of 

all proteins the abundance of which was significantly changed at least 2-fold in WCL and/or MEM refer 

to“Table 15. 
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“Table 11 List of selected proteins significantly altered in the ΔsurAΔskpΔdegP (ΔΔΔ) mutant strain compared to the Ab wild type strain (WT) (upper part), or 

not showing significant alteration (lower part).  The latter proteins were included because they are known to be affected by the lack of SurA in other species or 

might be of interest in other respect. All samples for MS analyses were prepared independently and analyzed in three replicates. The upper part of the table 

includes proteins that revealed a statistically significant change (p-value ≤ 0.05) when comparing the means of LFQ intensities of three sample replicates of WCL 

or MEM (for details of analysis please refer to the methods section). Log2-fold changes in LFQ intensities of ΔsurAΔskpΔdegP/wild type were calculated for easier 

comparison. These entries were colored by using the conditional formatting option of excel, assigning colors according to cell values by using a heat map ranging 

from blue (high values) over white to red (low values). Additionally, the corresponding -log10 adjusted pvalues for all changes are shown. Entries for SurA, Skp and 

DegP are boldface. Color code for entries is as follows: green: pil proteins, red: proteins associated with a function in antibiotic drug resistance, blue: proteins 

involved in iron acquisition; n.a. = gene name not available” 

    
        

         

  Gene ID UniProt Entry 
Gene Name, 

Synonym 
Function   

log2-
fold 

change 
LFQ 

/WT 

"-log10 
adjusted 
p-value 

WT  

  

log2-
fold 

change 
LFQ 

/WT 

"-log10 
adjusted 
p-value 

WT  

 

           WCL   MEM  

  ABUW_2034 A0A0D5YIP3 n.a. Uncharacterized   9,83 7,05        

  ABUW_1997 A0A0D5YJ02 n.a. Uncharacterized   8,55 7,42        

  
ABUW_0869 V5VAK6 sdhD 

Succinate dehydrogenase hydrophobic 
membrane anchor subunit 

  4,71 1,60        

  ABUW_1563 V5VDE2 n.a. 17 kDa surface antigen family protein   4,24 10,15   2,88 3,18  

  ABUW_0607 A0A0D5YDI9 n.a. Uncharacterized   2,44 9,24   1,79 4,58  

  ABUW_1298 A0A059ZT62 n.a. Uncharacterized   2,10 1,59        

  
ABUW_2165 A0A0D5YJ17 fhuE_1 

Outer-membrane receptor for Fe(III)-
coprogen,Fe(III)-ferrioxamine B and Fe(III)-
rhodotrulic acid 

  1,46 4,84   6,22 1,56  

  ABUW_3362 Q2FD52 macA Efflux transporter, RND family, MFP subunit   1,20 4,50   1,53 4,74  

  ABUW_3730 V5VJ35 n.a. Lipoprotein   1,19 2,33        
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  ABUW_1070 G1C763 dacD Beta-lactamase enzyme family protein   1,11 3,12        

  
ABUW_3364 A0A0D5YL63 adeC 

AdeC/AdeK/OprM family multidrug efflux 
complex outer membrane factor 

  1,04 2,58   1,66 2,93  

  ABUW_1902 A0A0D5YIN1 sndH2 L-sorbosone dehydrogenase   1,01 2,10        

  ABUW_1907 A0A0D5YIN6 gdhB1 Quinoprotein glucose dehydrogenase   1,01 4,59        

   ABUW_0679 V5V9M9 pilH Type IV pilus response regulator protein    -1,46 1,62        

  ABUW_0291 A0A0D5YCR0 pilN, comN Fimbrial assembly protein   -2,64 1,41        

  ABUW_1631 V5VC75 csuB_2 Csu pilus subunit CsuB   -2,80 1,62        

  ABUW_0426 A0A090B767 secY Protein translocase subunit   -2,84 8,54        

  ABUW_1632 A0A0D5YGE2 csuC Type I pilus chaperone usher secretion system   -2,96 13,38        

  ABUW_0317 A0A0D5YDX1 pilY1 Pilus assembly protein tip-associated adhesin   -3,31 6,35        

  
ABUW_0682 A0A0D5YFD1 pilL 

Type IV pilus hybrid sensor kinase/response 
regulator PilL 

  -3,89 2,07        

  ABUW_1177 A0A0D5YG89 bauA Ferric acinetobactin receptor   -3,94 3,55        

  ABUW_3032 A0A086HYC5 pilU Type IVa pilus ATPase   -4,11 2,57        

  ABUW_3549 A0A0D5YLN2 pulE, pilB Type IV-A pilus assembly ATPase    -4,69 1,60        

  ABUW_0304 A0A0D5YCX7 pilA Type IV pilin structural subunit   -5,41 13,38   -5,87 11,61  

  ABUW_0294 A0A0D5YCW8 pilQ, comQ Fimbrial assembly protein    -6,09 1,75   -5,10 1,35  

  ABUW_0916 A0A0D5YFJ5 n.a. Biofilm-associated protein   -7,87 1,36        

  ABUW_1027 V5VAG2 mucD_1, degP Periplasmic serine endoprotease DegP-like   -8,25 4,62   -4,32 6,72  

  
ABUW_4087 G1D8S2 aphA6 

APH(3')-VI family aminoglycoside O-
phosphotransferase 

  -9,02 8,53        
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  ABUW_1742 V5VCL3 skp OmpH family outer membrane protein   -9,04 13,38   -3,69 4,10  

  ABUW_2268 A0A077GP18 surA Unfolded protein binding   -10,10 13,38        

   ABUW_3583 A0A0D5YMU6 n.a. OmpW family protein   
      

-1,28 2,13  

  ABUW_0293 A0A0D5YDP9 pilP, comL Pilus assembly protein     
    

-2,28 1,38  

  ABUW_0292 V5V999 pilO, comO Pilus assembly protein     
    

-2,42 1,41  

  ABUW_0681 V5VA86 pctA, pilJ Chemotaxis protein     
    

-5,59 5,77  

                       

  
ABUW_1976 A0A0D5YIU4 adeC 

Multidrug efflux RND transporter outer 
membrane channel subunit AdeC   

0,75 1,14 
  

0,94 0,57 
 

  
ABUW_1218 A0A0D5YGS6 algW, degS 

Probable periplasmic serine endoprotease 
DegP-like   

0,18 0,11 
  

0,06 0,06 
 

  
ABUW_1015 C0L0K5 carO 

Carbapenem-associated resistance protein 
(CarO)   

-0,07 0,07 
  

0,08 0,06 
 

  ABUW_2828 A0A0D5YKZ4 fhuA TonB-dependent receptor   -0,25 0,10   -0,04 0,06 
 

  ABUW_0649 W6RU67 ompA OmpA family protein   -0,12 0,08   -0,04 0,06 
 

  ABUW_2267 A0A0D5YI30 ostA, lptD LPS-assembly protein LptD   -0,44 0,37   -0,41 0,21 
 

  ABUW_2197 A0A0E1JKW1 ppiD Peptidyl-prolyl cis-trans isomerase   -0,03 0,06   -0,42 0,13 
 

  ABUW_0629 A0A0D8GEK5 secA Protein translocase subunit   0,29 0,09   0,74 0,46 
 

  ABUW_3371 V5VIB6 secB Protein translocase subunit   0,05 0,06        

  ABUW_3596 A0A059ZGU8 secE Protein translocase subunit   -7,25 1,16        

  ABUW_0166 A0A0B9W7U0 n.a. Omp25   0,13 0,07   0,14 0,07 
 

 
ABUW_1741 A0A0D8F481 bamA 

Outer membrane protein assembly factor 
BamA  

0,24 0,11 
 

0,36 0,17 
 

 
ABUW_3374 V5VGU9 bamB 

Outer membrane protein assembly factor 
BamB  

0,30 0,12 
 

0,20 0,08 
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ABUW_0060 V5V8H7 bamC, nlpB 

Outer membrane protein assembly factor 
BamC  

0,22 0,09 
 

0,01 0,05 
 

 
ABUW_3087 A0A0C2LLC6 bamD 

Outer membrane protein assembly factor 
BamD  

0,30 0,21 
 

0,22 0,11 
 

 
ABUW_3034 A0A1A9L379 bamE, smpA 

Outer membrane protein assembly factor 
BamE  

0,20 0,09 
 

-0,16 0,08 
 

 
ABUW_1590 A0A0D5YHE7 tamA, bamA_2 Autotransporter assembly factor TamA 

 
-0,01 0,06 

 
-0,01 0,05 

 

 
ABUW_1591 A0A0D5YH88 tamB DUF490 domain-containing protein 

 
0,10 0,07 

 
0,26 0,09 
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Next, we asked whether representatives of the OMP family were affected in the triple mutant strain. 

