Heinrich Heine
Universitat
Dusseldorf .

Membrane translocation
and chaperone-dependent folding
of the lipase A of Pseudomonas aeruginosa

Inaugural-Dissertation
zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat

der Heinrich-Heine-Universitat Dusseldorf

vorgelegt von

Athanasios Papadopoulos

aus Serres

Disseldorf, September 2023



aus dem Institut fir Biochemie
der Arbeitsgruppe Synthetische Membransysteme

der Heinrich-Heine-Universitat Dusseldorf

Diese Arbeit wurde gefordert durch die Deutsche Forschungsgemeinschaft im Rahmen des
Sonderforschungsbereichs 1208 ,Identitdit und Dynamik von Membransystemen — von
Molekiilen bis zu zellularen Funktionen”.

Gedruckt mit der Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der
Heinrich-Heine-Universitat Diisseldorf

Referent: Prof. Dr. Alexej Kedrov
Korreferent: Prof. Dr. Karl Erich Jaeger

Tag der miindlichen Priifung: 05.12.2023



An meine Grofeltern, welche meine Promotion nicht mehr erleben kénnen.

«Aev eAnilw tinota, 6 poBoupal Timota, sipat Aeptepog»

- Niko¢ Kalavtlaknc



Table of Contents

ADBSTIACT ... ..ottt s b et e e st e e s b e e e be e e na bt e s be e e beeeanee e tesbeeesnreenares Vil
ZUSAMMENTASSUNE ......oviiiiiiiiie e crtee ettt e st e e e st e e e et e e e s s abeeeesssaeeeesbaeeeesbaeeesnseeeessssenesennsens VI
Lo INEPOCUCTION ...ttt et e s bt e s bt e sae e sae e sae e st e et e eneeeas smees 1
1.1 Pseudomonas aeruginosa — An emerging and opportunistic bacterial pathogen.................. 1
1.1.1 Microbiological profile of P. Geruginosa ...............ccoeeeeciieeecciieeeceiee e 1
1.1.2 Pathogenicity Of P. Gerugin0SQ...........c...uuueiiiiiiiccieeee ettt e e e 1

1.2 Lipase A — a true bacterial lipase serving as a virulence factor......cccccocccvvieeeeieicccciieeee e 3
121 Structure Of the lPAs@ A.......eeie i e e e e e e s araee s 3
1.2.2 FUNCLION OF the lIPASE A....eeeeeeeeece et e e e e e are e e e eaaes 4
1.2.3 Gene expression Of the lIPASE A ......coeiiie i e e e s raaae s 5
124 Biogenesis Of the lIPas@ Attt e e e e et e e e anes 6

1.3 Protein export via the general secretory pathway.......ccccceeeeceiiiiii e 8
1.3.1 The translocon SECYEG .......ooiiiiiiiieiie ettt et e s e 10
1.3.2 The MOLOr Protein SECA ...t e e eee e s e e e e sbee e e s snbaeeeennes 12
1.3.3 Targeting of preproteins for translocation via the Sec system ........cccccoeevivcieeeiiieeennn, 14

1.4 Type Il secretion system of Pseudomonas GeruginoSsa ...............cceeeeccveeeeciueeeeeciieeescireeeeaans 17
1.5 Protein folding and the role of chaperones ..........cceee i 19
1.5.1 The theory of protein folding, misfolding and aggregation ..........ccccevvveveeiencciiiienennnn. 19
1.5.2 Molecular chaperones as saviors of the protein fold.........cccccoveiivciiiiiiiiieeccee e, 21
1.5.3 Steric foldases — molecular chaperones acting as folding catalysts........cccccccevvviieennnns 23

2 AIMS AN OBJECHIVES ...t e e e e et e e et a e e e e ab e e e e aaaeeesssaeeeenreaeean 27
3 The Sec system of P. aeruginosa and the lipase transport ................cccoccveiieciei e, 28
3.1 Introduction to the Sec system of P. aeruginosa and the lipase A biogenesis ..................... 28
3.2 EXPerimental ProCEAUIES .........uviiiiii ettt e et e e e e e e et a e e e e e e e e e nnteeeeeeeeeennsranees 30
3.2.1 Y o] 1=Yol U] Fo ol o oY1 o - 0 PPNt 30
3.2.2 Expression and purification proCeAUIES.........cuuiiiiciieeeiiieee et 33
3.2.2.1 Expression and purification of P. aeruginosa PAO1 SecYEG translocon.................... 33
3.2.2.2 Polymer-based extraction and fluorescent labeling of SecYEG ..........ccccccvveeeecrenennes 34
3.2.2.3 Expression and purification of soluble Sec components..........ccccveeeeeiiicciiieeee e, 35
3.2.2.4 Expression, purification, and fluorescent labeling of Sec substrates.............cc......... 37

3.2.3 Isolation of bacterial inner membranes Vesicles.........occuevveiiiieenieeiiieenieeeceee e 38
3.24 Liposome preparation and reconstitution of SECYEG .........ccccoveievcieeeeiiieeecciree e, 39
3.25 Size exclusion chromatography combined with multi angle light scattering................ 40

v



3.2.6 Small-angle X-ray sCatteriNg .....ccccuii i 40
3.2.7 Microscale ThermMOPNOIESIS .......cccicuiiiiiciiiee ettt e e eetr e e e s srae e e e e baeeaeans 41
3.2.8 Sedimentation @NalYSiS.......uuiiii i e 42
3.2.9 In vitro protein translocation through Sec system ........cccvveeeiiiiiiciiee e 42
33 RESUIES ettt sttt e bt e e st e st e e e bt e e smeeesabeesabeeeabeeesnbeesabeeenneean een 44
3.3.1 Establishment of the Sec system of P. aeruginosa PAOL...........cccocoveeevcveeesiciveeesinnenn, 44
3.3.2 In vitro reconstitution of protein transport by the P. aeruginosa Sec system.............. 47
3.3.3 Investigations made to improve the transport of the lipase A ........cccceeevveeevcveeeecnnnn. 51
3.4 DISCUSSION ..ttt e st e st e s s et e e s eabe e e e s emae e e s smeeeesenreeeesanrneessanes 53
4 Chaperone-dependent folding and maturation of the lipase A..............cccccoceoiiieiie e, 58
4.1 Introduction to the chaperone-dependent folding and maturation of the lipase A............. 58
4.2 EXPErimental PrOCEAUIES ...cciiuiiii ettt ettt et e e st e e e s eate e e e sbteeessnbaeeesensaeaenans 59
4.2.1 Y o] 1Yol U] P ol o oY1 o= 3PS 59
4.2.2 Expression and purifiCation .........ooccuviiiiiiii it e 60
4.2.2.1 Expression and purification of the full-length foldase LipH ........cccccoecovvieeiiieieennnenn. 60
4.2.2.2 Co-expression and purification of the SECYEG/LIPH .......ccovveevveeicvieeceeeeeeeeveeeeeene 61
4.2.2.3 Immunodetection of purified Proteins.......cccccuveeieiiiicciiiee e 62
4.2.2.4 Isolation of inner membrane vesiCles ........ccceovieiiiiiiiiiiniieee e 62
4.2.2.5 Polymer-based extraction LipH and LipH/SECYEG.......c.ccceveieeveeeirieeiee e 63
4.2.2.6 Liposome preparation and reconstitution of full-length LipH.........cccoovveeviiieennnnenn. 63
423 1N VItro activity OF LIPA ....oo ottt e et e e e rre e e e atee e e e abe e e e e nnre e e e nreas 64
4.2.4 Microscale THErMOPNOIESIS ......uuviiiieiicccieeee e e e e e e e e e nrraaeeeaeas 65
4.2.5 Size exclusion chromatography combined with multi angle light scattering................ 65
4.2.6 Small-angle X-ray SCatteriNg .....cccciii it e e 66
4.3 RESUIES ettt et ettt sb e s bt s bt st e st e s bt s b e e b e e b e e bt e s bt e nheenheesane s een 68
43.1 Isolation and characterization of the full-length foldase LipH ..........ccccccoiveeiivieeennnenn. 68
43.2 Functional investigations of the full-length foldase........c.cccoeeviiiiiciieecciieeecee e, 72
4.3.3 Binding and recognition of the lipase A by the foldase..........cccvueeeeiiiicciieeee e, 74
4.4 (DT o1 U £ Lo o OO P PP PP PP P PP PPPPPPPPPPPTPPPPPPPRt 77
5 Novel players upon lipase BiogeNesis.............ccuiiiiiiiiiiiiiiiicie e 81
5.1 Introduction to the periplasmic chaperone network of P. aeruginosa PAOL1....................... 81
5.2 EXPerimental ProCEAUIES .........uviiiiii e e e e e e e e e e e e e e e e s snabe e e e e e e e seareaaeeas 82
oI R |V T [T o] =1 gl o] Fo T 1 V=PRSS 82
5.2.2 Expression and purifiCation ..........eeeiiiicciiiiiiee et e et e e e e e e errrra e e e e e e e ennes 82