Neither of the typically highly abundant OMPs OmpA (W6RU67), Omp25 (A0A0B9W7U0), CarO 

(C0L0K5) or AdeC (A0A0D5YIU4) showed a significant change. Interestingly, also LptD (A0A0D5YI30) 

and FhuA (A0A0D5YKZ4), the OM insertion of which is strongly SurA-dependent in Ec (Vertommen et 

al., 2009), Ye (Weirich et al., 2017) and Pa (Klein et al., 2019), did not exhibit significant changes in 

protein levels. Our findings thus indicate that the triple knockout does not induce a global reduction in 

OMP abundance and does not impact specific proteins found to be SurA-dependent in other Gram-

negative bacteria. However, we observed a specific and significant reduction of other OMPs, such as 

the acinetobactin receptor BauA (A0A0D5YG89). Also, several proteins assigned to the subcategory 

type IV pili (A0A0D5YCR0, A0A0D5YDX1, A0A0D5YFD1, V5V9M9, A0A086HYC5, A0A0D5YLN2, 

A0A0D5YCX7, A0A0D5YCW8, A0A0D5YDP9, V5V999, V5VA86), as well as a number of uncharacterized 

proteins were significantly less abundant. Two components of the type I chaperone-usher pilus system, 

CsuB (V5VC75) and CsuC (A0A0D5YGE2) were also less abundant in the triple mutant. We also found 

the aminoglycoside inactivating enzyme APH(3’)-VI family aminoglycoside O-phosphotransferase 

(G1D8S2) (Ramirez and Tolmasky, 2010), below detection limit in the triple mutant strain, but well 

expressed in the wild type strain. This could possibly explain our previous finding of reduced resistance 

towards tobramycin in the triple mutant. 

Another remarkable observation was that the protein translocase subunit SecY (A0A090B767) 

appeared to be significantly less abundant in the triple mutant. As a part of the general secretion 

pathway (Sec), SecY is involved in the process of translocation of nascent proteins, including OMPs, into 

the periplasm (Mori and Ito, 2001).  

Of course, we cannot discern whether the observed changes are directly or indirectly linked to the lack 

of SurA, Skp and DegP. Still, we conclude that if SurA, Skp and DegP were to have the same role in Ab 

as that in Ec, Ye and Pa, there have to exist mechanisms that can compensate for the concurrent lack 

of SurA, Skp and DegP.  

Next, we searched our dataset for proteins that were not or only weakly expressed in the wild type and 

significantly more abundant in the triple mutant. We identified 25 such proteins in the WCL of the triple 

mutant strain. Assuming that factors that compensate for the lack of periplasmic chaperones should 

also act in the periplasm, we then filtered out cytoplasmic proteins. Of the remaining 14 non-

cytoplasmic candidate proteins five are uncharacterized (A0A0D5YIP3, A0A0D5YJ02, A0A059ZT62, 

A0A0D5YDI9, V5VJ35), three are associated with antibiotic resistance (G1C763, Q2FD52, A0A0D5YL63), 

three are classified as dehydrogenases of different substrates (A0A0D5YIN6, A0A0D5YIN1, V5VAK6), 

one is the outer membrane iron receptor FhuE_1 (A0A0D5YJ17), and one is classified as member of the 

17kD surface antigen family (V5VDE2). As none of these candidates obviously qualified as periplasmic 

chaperone we had a closer look at the poorly annotated proteins.  
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A0A0D5YIP3 and A0A0D5YJ02 are encoded in the genome of AB5075 several times (3x and 7x, 

respectively). Their genomic context and BLAST searches suggest they are both phage-derived. 

A0A059ZT62 has been annotated as a L-2,4-diaminobutyrate decarboxylase in the Ab strain NCGM 237. 

This enzyme is part of the biosynthetic pathway for the production of the polyamine 1,3-

diaminopropane which has been linked to surface-associated motility and virulence of Ab (Skiebe et al., 

2012). A0A0D5YDI9 and V5VJ35 are lipoproteins of unknown function. V5VDE2 has been annotated in 

other Ab strains as a glycine-zipper containing OmpA-like membrane domain protein, but also this 

protein is uncharacterized.  

Taken together, we found numerous changes in the proteome of the triple mutant strain. However, 

they do not obviously explain how Ab manages to cope with the absence of SurA, Skp and DegP. 

Proteins that were more abundant in the triple mutant strain are either of unknown function, or their 

suggested function is not associated with specific phenotypes. Therefore, especially the so-far 

uncharacterized candidates need further investigation which has been initiated already and will be 

addressed in the near future. Even if we finally could not answer the question of how Ab can live in the 

absence of SurA, Skp and DegP, we investigated how the observed proteomic changes influence specific 

virulence-associated phenotypes of Ab and translate into overall virulence in an infection model.” 

“5.5 In vivo Virulence”  

“We assessed virulence of the different strains in the Galleria mellonella infection model. To this end, 

we injected 30 larvae with 1.1 x 105 – 2.3 x 105 cells of the wild type strain and the single mutant strains, 

respectively. The survival of the larvae was monitored over 6 days (“Figure 11A). All larvae infected 

with the wild type died within 96 hours. However, larvae infected with the single mutants had a 

significantly enhanced survival rate. The deletion of Skp resulted in the highest survival rate (53.3%, p 

< 0.0001) followed by the ΔdegP (36.7%, p < 0.0001) and the ΔsurA strain (13.33%, p < 0.0078), 

indicating a more critical role of Skp than SurA in virulence. Next, we analyzed the effect of the double 

and triple knockouts compared to the wild type strain (“Figure 11B). Please note that the experiments 

shown in “Figure 11A and “Figure 11B were carried out independently because of technical reasons. 

Again, 30 larvae were injected with 9 x 104 - 1.12 x 105 cells of the respective strains and survival at 

37°C was monitored for 6 days after injection. All larvae infected with the wild type died within 48 

hours. The simultaneous knockout of Skp and SurA, induced the greatest reduction of virulence (86.7%, 

p < 0.0001). The ΔskpΔdegP (73.3%, p < 0.0001) and the triple knockout mutant strain (70%, p < 0.0001) 

resulted in comparably enhanced survival rates. However, the growth defect of the ΔsurAΔskpΔdegP 

mutant strain (see “Figure 7) could also have contributed to its decrease in virulence. The injection of 

larvae with the ΔsurAΔdegP strain produced the lowest survival rate (6.7%, p < 0.0233). Taken together, 

all strains that lacked Skp either individually or in combination with other chaperones, were reduced in 

virulence, while in contrast to Ye and Pa SurA plays only a minor role for virulence.” 
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“Figure 11 Assessment of virulence of AB5075 wild type and mutant strains in the Galleria mellonella 

infection model. The infection of 30 Galleria mellonella larvae per strain was performed to study the 

role of periplasmic chaperones for virulence. The larvae were injected with the indicated strains in three 

independent experiments and incubated at 37°C for 6 days. Larvae were recorded as dead when no 

movement occurred after cautious touching with forceps. (A) Survival of single knockout strains 

compared to wild type (WT). (B) Survival of double and triple knockout strains compared to wild type. 

Statistical analysis was performed using a log rank test (Mantel-Cox test). A significant difference 

between wild type and all mutant strains was observed. The p-value was < 0.0001 for wild type vs. 

Δskp, ΔdegP, ΔsurAΔskp, ΔskpΔdegP and ΔsurAΔskpΔdegP. For wild type vs. ΔsurAΔdegP we observed 

a p-value of 0.0233 and for wild type vs. ΔsurA a p-value of 0.0056.” 



58 
 

6. Discussion  

Declaration of contributions 

 

“Table 12 and “Figure 12 as well as the corresponding text in chapter 6.3 are literally taken from Birkle 

et al. (manuscript submitted) and are highlighted with quotation marks as well as written in italics.  

The discussion concerns the experimental results of Birkle et al. (manuscript submitted).  

“Table 13 as well as the figure text which is mentioned in chapter 6.3.1 and can be found in the 

appendix was generated and written by the co-author Dr. Fabian Renschler. 

The manuscript Birkle et al. (manuscript submitted) was mainly written by PD Dr. Monika Schütz and 

me. 
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6.1 Generation and phenotypical characterization of single gene knockout mutants 

for surA, skp and degP in Ab AB5075 

 

Nowadays, Ab represents one of the major nosocomial pathogens challenging the healthcare system 

worldwide. The enormous adaptability of Ab to its environment as well as many intrinsic and acquired 

resistance mechanisms urgently demands the development of new therapeutics (Dijkshoorn et al., 

2007). Like in other pathogens, the OM of Ab provides a tight barrier for antimicrobial agents. 

Especially, the specific peculiarities of integral OMPs impede the influx or ensure the active efflux of 

antibiotics (Vila et al., 2007; Zgurskaya et al., 2015). One crucial step during the biogenesis of OMPs is 

the chaperone-guided passage from the IM to the OM via the periplasm (Rollauer et al., 2015). In Ec, 

Ye and Pa, SurA represents the major chaperone for the biogenesis of the majority of OMPs, whereas 

Skp and DegP constitute as an alternative pathway which may compensate the loss or depletion of 

SurA (Klein et al., 2019; Sklar et al., 2007b; Vertommen et al., 2009; Weirich et al., 2017). In Pa, the 

deletion of surA seems to be even lethal as only a conditional knockout mutant strain of ΔsurA could 

be created, supporting the notion of SurA as the main chaperone in Pa (Klein et al., 2019). However, 

in Nm Skp seems to be the main periplasmic chaperone for OMP assembly (Volokhina et al., 2011). 