5.3 RESUIES ettt ettt ettt b e s bt s bttt st e s b e s b e e b e e bt e bt e s bt e nheenaeenane s een 84
5.3.1 The periplasmic chaperone Skp prevents misfolding of the secretory

lipase A from Pseudomonas GeruginosSa ..........c..eieccuueeeecieeeeeiieeeecceeeeecieeeeeeaeeeesaaeeesnes 84

5.3.2 Structural characterization of prominent periplasmic chaperones ..........ccccceeecvveeenneen. 106

5.4 DISCUSSION ..eiiiiiiiiiiiiiiie ittt sb e s b e e s b s e b s s e s s b s e e ssbaeee e 107

6 CONCIUSION ...ttt st e e b e e st e s b e e b et e me e e s reesre e e sneeennee res 109

A N1 (T - | VT - PP OP RSO PPPPRURROt 112

I VT e 1= e [ PPN 130

8.1 (R o) Y o] o] €AV =Y o o 1RSSR 130

8.2 List Of PUBIICAtIONS.c...eiiieieeieeeee ettt st 136

8.3 LISt Of TaBIES ..ttt b e s s s e 136

8.4 [T o) B S T {0 U 136

8.5 LiSt Of SUPEIVISIONS ....uiiiiiieieeciiiee ettt e e e e e e te e e e e e e e et tre e e e e e eeesnnraaeeaaeeennsnns 138

8.6 Bacterial strains and pPlasmids ........cuviiiiciiii i 139

O CUITICUIUM VAR ...ttt ettt et sa b e e sbe e s ate e sabeesabeesabeeesabeesareenn 145

10 ACKNOWIEAZEMENLS ........ooiieiiiieiee e e e e e et e e e s ate e e e s abae e s entaeeeennenas 148

11 DECIArAtiON ... e s sanee s 151

\



Abstract

The lipase A represents a virulence factor of the opportunistic human pathogen Pseudomonas aeruginosa.
Upon lipase biogenesis, the protein is exported Sec-dependently to the periplasm where it obtains folding
assistance for maturation by its cognate foldase LipH. The matured lipase is then secreted by the type I
secretion system (T2SS) to the extracellular space. Elucidating the biogenesis of the lipase can may serve to
reduce the pathogenicity of P. aeruginosa.

The synthesis and Sec-dependent translocation of the lipase A are important initial steps upon lipase
biogenesis. To understand the transport process of the lipase A, the Sec system of P. aeruginosa PAO1 was
reconstituted in vitro. This required the heterologous expression, purification, and characterization of the
Pseudomonas Sec system (SecYEG, SecA and SecB), as well as the lipase A precursor (prolLipA) as
translocation substrate. The Pseudomonas Sec system manifested equal transport efficiency in vitro as the
reference Sec system of E. coli when commonly utilized model substrate (proOmpA) was used with either
proteoliposomes or inner membrane vesicles. However, the transport efficiency of proLipA remained low,
likely due to partial folding and/or instant aggregation of the protein. Extensive efforts were made to
improve the lipase transport efficiency, including optimization of targeting to Sec by various chaperones,
creation of a more stable lipase variant, and a less specific variant of the translocon, but did not indicate
comparable transport efficiency to proOmpA.

To obtain insights on the folding and maturation of the lipase A, its cognate chaperone, the full-length
foldase (LipHf), was overexpressed and isolated from the membrane. LipH™ was purified and reconstituted
in a model membrane system (proteoliposomes and nanodiscs), which were both capable of activating the
lipase. Structural analysis of the soluble domain of LipH and LipA:LipH complex by small-angle X-ray
scattering revealed a highly flexible foldase chaperone domain which interacts with the lipase in a
1:1 stoichiometry. To determine whether the foldase was able to capture the emerging substrate at early
translocation steps, N- and C-terminal truncations of LipA were created and used for interaction studies.
Binding of the foldase to the C-terminal but not to the N-terminal truncation of the lipase was observed,
suggesting that the foldase recognizes the C-terminally truncated lipase that mimics a translocation
intermediate, whereby the lack of the N-terminus corrupts the interactions. Additionally, the foldase LipH™
was co-expressed with the translocon SecYEG and native membrane vesicles were utilized for preliminary
in vitro transport studies of proLipA to check if LipH is involved in lipase translocation.

Since the lipase A requires folding assistance and is highly prone to aggregation, the interactions with
prominent periplasmic chaperones FkpA, SurA, Skp, YfgM and PpiD were investigated to check whether
these proteins are involved in lipase biogenesis. The results indicated that the soluble periplasmic
chaperone Skp prevents misfolding of the lipase in vitro and is crucial for lipase secretion as shown by in
vivo analysis. The trimeric structure of P. aeruginosa Skp has been elucidated by small-angle X-ray
scattering, identifying the open and closed conformation of the chaperone. Further interaction studies
indicated two binding modes for LipA:Skp interactions with a 1:1 and 1:2 stoichiometry possessing binding
affinities of 20 nM and 2 uM, respectively. Skp stabilizes the lipase via apolar interactions which are not
affected by elevated ionic strengths. Therefore, Skp is a potent mediator upon lipase biogenesis that
prevents aggregation, supports stabilization and the passage of unfolded LipA to LipH. Further structural
investigations of the periplasmic chaperones were conducted and can further serve for more nuanced
interaction studies with additional virulence factors.

The present work forms the basis for further investigations in aim to elucidate the biogenesis of secretory
proteins serving as virulence factors of gram-negative bacterial pathogens.
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Zusammenfassung

Die Lipase A ist ein Virulenzfaktor des opportunistischen Humanpathogens Pseudomonas aeruginosa. Die
Biogenese der Lipase ist ein komplexer Prozess, bei dem das Protein mit vielen weiteren Protein interagiert,
um in seine aktive Form gefaltet und in den extrazellularen Raum sekretiert zu werden. Die Aufklarung der
Biogenese der Lipase kann dazu dienen, die Pathogenitat von P. aeruginosa zu verringern.

Die Lipase A wird Sec-abhangig in das Periplasma exportiert, wo das Protein durch die Lipase-spezifische
Foldase (LipH) in seinen aktiven Zustand gefaltet wird, bevor es durch das T2SS in den extrazellularen Raum
sekretiert wird. Die Synthese und die Sec-abhangige Translokation der Lipase A sind wichtige und initiale
Schritte der Lipase-Biogenese. Um den Transportprozess der Lipase A zu untersuchen, wurde das Sec-
System von P. aeruginosa PAO1 in vitro rekonstituiert und die Lipase-Translokation analysiert. Dies
erforderte die heterologe Expression, Reinigung und Charakterisierung des Pseudomonas-Sec-Systems
(SecYEG, SecA und SecB) sowie des Translokationssubstrats (proLipA). Die Transporteffizienz des
Pseudomonas-Sec-System ist dhnlich zum Sec-Referenzsystem von E. coli, sofern das Modellsubstrat
proOmpA benutzt wurde. Der Transport der Lipase A (prolipA) ist gering, was wahrscheinlich auf
intermediare Faltung oder Aggregation des Proteins zurlickzufiihren ist. Es wurden vielféltige Versuche
unternommen, um die Transporteffizienz der Lipase zu verbessern, u. a. durch den Einsatz verschiedener
Chaperone, der Kreierung einer stabileren Lipase-Variante und einer weniger spezifische
Translokonvariante, welche jedoch keine vergleichbare Transporteffizienz zu proOmpA ergaben.