Since periplasmic chaperones have been validated for their potential to serve as novel targets for 

therapeutics that reduce virulence and possibly break resistance in Ec (Justice et al., 2006; Watts and 

Hunstad, 2008), Ye (Weirich et al., 2017) and Pa (Klein et al., 2019), the aim of this work was to examine 

their potential as antivirulence/resistance breaker targets in Ab.  

Single gene knockout mutants of surA, skp and degP were generated by allelic exchange. Every 

genomic deletion was verified by two PCRs, the first one using a primer pair flanking the respective 

target gene and delivering a shorter PCR product upon successful deletion. The second PCR using a 

primer pair where one primer was designed to anneal within the deleted gene region, and which 

should not yield a PCR product upon successful deletion “Figure 3). Additionally, the region of the gene 

deletion of each mutant was sequenced (Birkle et al., manuscript submitted). As mentioned before, 

AB5075 is able to switch between different phenotypes by phase variation (Tipton et al., 2015). To 

avoid high variability in assay outcomes as a result of a variable bacterial population structure caused 

by a phase switch, only opaque cells were used to carry out the experiments. 
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6.1.1 Assessment of general fitness by recording growth curves 

To examine the growth behavior of the mutants, growth kinetics were recorded at 37°C. In comparison 

to the wild type, we did not observe significant changes in growth behavior for the ΔsurA and Δskp 

strain. The strain lacking DegP even reached a higher OD600nm compared to the wild type. In growth 

kinetics using Pa, the deletion of the skp homolog hlpA was also comparable to the wild type. The 

deletion of surA, however, resulted in a slight but significant reduction of growth in Pa, indicating a 

role of SurA for bacterial growth in Pa (Klein et al., 2019). For Ye, no reduction of growth could be 

observed in the strains lacking SurA, Skp or DegP respectively (Weirich et al., 2017). As stated before, 

DegP is essential for growth at higher temperatures in Ec and strains lacking DegP display a 

temperature sensitive phenotype (Lipinska et al., 1989; Skorko-Glonek et al., 1995; Strauch et al., 

1989). Therefore, we also performed growth curves at an elevated temperature of 42°C. The ΔsurA 

and Δskp mutants strain displayed only a slight reduction in growth compared to the wild type. 

Although the strain lacking DegP reached a higher maximum OD600nm than the wild type, after ~ 17 

hours the OD600nm dropped slightly below the OD600nm of the wild type (“Figure 4).  

Taken together, the lack of SurA, Skp or DegP in AB5075 did not result in a significantly reduced growth 

both at 37°C and 42°C.   

6.1.2 Impact of deletions on OM barrier function 

The biogenesis of β-barrel OMPs that contribute to the OM barrier function of Gram-negative 

pathogens generally depends on periplasmic chaperones (Rollauer et al., 2015). Hence, the mutants 

lacking SurA, Skp and DegP were tested for their OM integrity. One approach to test the integrity of 

the OM is the use of bile salts. Bile salts are located in the intestinal tract and act as detergents thereby 

providing protection against pathogens (Merritt and Donaldson, 2009). Therefore, serial dilutions of 

the wild type strain as well as the mutant strains of ΔsurA, Δskp and ΔdegP were spotted on LB agar as 

a control and LB agar containing 0,3% bile salts. Surprisingly the lack of SurA had no significant effect 

compared to the wild type (“Figure 5). This was in stark contrast to Ec (Lazar and Kolter, 1996) Pa (Klein 

et al., 2019) and Ye (Weirich et al., 2017) where the conditional deletion mutant of ΔsurA resulted in 

the most pronounced reduction of growth. Noteworthy, the bile salt assay for Pa was performed as 

kinetic growth curves which might have slight effects on the difference of the results (Klein et al., 2019). 

Nevertheless, these results may indicate a minor role for SurA in Ab. Mutants strains of Δskp showed 

a subtle growth reduction compared to the wild type. However, for Ye (Weirich et al., 2017) and Pa 

(Klein et al., 2019) no effect could be detected for mutants lacking Skp or the Skp homolog HlpA in Pa. 

Interestingly, the mutants lacking ΔdegP showed the most pronounced effect in the bile salt assay 

(“Figure 5). In contrast to this, also the deletion of degP had no effect for the growth of Ye on agar 

supplemented with bile salt (Weirich et al., 2017).  
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Compared to other species, this may indicate a more important role for DegP in Ab to cope with 

stressors like bile salts.  

6.2 Generation and characterization of concurrent deletions of surA, skp and degP 

as well of a triple mutant lacking all three periplasmic chaperones  

Since the deletion of SurA surprisingly resulted only in weak phenotypes compared to what has been 

observed before in Ec (Rizzitello et al., 2001) Ye (Weirich et al., 2017) and Pa (Klein et al., 2019), we 

attempted to create double knockouts of surA + skp, surA + degP, and skp + degP. In Ec, the concurrent 

deletion of surA + skp and surA + degP is not tolerated (Rizzitello et al., 2001). However, some synthetic 

phenotypes could be observed for the concurrent loss of SurA + Skp or SurA + DegP. This was shown 

in a skp deletion mutant were the endogenous surA, was disrupted by a kanamycin resistance cassette, 

and complementation was facilitated by a plasmid carrying an arabinose-inducible copy of wild type 

surA. The same replacement of disrupted endogenous surA was performed in a strain were degP was 

disrupted by a transposon insertion (Tn10). The simultaneous interference with surA and skp 

expression had a bactericidal effect, whereas interfering with skp and degP had a bacteriostatic effect. 

A change in cell morphology towards more filamentous growing cells, probably indicating a problem 

with cell division, could only be observed in the cells carrying mutations in both surA and skp. A 

reduction of envelope proteins was observed for both combinations, demonstrating the importance 

of  functional chaperones in the periplasm (Rizzitello et al., 2001).  

In contrast we found that a double knockout of two periplasmic chaperones in each combination was 

tolerated by AB5075 very well. Even a triple knockout strain, lacking all three periplasmic chaperones 

simultaneously, was viable. The respective gene deletions were also verified by PCR, sequencing and 

additionally by RT-PCR (“Figure 6, Birkle et al., manuscript submitted). Thereby, the generation of 

viable double knockout mutant strains of ΔsurAΔskp, ΔsurAΔdegP, ΔskpΔdegP, and even a viable triple 

mutant strain of ΔsurAΔskpΔdegP was shown for the first time in Gram-negative pathogens (Birkle et 

al., manuscript submitted). 

6.2.1 Assessment of general fitness by recording growth curves   

To assess the growth behaviour of the double and triple mutant strains, and to compare it to the single 

deletion mutants, their growth in LB medium was monitored over 24 hours at 37°C, as well as at 42°C. 

At 37°C the growth of the ΔsurAΔdegP mutant strain exhibited no differences compared to the wild 

type. However, the ΔsurAΔskp and ΔskpΔdegP knockout strains grew slightly slower and their 

maximum OD600nm stayed below that of the wildtype strain. In Ec, depletion strains of skp and surA as 

well as degP and surA, display a significant reduction of growth (Sklar et al., 2007b). This indicates a 

more important role of the periplasmic chaperones for bacterial growth in Ec than in Ab and probably 

the existence of a more redundant periplasmic chaperone system in Ab.  
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The growth of the triple mutant strain of AB5075 showed the most pronounced reduction in growth 

(“Figure 7). Though a triple knockout of surA, skp and degP is not lethal in Ab it seems that the lack of 

all three chaperones causes distress that affects the growth behaviour. At 42°C all tested strains 

showed a reduction in growth compared to 37°C. However, ΔsurAΔskp and ΔskpΔdegP showed also 

slight growth defects in comparison to the wild type. Although single deletions of surA and degP 

showed no distinct reduction of growth, the ΔsurAΔdegP mutants reached a significantly lower OD600nm 

during growth compared to the wild type. As observed at 37°C, the highest reduction of growth could 

be observed in the triple mutant (“Figure 7). Therefore, the growth phenotype of the triple mutant has 

to be considered when interpreting results of experiments where retarded growth of the strain plays 

a role.  

6.2.2 Impact of deletions on OM barrier function 

6.2.2.1 Sensitivity to treatment with bile salts 

Periplasmic chaperones play an important role for biogenesis of OMPs (Rollauer et al., 2015). Hence, 

we assumed rearrangements of the OM composition especially in the double and triple mutant strains 

which might cause a decrease in OM integrity. Therefore, also the double and triple deletion strains 

were tested for sensitivity towards treatment with bile salts. We found that the double mutant strains 

ΔsurAΔdegP and ΔsurAΔskp displayed sensitivity comparable to that of the wild type (“Figure 8). This 

indicates that a loss of SurA has no impact on the sensitivity towards bile salts, which corroborates our 

findings for the single mutant strains, and that Skp or DegP can somehow compensate their mutual 

loss. Again, this was in contrast to what has been demonstrated for the lack of SurA in Ec (Lazar and 

Kolter, 1996) Pa (Klein et al., 2019), and Ye (Weirich et al., 2017).  

Although the single Δskp deletion mutant was only slightly impaired in growth in the presence of bile 

salts, the lack of Skp and DegP in parallel induced the most prominent reduction of growth. 

Surprisingly, the growth of the triple mutant was slightly reduced compared to the wild type, but was 

less inhibited than in the ΔskpΔdegP mutant (“Figure 8). Taken together, the impact of single, double 

and triple knockouts of SurA, Skp and DegP induced only weak OM integrity perturbations, as assessed 

by the sensitivity towards treatment with bile salts. The most profound effect was seen in the 

ΔskpΔdegP double mutant strain. However, we currently cannot sufficiently explain why this is the 

case. To our surprise, it was not the triple mutant having the strongest membrane perturbations. This 

might indicate that Ab employs yet unknown mechanisms which can compensate the loss of all three 

periplasmic chaperones and thereby largely maintain the OM integrity. 
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6.2.2.2 Assessing OM barrier function using 1-N-phenylnaphthylamine (NPN) 

As another test for OM integrity, an NPN assay was performed. NPN is a dye which possesses a bright 

fluorescence only in hydrophobic environments. Cells with an intact OM and LPS/ lipooligosaccharides 

(LOS) are able to prevent the intrusion of NPN (Konovalova et al., 2016). Hence, a reduction in the 

integrity of the OM leads to higher fluorescence reads in the assay. The single deletion mutant strains 

ΔsurA, Δskp and ΔdegP showed all significantly higher fluorescence reads than the wild type. However, 

the ΔsurA deletion strain showed a significantly but only slightly increased fluorescence compared to 

the wild type (“Figure 9). Again, this was in stark contrast to what has been shown in Pa, where the 

conditional knockout of surA led to a ~3-fold increase of the fluorescence signal (Klein et al., 2019). 

Additionally, the knockout of the skp homolog hlpA in Pa showed no significantly change in the NPN 

assay, whereas the knockout of skp in Ab led to a significant increase of the fluorescence using the 

same assay system “Figure 9) (Klein et al., 2019). The results  of the NPN assay do not match those of 

the bile salts assay, probably indicating that the two assays detect different modifications of the OM. 

Differing assay readouts when using two different agents (NPN and in this case EtBr) to detect 

permeability defects actually have been reported before (Kamischke et al., 2019). However, as the 

results observed in the bile salt assay, these data indicate a minor role for SurA and more important 

role of Skp in biogenesis of OMPs and thus membrane integrity in Ab. This hypothesis is also supported 

by the finding that we did not observe a significantly changed fluorescence in the ΔsurAΔdegP mutant 

strain, compared to the wild type (“Figure 9). The lack of SurA and DegP might possibly be 

compensated by Skp. However, the concurrent deletion of surA and skp had the greatest impact on 

OM integrity in the NPN assay (“Figure 9). Though, it seems that Skp plays a more important role in Ab 

than SurA, and the loss of both proteins seems to add up. Also, the ΔskpΔdegP mutant strain 

demonstrated a slight increase in fluorescence, but the impact of Skp and DegP on OM integrity does 

not seem to be additive. Of note, although some mutants showed a significantly increased 

fluorescence, the fluorescence signals recorded were in general much lower than that of the positive 

control, where cells were treated with polymyxin B. As we had observed also in the bile salt assays 

(“Figure 8), the triple mutant actually was not the one displaying the most pronounced phenotype, but 

revealed only a slight difference compared to the wild type, which is somewhat puzzling and we 

currently do not have a good explanation for this finding. In Ab, a mutation in the lpxD gene, a part of 

the early lipid A synthetic pathway, leads to the occurrence of lipid A and LOS deficient bacteria 

(Moffatt et al., 2010). In mass spectrometric analyses (MS) of the triple mutant compared to the wild 

type (which will be discussed in more detail below) we found a significant reduced abundancy of LpxD 

(“Table 15). So, it could well be that the triple mutant strain in AB5075 has reduced LOS levels.  
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However, if this is really the case was not analyzed in in this work and has to be examined in further 

experiments. A significant reduction of the abundancy of other proteins (e.g. LpxA, LpxC, and LptD) 

involved in LOS synthesis could not be observed (“Table 15). Furthermore, there could be different 

mechanisms which compensate the deficiency of LOS and/or prevent the intrusion of NPN in the cell. 

Nevertheless, the reduced abundancy of LpxD could be one reason for the observed reduction of 

growth, since a reduced fitness of Ab ATCC 19606 strains with mutations in the lpxD gene was observed 

(Beceiro et al., 2014). Still, it has to be considered that many factors exist which can affect growth and 

the reduced abundancy of LpxD could only be one factor contributing to a reduced growth. 

6.2.3 Impact of deletions on antibiotic susceptibility 

Since the OM of Gram-negative pathogens can effectively prevent antibiotics from intruding into the 

cell, we wondered whether the deletions of surA, skp, and degP changed the OM composition in a way 

that enhances antibiotic uptake. Therefore, microbroth dilution assays were carried out. For this assay 

representatives of 6 classes of antibiotics: (I) aminoglycosides (amikacin, gentamicin and tobramycin), 

(II) carbapenems (imipenem and meropenem), (III) penicillins (piperacillin/tazobactam), (IV) 

cephalosporins (ceftolozan/tazobactam and ceftazidim/avibactam) and (V) fluoroquinolones 

(levofloxacin) were used. Those antibiotics are typically used to fight Ab infections, according to the 

European Committee on Antimicrobial Susceptibility Testing (EUCAST) (http://www.eucast.org) as well 

as to the Clinical & Laboratory Standards Institute (CLSI) 

(http://em100.edaptivedocs.net/dashboard.aspx). Compared to the wild type, for the single deletion 

mutant strains of surA and skp no difference in the minimal inhibitory concentration (MIC) for most of 

the antibiotics could be observed. However, for amikacin a 2-fold and 4-fold reduction of the MIC 

values for ΔsurA and Δskp, respectively, was observed. Also, for ceftazidim/avibactam the MIC was 

reduced 4-fold for both mutant strains compared to the wild type. Interestingly, the ΔsurA deletion 

mutant showed a break of resistance specifically for tobramycin, whereas the MIC value for this 

antibiotic even increased in the skp deletion strain. The degP deletion mutant showed no significant 

decreased MIC values. For two aminoglycosides (amikacin and tobramycin) as well as for levofloxacin, 

the MIC values are even higher than the values of the wild type. However, like for ΔsurA, also for 

ΔsurAΔdegP, ΔsurAΔskp, and ΔsurAΔskpΔdegP MIC values lower than the breakpoint could be 

observed for tobramycin (“Table 10). In sum, for all mutant strains lacking SurA, a break of resistance 

against tobramycin could be shown. This indicates an important role of SurA for tobramycin resistance. 

In the MS of the triple mutant strain compared to the wild type, the APH (3’)-VI family aminoglycoside 

O-phosphotransferase was reduced below detection limit in whole cell lysates of the triple mutant 

strain (“Table 11).  
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The APH(3’)-VI protein belongs to the family of aminoglycoside modifying enzymes and is encoded by 

the aphA6 gene, located on the p1AB5075 of AB5075 (Gallagher et al., 2015; Ramirez and Tolmasky, 

2010). As a transposable element, aphA6 is flanked by the two IS elements ISAba125 (Hamidian et al., 

2014). A lack of this protein would contribute to the observed increased susceptibility against the 

aminoglycoside antibiotics amikacin and tobramycin in the triple mutant strain. Using whole genome 

sequencing (WGS), we actually found that the transposable element encoding aphA6 had been lost in 

the genome of the triple mutant strain. However, a deletion of the aphA6 gene could not be detected 

in the double knockout mutants, which also displayed increased susceptibility towards 

aminoglycosides (“Table 10). Thus, AB5075 also must possess other and/or additional mechanisms 

associated with resistance against aminoglycosides which may be affected by the simultaneous 

deletion of two, but not all three, chaperone proteins. Recently, Gallagher et al. identified 37 genes 

which are associated with tobramycin resistance in AB5075. The majority of these genes was encoded 

in the core genome, whereas one gene encoding for a protein of unknown function was carried on 

p2AB5075, and two genes, aadB and aacA4, on the large plasmid p1AB5075 (Gallagher et al., 2017). 