Um Einblicke in die Faltung und Reifung der Lipase A zu erhalten, wurde die Lipase-spezifische Foldase in
ihrer vollen Liange (LipH™) exprimiert und aus der Membran isoliert. Das gereinigte LipH™ wurde in
Modellmembransystemen (Proteoliposomen und Nanodiscs) rekonstituiert, die in der Lage waren, die
Lipase zu aktivieren. Darliber hinaus wurden die Interaktionen zwischen Lipase und Foldase mittels
Strukturanalyse untersucht. Die Ergebnisse zeigen eine hochflexible Chaperon-Domane der Foldase und
einen Lipase:Foldase Komplex mit einer 1:1-Stéchiometrie. Um festzustellen, ob die Foldase an der
Translokation der Lipase beteiligt ist bzw. friihe Translokationsintermediate der Lipase erkennt, wurden N-
und C-terminal verkiirzte Lipase-Varianten erzeugt und fiir Interaktionsstudien verwendet. Wahrend die
Foldase mit der C-terminal verkiirzten Lipase interagiert, konnte keine Bindung zur N-terminal verkirzten
Lipase-Variante festgestellt werden, was darauf hindeutet, dass die Foldase in der Lage ist friihe
Translokationsintermediate der Lipase zu erkennen. Zusatzlich wurde die Co-Expression der foldase und
des Translokons bewerkstelligt und isolierte IMVs flr vorlaufige in-vitro-Transportstudien verwendet.

Da die Lipase A stark zur Aggregation neigt und Faltungshilfe benotigt, wurden die Wechselwirkungen mit
den weiteren prominenten periplasmatischen Chaperonen aus P. aeruginosa FkpA, SurA, Skp, YfgM und
PpiD untersucht, um zu ermitteln, ob diese Proteine an der Lipase-Biogenese beteiligt sind. Das
periplasmatische Chaperon Skp verhindert die Aggregation der ungefalteten Lipase in vitro und beeinflusst
die Lipase-Sekretion in vivo. Die trimere Struktur von Skp aus P. aeruginosa PAO1 wurde mittels Rontgen-
Kleinwinkelstreuung (SAXS) aufgeklart, wobei die offene und die geschlossene Konformation des Chaperons
identifiziert werden konnten. Weitere Interaktionsstudien ergaben zwei Bindungsmodi fiir LipA:Skp-
Interaktionen mit einer Stochiometrie von 1:1 bzw. 1:2, welche eine Bindungsaffinitdt von 20 nM und 2 uM
haben. Skp stabilisiert die Lipase (ber apolare Wechselwirkungen, welche durch erhohte
Salzkonzentrationen nicht beeintrachtigt werden. Skp ist daher ein wirksamer Modulator bei der Lipase-
Biogenese, der die Aggregation verhindert, die Stabilisierung unterstiitzt und den Ubergang von LipA zu
LipH fordert. Zusatzliche Strukturanalyse der periplasmatischen Chaperone wurden getatigt und kénnen fir
weitere Arbeiten herangezogen werden.

Die vorliegende Arbeit bildet die Grundlage fir weitere Untersuchungen zur Aufklarung der Biogenese von
sekretorischen Proteinen, die als Virulenzfaktoren von bakteriellen Krankheitserregern dienen.

VIl



1. Introduction

1.1 Pseudomonas aeruginosa — An emerging and opportunistic bacterial pathogen

1.1.1 Microbiological profile of P. aeruginosa

Pseudomonas aeruginosa is an ubiquitous environmental gram-negative bacterial species that belongs
to the genus Pseudomonas of class of the Gammaproteobacteria (Sneath, McGowan and Skerman,
1980; Diggle and Whiteley, 2020). The rod-shaped bacteria are motile, facultative aerobe and
heterotrophic (Diggle and Whiteley, 2020). Several P. aeruginosa strains are identified and separated
into 5 groups based on genome analysis which are further classified in environmental and clinical strains
(Freschi et al., 2019; Diggle and Whiteley, 2020). The strain P. aeruginosa PAO1 was initially isolated
from human wound in the middle of the past century, and now serves as a reference laboratory strain
(Diggle and Whiteley, 2020). P. aeruginosa grows in various environmental conditions, thriving in a
broad range of temperatures, inhabiting dry and wet habitats as well as floral and faunal tissue sources
(Diggle and Whiteley, 2020). The bacteria can undergo a lifestyle transition from planktonic motile state
to biofilms which is especially important for chronical infection of the host (Valentini et al., 2018).
The biofilm lifestyle contributes to the high tolerance against commonly used antimicrobial therapeutic
agents (Ciofu and Tolker-Nielsen, 2019). The vast variety of pathogenicity mediators enable
P. aeruginosa to infect versatile hosts, while at the same time possessing a high antimicrobial resistance
and secreting a plethora of virulence factors (Qin et al., 2022). These traits and the ability to invade and
to cause life-threatening infections on immunocompromised patients render P. aeruginosa as an
opportunistic human pathogen (Sadikot et al., 2005; Diggle and Whiteley, 2020). Especially upon
pulmonary diseases, such as cystic fibrosis, P. aeruginosa represents the major microbe in the lungs and
promotes severe inflammations of the host respiratory system (Sadikot et al., 2005; Bhagirath et al.,
2016). Thus, P. aeruginosa has come into the spotlight of biomedical research and novel strategies in

aim to fight these bacteria are required.

1.1.2 Pathogenicity of P. geruginosa

Recently, the high occurrence of bacterial pathogens, such as P. aeruginosa, has turned into an emerging
problem for the humankind (Driscoll, Brody and Kollef, 2007). With the ample usage of antibiotics in
healthcare and food industry, the emergence of multi-resistant bacterial pathogens is promoted (Rice,
2008; Xu et al., 2022). The representatives of the most medically relevant bacterial pathogens are
gathered together in the “ESKAPE” group (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter species) (Rice, 2008;
Morrison and Zembower, 2020). These bacteria commonly appear upon nosocomial infections and are
capable to withstand most of antimicrobial treatments, raising the urgent requirement for novel
therapeutics (Pendleton, Gorman and Gilmore, 2013). Among the ESKAPE group of bacterial

pathogens, P. aeruginosa possess a high pathogenesis potential and is of critical priority for biomedical
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research as listed by the World Health Organization (Driscoll, Brody and Kollef, 2007; Tacconelli et
al., 2018; Holmes et al., 2021), and the pathways which convey its pathogenicity are of major interest
for the assurance of public health (Rice, 2008; Tacconelli ef al., 2018). Besides the multidrug resistance,
versatile pathogenic traits, such as the lifestyle transition from planktonic motile state to biofilms upon
infection, as well as the secretion of pathogenicity mediators enable P. aeruginosa to act as an
opportunistic pathogen (Strateva and Mitov, 2011; Rocha et al., 2019; Jurado-Martin, Sainz-Mejias and
McClean, 2021). Multiple studies, including genome analysis, extensive microbial network studies,
investigations on the biofilm formation and the secretion of virulence factors were conducted in aim to
understand the pathogenesis of P. aeruginosa (Cendra and Torrents, 2021; Jurado-Martin, Sainz-Mejias
and McClean, 2021; Qin et al., 2022). The genome of P. aeruginosa of 6.3 million base pairs (Mbp) is
relatively large, in comparison to other gram-negative bacterial pathogens (Stover et al., 2000). This
vast genome encompasses a reservoir of genes which encode for various proteins that are involved in
infection processes, thus forming the molecular basis of P. aeruginosa pathogenicity. Based on this
molecular basis, multiple unique traits arise and represent inherent key functions which are important
for adaptability and pathogenicity (Diggle and Whiteley, 2020; Liao et al., 2022). Due to its peculiar
resistance against common antimicrobial therapeutics P. aeruginosa is a frequently found in clinical
environments, where it possesses one of the most emerging contaminants (Davane, 2014; Crone et al.,
2020). Especially, the high abundance in hospitals and the resulting nosocomial infections of
immunocompromised patients paired with the ability to resist the host immune response set P.
aeruginosa in the spotlight of biomedical research (Sadikot et al., 2005; Driscoll, Brody and Kollef,
2007; Smith et al., 2017; Filloux and Davies, 2019). Thus, the pathogenicity of P. aeruginosa refers to
the ability to invade the host and to cause life-threatening infections, while possessing traits to refuse

the host immune response and to resist common therapeutic treatments (Qin et al., 2022).