Tobramycin heteroresistant subpopulations of AB5075 were observed that were characterized by a 

RecA-dependent increased expression of aadB (Anderson et al., 2018). RecA represents a protein 

important for stress response (Cox, 1991) and will be discussed below. Our MS analysis did not reveal 

significantly changed abundance of the 2'-aminoglycoside nucleotidyltransferase AadB, encoded by 

aadB (Birkle et al., manuscript submitted). Therefore, we could not draw an association of the 

increased susceptibility of the triple mutant for tobramycin. Anderson et al. also observed 

heteroresistant subpopulations of AB5075 in a recA deletion mutant. Also here, an increased 

expression of aadB was not detected. This indicates the existence of another mechanism causative for 

the heteroresistance towards treatment with tobramycin (Anderson et al., 2018). The resistance 

against aminoglycosides, especially tobramycin, in AB5075 is maintained by many different genes and 

mechanisms (Anderson et al., 2018; Gallagher et al., 2017). However, the data collected within this 

thesis indicate that SurA plays an important role for tobramycin resistance in AB5075 by a yet unknown 

mechanism.  

With respect to all tested antibiotics, we found the most pronounced effect in the ΔsurAΔskp deletion 

strain compared to the wild type and all other mutant strains. This is consistent with the NPN assay, 

where the ΔsurAΔskp mutant revealed the most profound disturbance of OM barrier function (“Figure 

9), however, membrane integrity is not the only factor that influences antibiotic susceptibility and also 

other mechanisms may contribute to our observations. Besides for tobramycin, also the MIC value for 

amikacin dropped below the breakpoint in the triple mutant strain.  
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Nevertheless, for the other antibiotics that were tested the additional lack of DegP did not result in a 

further decrease of the MIC values in the triple mutant compared to the ΔsurAΔskp mutant strain 

(“Table 10). This indicates that different effects caused by the lack of periplasmic chaperones are 

causative for a change in susceptibility to treatment with a specific antibiotic. It is obviously not only a 

membrane defect leading to increased susceptibility. As WGS revealed that the transposable element 

encoding for the aminoglycoside inactivating enzyme APH (3’)-VI had been lost only in the genome of 

the triple mutant strain, this of course may be also an explanation for increased susceptibility towards 

tobramycin, but only in the triple mutant.  

Interestingly, we observed a significant increase in the abundancy of the proteins AdeB and AdeC by 

MS analyses (“Table 11). As mentioned before (1.3.2 Expression of efflux pumps), AdeB is the 

transporter part of the three-part RND efflux system AdeABC. In Ab strain BM4454, it was shown that 

AdeABC is involved in resistance against a number of antibiotics, including aminoglycosides, like 

tobramycin, gentamicin, and less effectively against kanamycin and amikacin as well as 

chloramphenicol, fluoroquinolones, and tetracycline (Magnet et al., 2001). Our MS analyses also 

revealed a slight though significant increase of the protein AdeJ, which is the transporter part of the 

AdeIJK efflux system (Damier-Piolle et al., 2008) (“Table 15). For AdeIJK, an association with resistance 

to β-lactams, chloramphenicol, fluoroquinolones, and tetracycline was observed in the Ab strain 

BM4454 (Damier-Piolle et al., 2008). As presumably both systems are tightly regulated by two-

component systems (Rosenfeld et al., 2012; Yoon et al., 2013), the higher abundancy of these proteins 

in the triple mutant strain may be the result of stimuli caused by the knockout of SurA, Skp and DegP, 

e.g. a stress response due to the hampered OMP biogenesis. By increasing amounts of efflux pumps, 

the enhanced influx of antimicrobials enabled by defects in the OM could possibly be compensated. 

However, the MS analyses revealed increased abundance only of parts of the systems. For AdeA, AdeI, 

and AdeK no significant change in the abundancy could be detected (“Table 15). Actually, it has been 

shown that overexpression of AdeB is sufficient to cause an increase in MIC (Magnet et al., 2001) and 

that AdeC is even dispensable for the function of the AdeABC efflux system. Less is known about the 

AdeIJK efflux system, but also here we found only the transporter protein AdeJ more abundant (“Table 

15). Given the homology of both systems it is conceivable to assume that also overexpression of AdeJ 

only might result in increased efflux. However, the AdeIJK system in general is much less expressed 

compared to AdeABC, since its overexpression seems to be toxic for the cells (Rosenfeld et al., 2012). 

A possible explanation for the increased abundancy of the OM component AdeC could be the existence 

of a mechanism aiming at compensating the loss of other membrane stabilizing proteins whose OM 

insertion dependents on SurA, Skp and/or DegP. As said, like Nm, Ab is able to survive without LOS 

(Moffatt et al., 2010; Steeghs et al., 1998).  
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One theory of how the loss of LOS may be compensated is the increased expression of lipoproteins 

replacing the missing proteins in the OM, and thereby reinforcing the OM (Powers and Trent, 2018). 

The significantly increased abundancy of AdeB, AdeC, and AdeJ could therefore also serve as a 

complementation of the loss of other OM proteins. Nevertheless, our data demonstrate a SurA-, Skp- 

or DegP-independency for several proteins belonging to RND efflux systems. Actually, in other species 

a SurA independency of proteins of efflux systems was already demonstrated: in Pa, even an increased 

abundancy of OprM was shown in a MS analysis of a conditional deletion strain of surA (Klein et al., 

2019). Like AdeC and AdeK, Pa OprM is also an OM channel protein. In combination with MexA (MFP) 

and MexB (multidrug transporter) or MexX (MFP) and MexY (multidrug transporter), OprM forms 

efflux systems in Pa (Poole, 2001). This also indicates that another mechanism might exist that is 

responsible for efficient insertion of efflux pump associated OMPs. 

In contrast to AdeB, AdeC, and AdeJ that had higher abundancy in the triple mutant strain, an AdeT-

like protein was significantly less abundant (“Table 15). AdeT is a RND type efflux pump and is involved 

in resistance against several antibiotics, including chloramphenicol, tetracycline and ciprofloxacin 

(Srinivasan et al., 2011). The Ab strains ATCC 17978 and AC0037 harbor two copies of adeT genes and 

insertional inactivation of these genes in Ab AC0037 was associated with increased susceptibility 

against several antibiotics (Smith et al., 2007; Srinivasan et al., 2011). However, in the genome of 

AB5075, three genes encoding for adeT-like genes can be found (Scribano et al., 2019). So, taken 

together, although a significant reduction of the abundance of the AdeT-like protein could be 

observed, a clear association with the increased susceptibility of the triple mutants to antibiotics could 

not be made, as the other two AdeT-like proteins could possibly compensate the reduction of the third 

one. 

Besides the microbroth dilution assay, E-tests were used to assess the susceptibility towards treatment 

with vancomycin (“Table 10). Vancomycin is typically used only for treatment of infections with Gram-

positive bacteria, as it cannot pass the OM of Gram-negative bacteria. However, if membrane integrity 

is hampered, vancomycin sensitivity can serve as an indicator for the presence and severity of OM 

defects (Wu et al., 2005). Compared to the wild type, all mutant strains showed an increased 

susceptibility to treatment with vancomycin. Interestingly, the single deletion of surA led to a more 

profound susceptibility against vancomycin than the concurrent deletions of surA + degP or skp + degP. 

In contrast to the bile salt and NPN assay as well as the microbroth dilution assay using different 

antibiotics, the ΔsurA deletion mutant strain shows in the vancomycin assay similar results as obtained 

by the deletion of surA in Pa. An increased susceptibility towards treatment with vancomycin was also 

observed in a conditional knockout strain of surA in a well-established Pa laboratory strain, as well as 

in the MDR clinical bloodstream isolate ID72 (Klein et al., 2019; Willmann et al., 2018). 
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 For the AB5075 degP deletion mutant strain, an even lower vancomycin susceptibility was observed, 

compared to the ΔsurAΔdegP and ΔskpΔdegP mutant strains. Both, the bile salt as well as the NPN 

assay we had carried out indicated an impaired OM integrity upon the single deletion of degP or in 

combination with skp. Nevertheless, the microbroth dilution assays as well as the E-test with 

vancomycin indicate a less important role of DegP in resistance to treatment with several antibiotics. 

The ΔsurAΔskp deletion strain showed the most distinct effect followed by the triple mutant. Again, 

this is consistent with the experimental outcomes of the microbroth dilution assay (“Table 10) and the 

NPN assay (“Figure 9) for the ΔsurAΔskp mutant strain. Since these assays probe the membrane 

integrity the simultaneously lack of SurA and Skp seems to cause the most pronounced membrane 

defects. Taken together, the concurrent deletion of the periplasmic chaperones leads to a reduction 

of OM integrity, permeability and hence susceptibility against antibiotics. With respect to antibiotic 

susceptibility, the most pronounced effect was observed for the ΔsurAΔskp as well as the triple mutant. 

The most striking finding, however, was that the deletion of two of the periplasmic chaperones SurA, 

Skp and DegP or even all three at the same time is viable in Ab. This could be shown for the first time 

in a Gram-negative bacterium (Birkle et al., manuscript submitted) and implies that Ab OMP biogenesis 

has distinct features that discern it from that of Ec and also Nm, the best-studied organisms in that 

respect (Rizzitello et al., 2001; Sklar et al., 2007b; Volokhina et al., 2011).   

6.2.4 Mass spectrometric analyses (MS) of the triple mutant compared to the wild type 

Unexpectedly, Ab survived the deletion of two or more periplasmic chaperones and revealed 

phenotypes that were rather different to what we had expected based on the data derived from Ec, 

Ye and Pa. Therefore, we wanted to better understand which rearrangements on the protein levels 

were induced by the knockouts of SurA, Skp and DegP in Ab. To this end we wanted to compare the 

abundancy of the major OMPs in the wild type and the triple mutant strain. As we assumed that the 

concurrent lack of SurA, Skp and DegP might induce the upregulation of proteins acting compensatory, 

we also aimed to identify protein significantly more abundant in the triple mutant strain. Furthermore, 

the MS data also should serve as an additionally proof for the deletion of all three periplasmic 

chaperones. MS analyses were performed using both whole cells lysate (WCL), as well as membrane 

fractions (MEM) of the wild type and ΔsurAΔskpΔdegP mutant strain in three independent 

experiments. In general, for the WCL as well as the MEM fractions more proteins were less abundant 

(~ 74 % of all identified proteins) in the triple mutant strain compared to the wild type (“Figure 10). 

This global reduction of protein abundance indicates that the lack of SurA, Skp and DegP actually has 

profound global effect on the cells, either directly or indirectly. The reduction of the cellular levels of 

numerous proteins might be the result of a stress response, aiming to relief the stresses, such as 

accumulation of proteins in the periplasm, membrane stress due to problems with insertion of vital 

OMPs, and membrane defects.  
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One possible reason for the observed increased susceptibility towards treatment with different 

antibiotics, the reduced growth in the presence of 0,3% bile salts, and the increased uptake of the 

fluorescence dye NPN, could be a reduced abundancy of the major OMPs of Ab including OmpA and 

CarO. As mentioned before, those proteins are OM porins and are associated with the significant low 

permeability of the OM, as well as with carbapenem resistance (Limansky et al., 2002; Mussi et al., 

2005; Sugawara and Nikaido, 2012). Recently, reduced membrane integrity as well as an increased 

susceptibility against several antibiotics could be demonstrated in isogenic mutants of OmpAAB in Ab 

and A. nosocomialis (Kwon et al., 2017; Kwon et al., 2019). However, we did not observe a significant 

change in the abundancy of the major OMPs of Ab which could explain the impaired permeability of 

the triple mutant strain. Nevertheless, for some OMPs, including a DcaP-like protein (ABUW_0826), an 

OprD family protein (ABUW_3685) and an OmpW-family protein (ABUW_3583) we observed a 

significantly reduced abundance (“Table 11). However, a direct association of the reduced abundancy 

of those proteins with the impaired OM could not be made. This has to be investigated in further 

experiments. 

In sum, we found a significantly reduced abundance for some OMPs, however, surprisingly not for the 

major OMPs of Ab including CarO and OmpA (“Table 11). Nevertheless, the impaired OM integrity of 

the triple mutant and hence the increased susceptibility towards antibiotics may be affected by the 

reduced abundancy of other OMPs also contributing to membrane integrity and permeability.  

Furthermore, we did find proteins that were significantly more abundant in the triple mutant, but 

these proteins were either of unknown function or their known function did not obviously reveal how 

they could facilitate or contribute to compensating the loss of the three chaperones. Since ~ 28% of 

the genes encoded in AB5075 are annotated as uncharacterized proteins, this was not extremely 

surprising (Wu et al., 2016). Highest abundancy in the triple mutant strain was found for a protein of 

unknown function (UniProt ID: A0A0D5YIP3) which is encoded by three copies in the genome of 

AB5075 and a protein (UniProt ID: A0A0D5YJ02) which is encoded five times in the genome (“Table 

11). Their organization within the genome as well as annotations for similar proteins, indicate that they 

are phage-derived. Although we found that the triple mutant is viable in Ab, our phenotypic 

characterization indicated that it is exposed to reasonable stress and even had a slight growth 

phenotype. Consistent with this assumption we observed an increased abundance of the protein RecA 

(“Table 15). RecA is important for stress response and also plays an important role in SOS mutagenesis 

(Cox, 1991). In Ab the disruption of RecA leads to an increased sensitivity towards stress factors 

including heat shock, desiccation and chemical oxidants. Furthermore, an increased susceptibility 

towards antibiotics and a reduced virulence in a mouse model could be observed (Aranda et al., 2011).  

In our findings, the observed increased abundancy of RecA indicates that the triple mutant strain faces 

stress. In contrast to the literature, however, despite the higher abundancy of RecA, the triple mutant 
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showed an increased susceptibility towards several antibiotics, and attenuated virulence in a Galleria 

mellonella infection model (see chapter 3.2.6). Noteworthy, the disruption of RecA had the most 

pronounced effect on susceptibility of Ab ATCC 17978 towards treatment with antibiotics belonging to 

the class of quinolones (Aranda et al., 2011). Since quinolones damage the DNA, this observation was 

somewhat expected (Aranda et al., 2011; Drlica et al., 2008). However, the disruption of RecA did not 

affect the susceptibility of Ab ATCC 17978 towards the aminoglycosides tobramycin and amikacin, with 

which we had observed the most pronounced increase in susceptibility in the triple mutant strain 

(Aranda et al., 2011) (“Table 10). Taken together, the increased abundancy of RecA indicates an 

increased stress level in the triple mutant, but cannot be directly associated with the observed changes 

in the susceptibility towards antibiotics. However, the increased abundancy of RecA may contribute to 

the unexpected growth behavior of the triple mutant strain we had observed in our bile salt assay 

(“Figure 8). For the triple mutant strain a significant impairment of the OM was expected which should 

coincide with increased sensitivity towards exposure to bile salts. Nevertheless, only a slight reduction 

of growth could be observed in a bile salt assay (“Figure 8). However, it is known that besides the 

disruption of the bacterial membrane, bile salts also induce DNA damages (Urdaneta and Casadesus, 

2017). Since we found RecA already increased in the triple mutant, this might have a protective effect 

against bile salts-induced DNA damage. Nevertheless, this is just a speculation and an association of 

RecA with the observed weak growth defects of the triple mutant strain in the bile salt assay would 

need to be clarified by further experiments. In contrast to the significantly increased abundancy of 

RecA in the triple mutant strain, a decreased abundance of several other proteins involved in stress 

response, like the universal stress protein and the general stress protein 39 was observed (“Table 15). 

Since the assumption was that at least the triple mutant strain of Ab suffers from increased cellular 

stress, this decreased abundance of proteins involved in stress response was unexpected. However, 

one possible explanation for this observation could be that the increased abundance of RecA is 

sufficient for Ab to cope with the stress level present, and the decreased expression of other proteins 

involved in stress responses is to minimize efforts of material and energy. Similar observations were 

made for the expression of proteins involved in iron homeostasis. The OM receptor for the acquisition 

of Fe(III)-coprogen, Fe(III)-ferrioxamine B and Fe(III)-rhodotrulic acid FhuE is significantly more 

abundant in the triple mutant whereas the abundancy of the acinetobactin receptor BauA is 

significantly decreased (“Table 11) (Dorsey et al., 2004; Funahashi et al., 2012). So, from these data it 

is hard to judge whether Ab might suffer from a deficiency to acquire iron or not.  

Furthermore, it is impossible to infer whether the abundancy of FhuE increased because of the 

reduction of BauA or because of an impaired iron acquisition in general. This needs to be clarified 

experimentally in the future.  
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Possibly, Ab has simply switched siderophore receptor production to that one fitting best his needs 

under the conditions induced by the lack of SurA, Skp and DegP, or it just produces that siderophore 

receptor that can be inserted into the OM more efficiently under the given situation. Very recently, 

the ability of Ab ATCC 17978 to compensate the loss of BauA was demonstrated (Sheldon and Skaar, 

2020). The ability to absorb iron by sequestering of siderophores, the growth in LB as well as in human 

serum, could only be disrupted in Ab by the concurrent inactivation of the acinetobactin, 

baumannoferrin, and fimsbactin biosynthesis pathway (Sheldon and Skaar, 2020). As FhuE is also able 

interact with siderophores which are produced by other bacteria, the switch might also be indicative 

of a strategy of Ab to compensate a shortage of iron by “stealing” it from other bacteria (Tiwari et al., 

2019). Furthermore, the OMP OmpW was associated with the uptake of iron in Ab ATCC 19606 and Ab 

ATCC 17978 (Catel-Ferreira et al., 2016; Nwugo et al., 2011). OmpW is a porin-like β-barrel protein in 

the OM which serves as a channel for small hydrophobic molecules in several Gram-negative bacteria 

(Hong et al., 2006; Touw et al., 2010). In Ec, OmpW was shown to be downregulated in an iron deplete 

environment (Lin et al., 2008), and upregulated during iron replete conditions (Nwugo et al., 2011). 