Years of emphasized research revealed that P. aeruginosa possesses manifold secretion systems, that
represent the so-called “wealth of pathogenic weapons”, which fulfill the export of its vast secretome
and contribute to its high pathogenicity (Bleves et al., 2010; Filloux, 2011). Here, various secretory
proteins act as virulence factors upon infection and facilitate the rapid invasion of the host (Ddoring et
al., 1987; Strateva and Mitov, 2011; Qin et al., 2022). Virulence factors contribute to various processes
upon infection, supporting the attachment and colonization of the host, leading to the disruption of host
tissues and allows for resistance against the host immune response (Diggle and Whiteley, 2020; Liao et
al., 2022). The vast majority of virulence factors enables for an increased adaptability of P. aeruginosa
that in turn leads to its high pathogenicity potential (Jurado-Martin, Sainz-Mejias and McClean, 2021;
Qin et al., 2022). Understanding the mediators of pathogenicity of P. aeruginosa might help to develop
novel therapeutic agents. In this frame, elucidating the processes which govern the secretion of virulence
factors may serve to identify pathways that can be targeted by novel therapeutic treatments and help to
fight bacterial infections and to prevent the rise of opportunistic bacterial pathogens (Rice, 2008; Qin et

al., 2022). In this frame, the secretory lipase A of P. aeruginosa PAO] is an interesting target in aim to



elucidate the process of the biogenesis of a virulence factor, while investigating its transport and

maturation.

1.2 Lipase A —a true bacterial lipase serving as a virulence factor

Lipases are ubiquitous lipolytic enzymes which can be found in all kingdoms of life, ranging from
microorganisms to humans (Casas-Godoy et al., 2018; Kovacic ef al., 2019). In bacteria, the group of
lipolytic proteins are classified into 19 families, including the esterases (EC 3.1.1.1) and the “true”
bacterial lipases (EC 3.1.1.3) (Casas-Godoy et al., 2018; Kovacic et al., 2019). The true lipases belong
to family I of lipolytic enzymes, and are classified based on their sequence homology and physiological
properties into eight subfamilies (I.1 — 1.8) (Arpigny and Jaeger, 1999; Kovacic et al., 2019). True
bacterial lipases have versatile functions: They are involved in the lipid metabolism and signaling, they
take a role in cell growth, and they can serve as virulence factors of many pathogenic bacteria, including
of P. aeruginosa (Gilbert, 1993; Stehr et al., 2003; Hausmann and Jaeger, 2010). Although the lipases
between the various subfamilies possess low amino acid sequence similarity, they mostly comprise a
common structural arrangement with the canonical o/p hydrolase fold (Ollis et al., 1992; Kovacic et al.,
2019). The typical lipase fold enables structural flexibility and is important for the functional
arrangement of the lipase as it allows for conformational changes of the protein (Kovacic et al., 2019).
A further common structural element is the lid domain which hides the active site in the closed
conformation and moves away leading to an open state, where the catalytical center is accessible for
substrates (Khan et al., 2017). True bacterial lipases are capable to catalyze the hydrolysis as well as the
synthesis reactions of various substrates (Jaeger and Reetz, 1998; Casas-Godoy et al., 2018). They are
of high biotechnological interest and utilized in manifold applications in broad industrial range (Jaeger
and Reetz, 1998; Rios et al., 2018). To fold into their active form, several secretory bacterial lipases
require folding assistance by specific foldases which serve as steric chaperones (Frenken et al., 1993;

Hobson et al., 1993; Rosenau, Tommassen and Jaeger, 2004; Pauwels et al., 2007).

1.2.1 Structure of the lipase A

The major extracellular lipase of P. aeruginosa PAO1 is the lipase A (LipA), a true bacterial lipase, that
is classified within family I and subfamily 1.1 (Arpigny and Jaeger, 1999; Kovacic et al., 2019). The
mature form of the lipase A of P. aeruginosa PAOI consists of 285 amino acids and has a molecular
weight of ~29 kDa (Nardini et al., 2000). The main substrates of lipases are long-chain acylglycerols
(Jaeger et al., 1994; Jaeger and Reetz, 1998). As a triacylglycerol hydrolase, LipA comprises the typical
o/P hydrolase fold, whereby 5 hydrophobic -sheets are surrounded by 5 a-helices (Figure 1.1) (Nardini
et al., 2000). Additionally, the active site of the lipase is covered by an a-helical lid domain which is
important for its activity and stability (Khan et al., 2017; Rashno ef al., 2018). The active site of the
protein consists of a catalytic triad that composes of a nucleophilic serine (S82), an acidic aspartate
(D229) and a basic histidine (H251) (Ollis ef al., 1992; Nardini et al., 2000). In the open conformation

the active site is accessible for the substrate, while in the closed conformation it is covered by the lid
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domain (Nardini et al., 2000). The underlying chemical mechanism of ester hydrolysis is based on
nucleophilic substitutions on the substrate (Blow, Birktoft and Hartley, 1969; Ribeiro et al., 2011). An
additional structural feature of LipA is an intramolecular disulfide bridge between two cysteines (C183
and C235) that is formed upon maturation of the protein in the periplasm, a process assisted by proteins
of the disulfide bond formation (Dsb) system (K. Liebeton, Zacharias and Jaeger, 2001). The disulfide
bridge increases the lipase stability but it is not essential for the activity (Klaus Liebeton, Zacharias and
Jaeger, 2001). Further, two aspartic acid residues (D209 and D253) form a calcium-binding pocket
which stabilizes the active site of the protein (Nardini et al., 2000).

<

-Terminus

Figure 1. 1: The lipase A of Pseudomonas aeruginosa PAO1

The structure of the lipase A is shown in the open conformation (PDB: 1EX9, Nardini et al., 2000). The lid domain
(red) is comprised by a helices (a4 — 6 and a8), whereby the gating helix a5 is important for the stability and activity.
The calcium-binding site (Ca?*, purple) is important for the stability of the active site. The disulfide bridge between
C183 and C235 (yellow) that stabilizes the protein. The catalytic triad (green) consists of S82, D229 and H251.

1.2.2  Function of the lipase A

Once the active LipA is secreted to the extracellular space, it fulfills a number of tasks that classify it as
a virulence factor (Stehr et al., 2003). LipA is capable to hydrolyze triacyl glycerol, thus possibly
promoting growth and colonization of the host tissues upon infection cycle (Jaeger ef al., 1994; Stehr et
al., 2003). LipA accumulates and interacts with components of the biofilm matrix, such as alginate, that
is formed upon infection cycle of P. aeruginosa (Tielen et al., 2013). In an environment where lipids
are the only carbon source, their hydrolysis enables the bacteria to use them for nutrient acquisition in
aim to maintain bacterial growth (Stehr et al., 2003). Biochemical characterizations of LipA indicated
that the lipase is secreted together within lipopolysaccharide (LPS) micelles and this represents the
native state of the enzyme as it is present upon P. aeruginosa infections (Jaeger, Kharazmi and Heiby,
1991). Early in vitro investigations revealed that LipA decreased the chemotactic mobility of monocytes,

suggesting an inhibitory effect towards the host immune response (Jaeger, Kharazmi and Heiby, 1991;



Jaeger et al., 1994). LipA received special attention for its role as a virulence factor after detecting the
highly abundant anti-lipase antibodies in antisera obtained from cystic fibrosis patients (Konig, Jaeger
and Konig, 1994). Further findings indicated that a synergistic action of LipA and the phospholipase C
stimulates the release of inflammatory mediators from human platelets upon lung infections by
P. aeruginosa (Jaeger et al., 1994; Konig, Jaeger and Konig, 1994). Additionally, LipA plays a
regulatory role in expression of the transcriptional sigma factor PvdsS, that in turn controls the expression
of further P. aeruginosa PAO1 major virulence factors, like pyoverdine (Potvin et al., 2003; Funken et

al.,2011; Duran et al., 2022).

1.2.3 Gene expression of the lipase A

LipA is expressed together with its cognate chaperone, the lipase-specific foldase (Lif) LipH, in a
bicistronic operon (Wohlfarth and Winkler, 1988; Chihara-Siomi et al., 1992). Early molecular analysis
on the sequence of the operon were conducted in aim to elucidate the regulation of its expression,
revealing the presence of two primers located upstream of the /ip4 gene, where the first one is dependent
on an alternative transcriptional ¢>*-factor (P1) and the second one which is of unknown function (P2)
(Rosenau and Jaeger, 2000). Commonly, ¢>*-dependent genes require an additional activator for
transcription (Shingler, 1996). Thus, early mutational investigations aimed to identify the transcriptional
activator for the lipase operon and revealed the presence of a two-component regulation system formed
by a putative sensing kinase (LipQ) and a transcription factor (LipR) (Rosenau and Jaeger, 2000). LipR
can bind to an activating sequence located upstream of P1 and enable transcription of the operon
(Rosenau and Jaeger, 2000). The regulation of gene expression within the /ipA/H operon depends on
quorum sensing and further environmental signals (McKenney, Brown and Allison, 1995; Reimmann
et al., 1997; Jaeger, Dijkstra and Reetz, 1999; Rosenau and Jaeger, 2000; Swift et al., 2001; Chadha,
Harjai and Chhibber, 2022). A complex “quorum sensing cascade” includes multiple regulation levels
that require involvement of general regulatory proteins as well as the stimulus of autoinducer compounds
(Jaeger, Dijkstra and Reetz, 1999; Rosenau and Jaeger, 2000; Chadha, Harjai and Chhibber, 2022). In
the initial phase, the regulation of gene expression is guided by a conserved general transcriptional
activator termed GacA which globally regulates the expression of multiple virulence factors of
P. aeruginosa (Reimmann et al., 1997). Among others, GacA activates the quorum sensing-related
factor termed RhIR that in turn mediates the activation of the two-component regulation system LipQ/R.
The quorum sensing-mediated virulence is of major importance upon P. aeruginosa infections
(Moradali, Ghods and Rehm, 2017; Chadha, Harjai and Chhibber, 2022). Additionally to the RhIR/I,
the LasR and PqsR regulation pathways are also dependent on quorum sensing and in turn regulate the
synthesis of multiple virulence factors, including the elastase, exotoxin A, pyocyanin, pyoverdine,
lectin, several proteases as well as thamnolipids and the type I secretion system (T2SS) (Chadha, Harjai
and Chhibber, 2022). The signaling compounds for the mentioned quorum sensing regulated pathways

in Pseudomonas are quinolones and lactones, including 2-heptyl-3-hydroxy-4-quinolone (PQS) for the



PgsR, N-3-oxo-dodecanyl-L-homoserine lactone (3-oxo-C12-HSL) for the LasR and N-butyryl-L-
homoserine lactone (C4-HSL) for the RhIR dependent regulation (Chadha, Harjai and Chhibber, 2022).
Recent studies revealed that an additional two-component system PmrA/PmrB is involved in the

transcriptional and translational regulation of the lipase A (Liu et al., 2018).

1.2.4 Biogenesis of the lipase A

The biogenesis of LipA involves multiple steps from synthesis to secretion of the protein, whereby LipA
undergoes manifold interactions with other proteins (Figure 1.2). After its translation, the lipase A
precursor (proLipA) is released from the ribosome into the cytoplasm. The precursor protein proLipA
contains a N-terminal signal peptide which targets it for translocation through general secretory (Sec)
pathway (Rosenau and Jaeger, 2000). Multiple cytoplasmic chaperones can be involved in targeting of
secretory proteins to the Sec machinery, first of all the holdase SecB (Castani¢-Cornet, Bruel and
Genevaux, 2014). Once the lipase is translocated to the periplasm through the Sec translocon, the signal
peptide is cleaved off by the signal peptidase I (SPase I, LepB), and the lipase is released for folding
and maturation. The lipase-specific foldase LipH is essential for folding of the lipase (Hobson et al.,
1993). The foldase itself is anchored in the inner membrane, with its chaperoning domain facing the
periplasm (Rosenau, Tommassen and Jaeger, 2004). LipH acts hereby as a so-called steric chaperone,
an “intermolecular folding catalyst”, providing conformational information to the lipase A which allows
it to overcome its thermodynamic folding barrier (Ellis, 1998; Rosenau, Tommassen and Jaeger, 2004;
Pauwels et al., 2007). After folding assistance by the foldase, the lipase is trapped in native state that
possesses a rather high unfolding energy barrier (Pauwels et al., 2007). The prominent periplasmic
chaperone Skp prevents off-pathway aggregation and misfolding of the unfolded lipase and is important
for LipA secretion (Papadopoulos et al., 2022). Additionally, further prominent periplasmic proteins
could be involved in lipase maturation processes, as indicated for proteins of the disulfide bond
formation (Dsb) system which support the formation of the intermolecular disulfide bridge of LipA and
contribute to its stabilization (K. Liebeton, Zacharias and Jaeger, 2001). Thus, these observations
suggest that there might be multiple protein:protein interactions between LipA and further periplasmic
proteins which are occurring and required upon the lipase biogenesis. Secretion of the mature lipase to
the extracellular space is conducted by T2SS (Filloux, 2011). In P. aeruginosa, T2SS responsible for
LipA secretion is termed the Xcp machinery which represents a supercomplex of 12 proteins spanning
the inner and outer membrane. How the folded LipA transferred to the Xcp system remains widely
elusive, although previous interaction studies were conducted to elucidate putative workwise of the

system (Douzi et al., 2011).
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Figure 1. 2: Schematic representation of the biogenesis of lipase A in Pseudomonas aeruginosa PAO1

Comprehensive overview of the biogenesis of the lipase A, including current knowledge and hypothetical steps of
that pathway. A bicistronic operon (lipA/H) encodes for LipA and its cognate foldase (LipH). The gene expression
of the lipase operon is regulated by a quorum sensing dependent cascade (GacA, RhIR/I), including the two-
component system (LipQ/R) and the alternative sigma factor (RpoN (a%*)). Upstream of the operon there are two
promotors present which one is of unknown function (P2) and the other one is dependent on g®-transcription factor.
The genes for the lipase A (lipA) and the foldase (lipH) share an intergenic region (IR, green). Upon biosynthesis
the lipase precursor (pLipA) is released from the ribosome into the cytoplasm, containing an N-terminal signal
peptide (red bar) that dedicates its Sec-dependent translocation. pLipA is most likely targeted for translocation in a
chaperone-dependent manner, whereby the holdase SecB or other adenosine triphosphate (ATP)-independent
(Trigger Factor “TF”, CsaA) or ATP-dependent (DnaK/J, GrpE, GroEL/S) as well as non-identified chaperones can
be involved. In addition, a chaperone-independent targeting by SecA or in a co-translational fashion are worth to
be mentioned since an immediate aggregation of the preprotein pLipA after release is very likely, due to its high
intrinsic aggregation propensity. Once pLipA reaches the translocon, it is translocated through SecYEG by ATPase
action of SecA. The translocated pLipA emerges to the periplasmic site, where its signal peptide is cleaved by the
signal peptidase (SPase |, LepB). The mature domain of LipA is folded to its active and secretion competent form
by the lipase-specific foldase LipH. The intramolecular disulfide bond is formed upon assistance of Dsb system. To
prevent off-pathway routes of the aggregation-prone unfolded mature domain of LipA, the periplasmic chaperone
network with the prominent chaperone Skp is involved in preventing misfolding of the lipase. Off-pathway
aggregates are likely degraded by periplasmic proteases, to not become toxic for the cell. The folded LipA is

secreted through the type Il secretion system (T2SS) to the extracellular space.