This association was also confirmed in Ab ATCC 17978, demonstrating an impaired iron-uptake by using 

a mutant with an inactive ompW gene (Catel-Ferreira et al., 2016). In our MS analyses, we identified a 

significant decrease of an OmpW-family protein (ABUW_3583) (“Table 11). A multiple sequence 

alignment revealed that this protein shares an identity of 93% to the OmpW protein of the Ab strains 

ATCC 19606 and ATCC 17978. Therefore, we assume similar function, i.e. a role in iron homeostasis, 

and regulation of OmpW expression in Ab. However, this has to be verified in more detail in further 

experiments. For one thing, the observed decreased abundancy of OmpW could be the result of 

significantly decreased abundancy of other proteins involved in iron-acquisition, including BauA, and 

hence an impaired iron uptake. For an efficient iron acquisition and homeostasis, the increased 

abundancy of other proteins like FhuE may be more important. Furthermore, it is possible that some 

proteins of Ab which are even more efficient in iron uptake could not yet be identified. 

Generally, the proteins involved in uptake, regulation as well as homeostasis of iron are affected by 

the concurrent deletion of surA, skp and degP albeit to different extent. However, if our triple mutant 

strain suffers from deficiency to acquire iron and thus the upkeep of iron homeostasis, has to be 

clarified in further experiments.  

Interestingly, the majority of proteins involved in the assembly of type 4 pili as well as CsuB and CsuC, 

proteins of the type I chaperone-usher pilus system, showed also a significantly reduction of 

abundancy (“Table 11).  

A reduced expression of pili was previously observed under low iron conditions in Ab (Eijkelkamp et 

al., 2011). Hence, the low abundancy of pili proteins maybe could be associated with the decrease of 

BauA and the diminished iron acquisition.  
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6.2.5 Addressing the impact of gene deletions, on AB5075 virulence using the Galleria mellonella 

infection model 

Our MS data showed a significantly reduced abundancy for some proteins which are linked to virulence 

in other species, including e.g. T4P in Pa (Hahn, 1997). For this reason, we observed the virulence of 

the wild type and the deletion mutants we had created in a Galleria mellonella infection model. 30 

larvae per strain were infected with 1 x 105 bacterial cells (actual injected inoculum ranged from 1.1 x 

105 to 2.3 x 105 cells) and incubated at 37°C for 6 days. Periodically, the survival of the larvae was 

examined. Infection with the wild type strain resulted in the death of all larvae within 96 h. Consistent 

with the previously examined outcomes of the bile salt and NPN assay as well as the examination of 

susceptibility towards antibiotics, the single deletion of surA had only weak effects by demonstrating 

a survival rate of 13.3% (“Figure 11). In contrast, in Pa, a threefold delay of time of death could be 

observed by the deletion of surA (Klein et al., 2019). However, the deletion of degP or skp resulted in 

a higher survival rate. Larvae injected with the degP deletion strain displayed a survival rate of 36.7%. 

Upon infection with the skp deletion strain, more than half of the larvae (53.3%) survived the duration 

of the experiment (“Figure 11). In Pa instead, the deletion of the Skp homolog HlpA did not result in 

significant changes of the virulence compared to the wild type. This was in line with the finding that 

also in a bile salt assay using the Pa hlpA deletion mutant did not have a significant phenotype (Klein 

et al., 2019). Once again, our data indicate a more important role for Skp than SurA in Ab, especially 

for virulence. This assumption was corroborated by our findings after infection of Galleria mellonella 

larvae with the double and triple mutant strains of AB5075 (“Figure 11). As before, 30 larvae were 

infected with 1 x 105 bacterial cells (actual injected inoculum ranged from 9 x 104 to 1.12 x 105 cells) of 

the wild type and the double and triple mutants. Larvae were incubated at 37°C and survival was 

monitored for 6 days. We found that larvae infected with strains lacking Skp had high survival rates 

(ΔsurAΔskp: 86.7%, ΔskpΔdegP: 73.3%, and ΔsurAΔskpΔdegP: 70%) whereas the larvae infected with 

the wild type died already within 48 h. For the injection of larvae with the ΔsurAΔdegP mutant, a rather 

low survival rate of 6.7% was observed. However, to what extent the reduced survival rate of the triple 

mutant is affected by the reduced growth rate we had observed earlier, remains unclear.  

Other factors potentially contributing to the reduced virulence of the triple mutant can be found in the 

collection of proteins with decreased abundancy.  

Recently, it was shown that a functional biosynthesis of the acinetobactin pathway, including BauA, is 

essential for the virulence of Ab ATCC 17978 in mice (Sheldon and Skaar, 2020). Additionally, Gebhardt 

et al. identified genes required for growth in Galleria mellonella larvae, also including bauA (Gebhardt 

et al., 2015).  
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In Pa, T4P represent one of the major factors of virulence (Hahn, 1997). For Ab, an association of T4P-

expression and virulence could not yet be demonstrated. However, in Ab ATCC 17978 the injection of 

Galleria mellonella larvae with deletion mutants of comEC, encoding for an IM transporter protein of 

T4P, led to a significantly increased survival. In contrast, the deletion of pilT had no impact on the 

survival of the larvae (Wilharm et al., 2013). Since we found the majority of T4P proteins significantly 

less abundant in the triple mutant, an association with reduced virulence can thus not be ruled out. 

Furthermore, a significant decrease of the protein DcaP was observed by MS analyses (“Table 15).  

The OM porin DcaP which is also involved in the uptake of sulbactam and tazobactam, was shown to 

be highly abundant during an infection of rodents with Ab strain AB307-0294 (Bhamidimarri et al., 

2019). Although a direct association of DacP with virulence was not made, the decreased abundancy 

of DcaP may correlate with the decreased virulence we have observed with our triple mutant strain of 

AB5075. However, to find out whether DcaP has any correlation with virulence here, further 

experiments have to be performed. 

All in all, our data gained using the Galleria mellonella infection model indicate a more important role 

of Skp for Ab virulence than of SurA.  

6.3 How could AB5075 possibly compensate the concurrent lack of SurA, Skp and 

DegP? 

 

6.3.1 Compensation by an alternative mechanism facilitating the transport of nascent OMPs 

through the periplasm 

 

The basic idea of this work was the characterization of single deletion mutants of the periplasmic 

chaperones SurA, Skp and DegP to evaluate their potential to serve as antivirulence/resistance breaker 

targets in Ab. In Ec (Rizzitello et al., 2001; Sklar et al., 2007b), Ye (Weirich et al., 2017), and Pa (Klein et 

al., 2019) the individual deletion of the periplasmic chaperone proteins SurA, Skp and DegP leads to 

defects of the OM composition to different extent, with the deletion of SurA causing the most severe 

defects. The rearrangement of the OM composition results in an increased permeability as well as an 

increased sensitivity towards treatment with antibiotics and bile salts. In Ec, the deletion of two of 

these periplasmic chaperones is even lethal (Rizzitello et al., 2001). However, in Ab AB5075, the 

individual deletion of SurA, Skp or DegP led to only slight phenotypes regarding the sensitivity to 

detergents and antibiotics as well as the permeability of the OM as judged by a NPN assay.  

To our surprise, even a double or triple knockout of surA, skp and degP was viable in Ab AB5075 and 

also led to slight phenotypes (“Table 12).  
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“Table 12 Overview of the altered phenotypes observed in the single, double and the triple knockout 

strains compared to the WT strain AB5075.” 

 

 

Consequently, this finding implies that Ab AB5075 is somehow able to tolerate the simultaneous loss 

of all three periplasmic chaperone proteins. This has not been demonstrated for Gram-negative 

bacteria before.  

One hypothesis that might explain how Ab manages to survive the concurrent loss of SurA, Skp and 

DegP would be the existence of an alternative mechanism facilitating the transport of nascent OMPs 

to the BAM-complex (“Figure 12B). This means that there are either yet uncharacterized proteins 

within the periplasm taking over the job of SurA, Skp and DegP, or already known periplasmic proteins 

do possess also chaperone activity, but this has not been recognized so far. 

 As mentioned before, we aimed to identify such proteins by a MS analysis of the triple mutant 

compared to the wild type. We hypothesized that proteins with an increased abundancy in the triple 

mutant might be such candidates. However, most of the proteins that were significantly increased in 

the triple mutant strain are entirely uncharacterized and we were not able to identify a candidate 

protein that obviously was a good candidate because of its already know function (“Table 15). 

Nevertheless, the role of the yet uncharacterized candidate proteins of OMP biogenesis in a SurA, Skp 

and DegP deplete situation will be investigated in a future project. This will be done by the attempt to 

create an additional gene deletion in the triple knockout background. As this will only work out for 

candidates that obviously do not play a role for maintenance of OMP biogenesis, we will additionally 

create a strain with Skp and DegP knocked out and SurA under the control of an inducible promoter. 