1.3 Protein export via the general secretory pathway

Biological membranes serve as dynamic borders for the cell, and the transport of biomolecules across
the membrane is an essential process that must be tightly regulated. In this frame multiple transport
mechanisms are required. In bacteria, a plethora of mechanisms for protein transport across the cell
envelope evolved (Papanikou, Karamanou and Economou, 2007) (Figure 1.3). As for other
biomolecules, the transport of proteins across the cell membrane is considered essential to maintain
protein homeostasis (Tsirigotaki et al., 2017; Oswald et al., 2021). The transport processes of proteins
are evolutionary related among eukaryotes and prokaryotes, and the general secretory (Sec) pathway is
universally conserved (Bolhuis, 2004; Yuan et al., 2010; Beckwith, 2013; Denks et al., 2014; Oswald
et al., 2021). Other transport systems, besides the Sec, include the twin arginine translocation pathway
(Tat) which transports folded proteins across the cytoplasmic membrane, as well as multiple secretion
systems which allow protein export across the bacterial cell envelope (Economou et al., 2006;
Papanikou, Karamanou and Economou, 2007; Palmer and Berks, 2012). The requirement for a general
secretory pathway employed for bacterial protein export is obvious, as about 20 — 30 % of the proteome
represents proteins that act outside of the cytoplasm (Holland, 2004). Thus, for bacteria the protein
export through the Sec pathway is of major importance as it contributes to the biogenesis of the cell
envelope and further to the secretion of proteins which facilitate the adaptation of the bacteria in the
environments they inhabit (Holland, 2004; Oswald et al., 2021). Two primary routes for protein export
through Sec are recognized: The co-translational protein insertion into the membrane and the post-
translational protein translocation across the membrane (Tsirigotaki et al., 2017; Oswald et al., 2021).
The hydrophobicity of the export protein plays a critical role for the selection of the route it takes through
the Sec pathway. Commonly, the decisive step towards the Sec is determined by the properties of the
signal peptide (SP) of the secretory client protein (Rusch and Kendall, 2007). Proteins with highly
hydrophobic signal peptides are directed to co-translational insertion, while less hydrophobic signal
peptides determine the direction towards post-translational translocation (Rusch and Kendall, 2007;
Owiji et al., 2018). The co-translational protein insertion is facilitated by the signal recognition particle
(SRP) and its receptor FtsY (Steinberg et al., 2018). The ribosome-bound nascent polypeptide chain
(RNC) is recognized at early translational stage by the SRP, forming the SRP-RNC complex that is
targeted to the SRP receptor FtsY (Angelini, Deitermann and Koch, 2005; Steinberg et al., 2018). Thus,
a ternary SRP-RNC-FtsY complex is formed and further targeted to the translocon SecYEG or the
insertase YidC (Steinberg et al., 2018). Both SecYEG and YidC can function as independent insertases
(Dalbey et al., 2014; Steinberg et al., 2018; Kater et al., 2019). The formation of a quaternary complex
of SRP-RNC-FtsY with SecYEG causes conformational changes within the translocon which facilitate
the protein insertion into the membrane (Jomaa et al., 2017). The route of a protein upon insertion is
determined by its intrinsic properties (Rusch and Kendall, 2007). Multiple membrane proteins are
known to utilize YidC for insertion (Dalbey ef al., 2014). Although, membrane protein insertion can be

conducted independently of YidC, many proteins are inserted via a cooperative mechanism utilizing



SecYEG and YidC together (Dalbey ef al., 2014; Petriman et al., 2018; Steinberg et al., 2018). In this
cooperative mechanism, conformational changes cause the lateral opening of the translocon which
provides a gateway for insertion of hydrophobic transmembrane helices (TMH) of the membrane
protein, while YidC serves as a guide for the correct release and topology of them (Dalbey et al., 2014;
Steinberg et al., 2018). In rare cases, small membrane proteins can also undergo post-translational
insertion mediated by SRP (Steinberg et al., 2020). Commonly, the post-translational Sec pathway is
utilized for secretory proteins, whereby in bacteria the translocation of unfolded preproteins across the
plasma membrane is aimed (Arkowitz, Joly and Wickner, 1993; Schneewind and Missiakas, 2014;
Tsirigotaki ef al., 2017). While the translocon SecYEG builds the core channel of the protein export
machinery, additional Sec proteins are involved in post-translational transport, including the ATPase
SecA, the holdase SecB and other cytoplasmic chaperones, as well as the membrane protein complex
SecDFYajC and the outward-facing membrane-bound chaperones YfgM and PpiD (Denks et al., 2014;
Gotzke et al., 2014; Tsirigotaki et al., 2017; Tsukazaki, 2018; Oswald et al., 2021; Miyazaki et al.,
2022). The majority of secretory proteins in bacteria follows the post-translational and SecA-mediated
targeting to the translocon (Driessen and Nouwen, 2008; Chatzi et al., 2014; Oswald et al., 2021). Here,
the released preproteins can be kept unfolded and in a translocation-competent state by the holdase SecB
or other cytoplasmic chaperones, prior being recognized by SecA and targeted for translocation through
the translocon SecYEG. The protein transport through SecYEG can be facilitated by proton motive force
which is enabled by the heterodimeric membrane protein complex SecDF. Hereby, SecDF is embedded
in the cytoplasmic membrane near SecYEG. SecDF is believed to function as a proton-conducting
channel, which lets protons to pass from the periplasm to the cytoplasm, while the periplasmic domain
undergoes conformational transitions that are involved in the enhancement of protein translocation
through the Sec system (Tsukazaki, 2018). This movement catches emerging preproteins coming
through SecYEG and enhances their directional movement from the cytoplasmic to the periplasmic site.
Upon translocation, the signal peptide is inserted into the membrane, while the rest of the protein is
transported across the membrane. To cleave the “anchored” mature domain of the protein the signal
peptidase I (SPase I, LepB), a membrane-bound protein, recognizes a specific cleavage motif located at
the C-terminal end of the signal peptide and cleaves the mature domain of the inserted signal peptide
(Auclair, Bhanu and Kendall, 2012; Furukawa et al., 2017; Tsukazaki, 2018). Once the protein is
translocated, several periplasmic proteins take over the passage of translocated proteins (Stull, Betton
and Bardwell, 2018). Here, periplasmic chaperones influence on the correct assembly and/or folding of
their client proteins (Missiakas and Raina, 1997; Goemans, Denoncin and Collet, 2014; Stull, Betton
and Bardwell, 2018). The presence of the periplasmic chaperone network further facilitates several
procedures, including the biogenesis of outer membrane proteins and prevention of off-pathway routes
and/or protein aggregation (Stull, Betton and Bardwell, 2018). The successful and efficient secretion of
extracytosolic proteins is a fundamental process that is crucial for bacteria, such as P. aeruginosa.

Virulence factors, like the lipase A of P. aeruginosa, are secreted to the extracellular space where they
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Figure 1. 3: Protein export across the cytoplasmic membrane in gram-negative bacteria

The export of proteins is schematically depicted for gram-negative bacteria. Unfolded secretory proteins can be
translocated across the cytoplasmic membrane (inner membrane) via the Sec translocon, whereby targeting can
occur due to multiple interactions with ATP-dependent and independent chaperones and/or via SecA. Folded client
proteins can be exported by the Tat pathway. Membrane proteins can be inserted to the inner membrane by
SecYEG and YidC.

are mostly acting on the border between the host and the pathogen. The successful release of virulence

factors is thus directly related to a successful protein export.

1.3.1 The translocon SecYEG

The central component of the Sec pathway is the translocon SecYEG which is built of membrane
proteins itself (Figure 1.4). The Sec translocon is a heterotrimeric membrane protein complex which is
located in the cytoplasmic membrane of bacteria (Denks et al., 2014). In bacteria, the translocon forms
a protein-conducting channel that allows for protein insertion into and protein translocation across the
cytoplasmic membrane (Veenendaal, Van Der Does and Driessen, 2004; Du Plessis, Nouwen and
Driessen, 2011; Lycklama a Nijeholt and Driessen, 2012; Kater et al., 2019). The central subunit SecY
is surrounded by SecE and flanked by SecG (Van Den Berg et al., 2004). Furthermore, SecY represents
the major protein of the translocon and contains 10 TMHs which arrange pseudo-symmetrically in two
halves formed by TMH 1 to 5 and 6 to 10, reminding the shape of an hour glass (Van Den Berg et al.,
2004; Tanaka et al., 2015). Here, TMH 5 and 6 are connected by a loop termed the hinge region,