This will allow us to test whether the knockout of candidate genes is possible under SurA replete 

conditions, but lethal under SurA depleted conditions.  

Another approach to identify proteins which could compensate for the absence of SurA, Skp and DegP 

was the search for paralogues of the periplasmic chaperone proteins which may take over the 

transport of nascent OMPs. For SurA a high sequence identity with a PPI domain as well as some 
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homology to the N-terminal and C-terminal domains could be identified in the periplasmic protein PpiD 

(“Table 13). In Ec it was shown that some substrates of SurA are shared with PpiD, indicating a potential 

compensatory role for PpiD (Stymest and Klappa, 2008). Furthermore, the lethality of a simultaneous 

knockout of surA and skp could be rescued by an enhanced expression of PpiD in Ec (Matern et al., 

2010). However, if the triple knockout of surA, skp and degP is tolerated in Ab because of PpiD, acting 

as a periplasmic chaperone delivering substrates to the BAM-complex has to be investigated in future 

experiments. For DegP, the regulatory periplasmic protease DegS was identified as a paralogue 

because of a sequence homology of the PDZ1 domain (“Table 13). In Ec and in contrast to what is 

known for DegP, DegS is not heat-inducible. Instead DegS initiates a multi-step process of protein 

degradation by the cleavage of the anti-sigma factor RseA (Alba et al., 2002; Waller and Sauer, 1996). 

This indirect though important role for protein degradation within the periplasm and the lack of 

evidence for a chaperone activity of DegS make it a rather weak candidate to compensate the loss of 

DegP in Ab. Therefore, we plan not only to investigate the candidate proteins of unknown function for 

their role in periplasmic shuttling of OMPs in more detail, but we also aim to globally search for and 

corroborate already identified candidate genes that become essential in the absence of SurA, Skp and 

DegP. To this end we also plan to generate a high-density transposon (Tn) insertion mutant library 

using the triple mutant as genetic background.  

 

6.3.1 Compensation by the formation of a supercomplex facilitating the direct interaction of the 

Sec-translocon with the BAM-complex 

 

Based on the results of the MS analysis, another hypothesis for the compensation of the concurrent 

loss of all three chaperones was made. Interestingly, our MS analysis revealed a significantly reduced 

abundancy of SecY (“Table 11). As a component of the Sec machinery, SecY is involved in the 

translocation of nascent OMPs across the IM into the periplasm (Mori and Ito, 2001). Thus, we 

assumed a reduced abundancy of the major OMPs of Ab, including CarO and OmpA, as a consequence 

of an impaired translocation through the IM. Interestingly, the abundancy of those OMPs seemed to 

be unaffected by the reduced amounts of SecY and the three periplasmic chaperones. This led us to 

another hypothesis in which the transport of nascent proteins across the periplasm is not only 

independent of SurA, Skp and DegP but also independent of the Sec-machinery (“Figure 12C). Actually, 

a model of a so-called super-complex has been proposed before.  

In this model, SecA interacts directly with the BAM-complex and functions as the translocon for 

nascent OMPs (Alvira et al., 2020; Jin and Chang, 2017; Jin et al., 2018; Wang et al., 2016).  
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However, the distinct role of the periplasmic chaperones, including SurA, is unclear in the model of a 

super-complex. In one proposed model SurA is a part of the super-complex (Jin and Chang, 2017; Jin 

et al., 2018; Wang et al., 2016).  

According to the revision history, another paper omitted some data about the role of SurA in the 

context of a supercomplex upon recommendation of a reviewer, as they judged these data to be 

inconclusive (Alvira et al., 2020). However, to validate the hypothesis of a Sec machinery-independent 

transport of nascent OMPs to the BAM-complex, extensive experimentation would be required, 

confounding an entirely new project. 
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“Figure 12 Canonical periplasmic chaperone network in Gram-negative bacteria and possible 

compensation strategies of AB5075 in the absence of SurA, Skp and DepP. (A) OMP biogenesis in the 

wild type Ec, Pa and Ye. After translocation into the periplasm though the secretory export machinery 

(Sec), nascent OMPs are guided through the periplasm by SurA or Skp/DegP. Misfolded or aggregated 

OMPs are degraded by the protease activity of DegP. After passage through the periplasm, the BAM 

complex facilitates insertion of the OMPs into the OM. (B) AB5075 possesses additional periplasmic 

factors that can transport OMPs to the BAM complex in the absence of SurA, Skp and DegP. (C) AB5075 

employs a pathway independent of SecY, SurA, Skp and DegP to insert OMPs into the OM. The figure 

was adapted from (Noinaj et al., 2017). Certain elements such as membrane bilayers were drawn using 

templates from Servier Medical Art (https://smart.servier.com/).” 
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“Table 13 Search for SurA, Skp and DegP paralogues in AB5075. To identify paralogues of the AB5075 

proteins SurA, Skp and DegP the AB5075 proteome (UniProt ID UP000032746) (Gallagher et al., 2015) 

was scanned for sequences homologous to SurA (A0A077GP18), Skp (V5VCL3) and DegP (V5VAG2) 

using BLAST (2.10.0+) (Altschul et al., 1997). BLAST hits of the query sequences are highlighted in italic. 

Sequence alignments identified by BLAST were manually inspected and the homologous regions were 

assigned to the corresponding regions of the query proteins ( “Figure 13). In addition, their (predicted) 

localization was retrieved from the InterPro database (Mitchell et al., 2019). Finally, BLAST hits were 

qualified as highly probable (green) depending on whether all three criteria were met and less probable 

(yellow) paralogues if at least one criterion was not met. First, they must have a sequence identity >= 

30% and an as high as possible percentage of positives. Secondly, the sequence identity must be in a 

substantial sequence range (>=60 aa). Third, they must be (predicted to) localize to the periplasm. 

However, the search for paralogues by simple sequence homology search algorithms such as BLAST 

does not allow identifying functional paralogues with no or limited sequence homologies. Therefore, 

the existence of additional paralogues cannot be ruled out.” 
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“Table 14 Pairwise identities (%) of SurA, Skp and DegP from various species. Domain nomenclature 

as in  “Figure 13.” 
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 “Figure 13 Amino acid sequence alignment and sequence conservation analysis of SurA, Skp and 

DegP of various Gram-negative species. (A) Sequence alignment of SurA from Acinetobacter 

baumannii strain AB5075 (Ab AB5075; A0A077GP18), Pseudomonas aeruginosa strain PA14 (Pa PA14; 

A0A0H2ZLB3), Neisseria meningitidis strain H44/76 (Nm H44/76; E6MWH2), Klebsiella pneumoniae 

subsp. pneumoniae (Kp p; A0A2X3H098) and Escherichia coli strain K12 (Eco K12; P0ABZ6).  
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Sequences were aligned using clustalΩ (Sievers et al., 2011; Zimmermann et al., 2018) and color coded 

according to conservation from white (no conservation) to blue (100% conservation). Sequence 

identities for the full-length proteins as well as the individual domains are summarized in “Table 14. 

The domains are deduced from the crystal structure of the Eco K12 protein (pdb ID: 1m5y) and are 

indicated as a magenta box for the N-terminal signal sequence, as a dark blue box for the N-terminal 

domain, as a green box for the peptidyl-prolyl isomerase (PPI) domain 1, as a yellow box for the PPI2 

domain and as a red box for the C-terminal domain. Of note, the N-terminal and C-terminal domains 

form a single structural domain, called the NC-core. The sequence alignment view was prepared with 

Jalview (Waterhouse et al., 2009). (B) Sequence alignment of Skp as in A (Ab AB5075: V5VL3; Nm 

H44/76: E6MUY6; Pa PA14: A0A0H2ZEQ6; Eco K12: P0AEU7; Kp p: A0A1Y0Q2G3). The domains were 

deduced from the crystal structure of the Eco K12 protein (pdb IDs: 1sg2, 1u2m) and are indicated as 

magenta box for the N-terminal signal sequence, as cyan box for the body domain and as orange box 

for the tentacle domain of Skp. (C) Sequence alignment of DegP as in A (Ab AB5075: V5VAG2; Pa PA14: 

A0A0H2Z7B2; Nm H44/76: E6MVM8; Eco K12 P0C0V0; Kp p: A0A422Y8P3). The domains are deduced 

from the crystal structure of the Eco K12 protein (pdb IDs: 1ky9) and are indicated as a magenta box 

for the N-terminal signal sequence, as a dark green box for the DegP protease domain, as a blue box 

for the Postsynaptic density protein-95, Disk large, Zonula occludens 1 (PDZ) domain 1 and as a brown 

box for the PDZ2 domain.” 
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“Table 15 Overview of all proteins the abundance of which was significantly changed in the triple mutant (ΔΔΔ) compared to the wild type (WT) at least 

2-fold in samples of the whole cell lysate (WCL) and/or membrane fractions (MEM). n.a.= gene name not available.” 
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