indicating a calm-shell arrangement (Oswald ef a/., 2021). On structural level, SecY forms a conduit for
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protein export and is stabilized by SecE, whereas the flanking SecG is not essential for protein
translocation (Belin et al., 2015). The internal hourglass-like architecture of SecY is formed by a central
pore with an inner ring of hydrophobic and bulky amino acid residues which are important for the
integrity of the translocon and modulation of the impermeable resting state (Park and Rapoport, 2011).
On the other side of SecY, a flexible region between TMHs 2 and 7/8 termed the “lateral gate” allows
for polypeptide insertion into the lipid phase of the membrane (Kater et al., 2019). On the periplasmic
side a helical plug-domain serves to seal the membrane channel in its resting state (Van Den Berg et al.,
2004; Lycklama a Nijeholt, Wu and Driessen, 2011; Tanaka et al., 2015). The cytosolic loops C4 and
C5 of SecY represent the essential binding sites for SecA, the signal recognition particle (SRP) receptor
FtsY and the ribosome (Mori and Ito, 2006; Das and Oliver, 2011; Kuhn et al., 2011; Oswald et al.,
2021). Upon protein translocation, interactions with the preprotein as well as SecA cause conformational
rearrangements which allow the translocon to obtain a stable open state (Van Den Berg et al., 2004;
Kusters and Driessen, 2011; Ma et al., 2019). Those conformational changes include opening of the
lateral gate and the displacement of the plug-sealing, allowing the preprotein to exit the translocon (Ma
et al., 2019; Dong et al., 2023). The required power for the protein translocation is provided by the
essential motor ATPase SecA. The translocons of E. coli and P. aeruginosa possess high structural
homology, although the amino acid sequences represent moderate identity, as pairwise alignments of
the constituting subunits indicate ~ 65 % identity for SecY, ~ 46 % for SecE and ~ 49 % for SecG
(Waterhouse et al., 2009). The structural model of P. aeruginosa translocon shows a heterotrimeric

membrane protein complex of similar fashion as observed for E. coli.

Top view ‘6 Bottom view

Figure 1. 4: The translocon SecYEG of Pseudomonas aeruginosa PAO1

The AlphaFold model of the translocon SecYEG is shown. The heterotrimeric membrane protein consists of the
SecY core protein (khaki and orange) which is surrounded by SecE (violet) and flanked by SecG (green). The
translocon subunits are indicated in the figure. The transmembrane helices (TMH 2, 7 and 8) which form the lateral
gate are colored separately (dark red) as well as the plug domain (cyan). The translocon is further depicted in the

top and bottom view.
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1.3.2 The motor protein SecA

In the bacterial Sec system, SecA is a multidomain protein functioning as an essential nanomotor for the
protein translocation process. SecA assembles with the translocon SecYEG upon protein translocation,
and it can recognize the unfolded secretory clients delivered by the cytoplasmic holdase chaperone SecB
(Kusters and Driessen, 2011; Grady, Michtavy and Oliver, 2012). Upon Sec-dependent protein
transport, SecA hydrolyses ATP and provides the required power-strokes for post-translational protein
translocation (Vrontou and Economou, 2004; Catipovic et al., 2019). Structurally, SecA is divided into
multiple subdomains which are of functional diversity (Figure 1.5). On one side, the N-terminal helix
of SecA is important for interaction with the lipids of the cytoplasmic membrane (Kamel et al., 2022).
At the same side, the preprotein cross-linking domain (PPXD) is important for binding of preproteins.
The PPXD is flanked by a helical wing domain (HWD) which is also involved in preprotein binding
(Kusters and Driessen, 2011; Bhanu, Zhao and Kendall, 2013). Further, the so-called two helix finger
(2HF) is important upon translocation process, where it interacts with the preprotein and pushes it into
the translocon (Erlandson et al., 2008). A helical scaffold domain (HSD) connects the N-terminal site
to the C-terminal site of SecA. On the other side, two nucleotide biding domains (NBD1 and NBD2) are
located which are required for the ATPase activity of the protein (Kusters and Driessen, 2011). NBD1
and NBD2 possess the conserved Walker A and B motifs involved in the nucleotide binding (Lycklama
a Nijeholt and Driessen, 2012). Further, SecA contains a C-terminal metal-binding site which
coordinates a zinc ion. This so-called zinc finger is important for interactions with the holdase chaperone

SecB (Fekkes et al., 1999).

The preprotein recognition step is essential for protein translocation, as recognition and binding of
preproteins cause conformational changes in SecA, which link preprotein binding to the hydrolytic
activity of SecA (Zimmer and Rapoport, 2009; Kusters and Driessen, 2011; Gouridis et al., 2013;
Catipovic et al., 2019). It is shown that SecA undergoes conformational changes upon preprotein
translocation, switching from a dimeric receptor state to a monomeric state functioning as nanomotor
driven by ATP hydrolysis (Sardis and Economou, 2010; Gouridis et al., 2013). Upon the translocation
process, SecA interacts with high affinity with the cytoplasmic domains of the translocon and with the
surrounding lipid environment of the cytoplasmic membrane (Kuhn et al., 2011; Kamel et al., 2022).
Putative mechanisms of the processive protein translocation by SecA are discussed in literature
(Collinson, Corey and Allen, 2015; Allen et al., 2016), and several functional models have been
proposed. The power-stroke mechanism of SecA suggests that conformational rearrangement of SecA
upon ATP-binding causes a movement of the 2HF domain that pushes the bound preprotein into the Sec
translocon, while a so-called “clamp domain” formed by PPXD and NBD2 (Zimmer, Nam and
Rapoport, 2008) traps the preprotein to avoid backsliding and to ensure the directional transport through
Sec translocon (Erlandson et al., 2008; Catipovic et al., 2019). Alternatively, a Brownian ratchet
mechanism is proposed for SecA-mediated translocation, whereby free diffusion of the preprotein

through the Sec translocon is biased in a directional fashion by the binding and hydrolysis of ATP (Allen
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et al., 2016). In brief, this model considers a “two-way communication” between SecA and SecYEG
where ATP-binding and hydrolysis regulate the opening of the translocon, while the conformational
state of the translocon (open or closed/resting) regulates the nucleotide exchange on SecA (Allen et al.,
2016). It is important to mention that the properties of the preprotein, like the size and secondary
structural elements or partial folding, tremendously affect the translocation efficiency, as the dynamic
diffusion of the preprotein in the translocon triggers both the opening of SecYEG and the nucleotide
exchange on SecA (Allen et al.,, 2016). Recent findings suggested a further catch-and-release
mechanism, where the intrinsic properties of the preprotein can have an impact on translocation
mediated by SecA (Krishnamurthy et al., 2022). Hereby, segmental parts of the preproteins, including
the signal peptide and the mature domain, link the independent functional domains of SecA (clamp and
ATPase domain) and influence the conformational dynamics of the motor ATPase, thus directly
impacting on the SecA-mediated translocation process. Upon hydrolysis of ATP, SecA undergoes
conformational movements in the clamp domain which in turn cause versatile interactions with the
preprotein segments and allow for the “catch-and-release” modulation (Krishnamurthy et al., 2022). All
mechanisms for the SecA mode of action have in common, that in the absence of ATP (or ADP-bound
state) SecA is quiescent, and the translocation is prohibited, and only the formation of translocase
complexes and the presence of ATP favor translocation of preproteins (Allen ef al., 2016; Catipovic et

al., 2019; Krishnamurthy et al., 2022).

Figure 1. 5: The motor ATPase SecA of Pseudomonas aeruginosa PAO1

The AlphaFold model of the motor ATPase SecA is shown. The various colors indicate the different domains of
SecA: helical scaffold domain (HSD, orange), peptide cross linking domain (PPXD, red), two helix finger (2HF,
cyan), helical wing domain (HWD, yellow), nucleotide binding domain 1 (NBD1, violet), nucleotide binding domain
2 (NBD2, green), N-terminal helix (NTH, dark blue), the C-terminal domain (CTD, plum).
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1.3.3 Targeting of preproteins for translocation via the Sec system

Efficient preprotein targeting to the general secretory (Sec) system is an important process to enable the
Sec-dependent protein export. The secretory proteins are synthesized by the ribosome and release into
the cytoplasm prior they are targeted for export to the Sec machinery. SecA alone can interact with
preproteins and target those for post-translational translocation to SecYEG (Chatzi et al., 2014).
Additionally and most commonly, preprotein targeting can be assisted by molecular chaperones,
including the ATP-independent cytoplasmic chaperones which serve as so-called holdases keeping the
preprotein in an unfolded translocation-competent state, including SecB, trigger factor (TF) or CsaA
(Miiller et al., 2000; Bechtluft ef al., 2010; Sharma, Rani and Goel, 2018; De Geyter et al., 2020). The
targeting to the Sec machinery is dependent on the properties of the preprotein. The recognition and
binding of preproteins to molecular chaperones or further targeting partners is determined by their amino
acid composition (primary structure), partial folding events (secondary structure), and intrinsic signals
(signal peptides or mature domain targeting domains) of the preprotein as well as the translation
machinery itself (Castanié-Cornet, Bruel and Genevaux, 2014; Tsirigotaki ef al., 2017, 2018; Kaushik,
He and Dalbey, 2022). The signal peptide (SP) determines the protein path to the Sec and is governed
by its hydrophobicity (Rusch and Kendall, 2007; Owji et al., 2018; Kaushik, He and Dalbey, 2022). A
SP of post-translationally targeted preproteins typically contains a positively charged N-terminal region,
followed by a prolonged hydrophobic core region, and flanked by a less hydrophobic C-terminal region
which contains an signal peptidase 1 (SPase I, LepB) cleavage motif (A-X-A, where X is varying
residue) (Kaushik, He and Dalbey, 2022). The functions of the SP are manifold: It promotes binding to
chaperones, delays the premature folding, and influences the translocation process (Owji ef al., 2018;

Kaushik, He and Dalbey, 2022).

Targeting of preproteins to the Sec machinery is commonly mediated by cytoplasmic chaperones which
have distinct modes of action and together they constitute a broad interactional network in the cytoplasm
(Castanié-Cornet, Bruel and Genevaux, 2014; De Geyter et al., 2020). Chaperones may serve as
holdases which avoid compacting and/or aggregation of the preproteins, and they can play a role as
targeting mediators for the preprotein to SecA:SecYEG machinery(Bechtluft ez al., 2010; Sharma, Rani
and Goel, 2018; Jiang, Wynne and Huber, 2021). The most well-studied holdase is SecB, a stable
homotetrameric protein that recognizes and hydrophobically grabs the freshly released preproteins in
the cytoplasm, while they remain competent for translocation through the Sec machinery (Fekkes et al.,
1998; Dekker, De Kruijff and Gros, 2003; Bechtluft ez al., 2010). Upon formation of the SecB tetramer,
a hydrophobic groove is formed on each side of the protein oligomer which functions as a binding site
for hydrophobic patches of the preprotein mature domain. Thus, a preprotein binds by winding around
SecB, while at the same time it is kept from occasional misfolding (Huang et al., 2016). SecB interacts
with SecA, and binding affinity is enhanced upon preprotein recognition (Hartl ef al., 1990; Randall and
Henzl, 2010). In addition to SecB, a functional homolog named CsaA is found in gram-positive bacteria,

archaea and also in gram-negative P. aeruginosa PAO1, but not in Escherichia coli (Linde et al., 2003;
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Sharma, Rani and Goel, 2018; Sharma, Kumari and Goel, 2021). It is shown that CsaA acts in SecB-
like fashion upon preprotein targeting and SecA:SecY EG-mediated translocation (Miiller ef al., 2000;
Sharma, Rani and Goel, 2018). In contrast to the holdases SecB and CsaA, the cytoplasmic chaperone
trigger factor (TF) directly interacts with the emerging preproteins on the ribosome exit tunnel, while
being able to complex with SecB and/or SecA, prohibiting aggregation of the preprotein and facilitating
targeting to the Sec machinery (Maier et al., 2005; Hoffmann, Bukau and Kramer, 2010; De Geyter et
al., 2020). Furthermore, TF is involved in multiple processes with ATP-dependent chaperones which
help to maintain protein homeostasis in bacteria (Mogk, Huber and Bukau, 2011; Castanié¢-Cornet, Bruel
and Genevaux, 2014). Additionally, ATP-dependent molecular chaperones might be involved in protein
targeting to the Sec machinery, since TF and DnaK share a common substrate pool (Deuerling et al.,
2003; Castani¢-Cornet, Bruel and Genevaux, 2014). Early studies indicated that DnaK and Dnal
participate in protein export, while substituting for SecB when it is not present (Wild et al., 1992). While
it is suggested that TF slows down folding of nascent preproteins, it is shown that DnaK and TF are
cooperating in folding of newly synthesized proteins (Deuerling et al., 1999). Furthermore,
conformational dynamics of preproteins are crucial for efficient targeting and translocation (Sardis et
al., 2017). Especially the relationship of the signal peptide and the mature domain is delicate and
functions in a “rheostatic” manner that delays folding and maintain preproteins in their translocation-
competent state (Sardis et al., 2017; Smets et al., 2022). In addition, the mature domain of the preprotein
plays a crucial role for translocation, as it possesses loosely packed folding intermediates which serve
as targeting signals to Sec machinery (Tsirigotaki et al., 2018). In conclusion, multiple factors are
potentially involved in targeting of preproteins to the Sec machinery, whereby the molecular chaperones

and the intrinsic targeting signals contribute to the translocation-competent secretome.
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A Model of the holdase SecB B Hydrophobicity plot of the holdase SecB

Figure 1. 6: ATP-independent cytoplasmic chaperones potentially involved in preprotein targeting to the
Sec system of Pseudomonas aeruginosa PAO1

The AlphaFold models of the cytoplasmic chaperones are shown (A, C and E). The hydrophobicity analysis
indicates the hydrophobic (red) and hydrophilic (blue) areas of the chaperones (B, D and F). A: The holdase SecB
is formed by a dimer of dimers. Each protomer is colored separately (green, blue, red and yellow). B: Hydrophobicity
analysis of SecB indicates the hydrophobic groove which is involved in holdase function allowing the unfolded
preprotein to wind around the chaperone. C: CsaA is a functional homolog of SecB. D: Hydrophobicity analysis of
CsaA indicates hydrophobic spots of CsaA which could be involved in client interactions. E: Trigger factor, a
chaperone that can directly interact with the ribosome and grab the emerging client substrate. F: Hydrophobicity
analysis of Trigger factor indicates a partially hydrophobic interior, thus reflecting putative interaction sites for the
unfolded client. The N- and C-termini for the monomers are indicated in the figure (N and C).

16



1.4 Type Il secretion system of Pseudomonas aeruginosa

The secretion of manifold bacterial proteins requires versatile and efficient export systems which allow
for successful transport of folded and unfolded clients to the extracellular space. Therefore, bacteria
have developed multiple secretion systems, to achieve transport over one or two bacterial membranes
(Chagnot et al., 2013). Up to nine secretion systems are described, which vary by their mechanisms and
substrate specificity (Economou et al., 2006; Chagnot et al., 2013; Costa et al., 2015; Green and Mecsas,
2016; Tsirigotaki et al., 2017; Filloux, 2022). With emphasis on P. aeruginosa, multiple secretion
systems are characterized and represent factors which support its pathogenicity by creating a so-called
“wealth of pathogenic weapons” (Bleves et al., 2010; Filloux, 2022). Here, the Sec-dependent secretion
is an essential step in functioning of type II, V and VIII secretion systems (T2SS, T5SS and T8SS)
(Bleves et al., 2010; Filloux, 2022). T2SS of P. aeruginosa is termed Xcp and is ortholog to the Gsp
system of E. coli (Filloux, 1998). Additionally, two homolog systems to Xcp are present in
P. aeruginosa, termed the Hxc and Txc systems (Ball et al., 2002; Bleves et al., 2010; Cadoret et al.,
2014). T2SS is based on two-step mechanism whereby the secretory client proteins are initially
transported to the periplasm by utilizing the Sec or Tat pathway, before they are recognized and secreted
via T2SS to the extracellular space (Filloux, 1998; Sandkvist, 2001). While multiple secretory clients
for the Xcp system are identified, only few clients are known for the homologous Txc and Hxc systems
(Ball et al., 2002; Douzi et al., 2011; Filloux, 2011; Cadoret ef al., 2014). In P. aeruginosa, T2SS
consists of 12 proteins, XcpA and XcpP to XcpZ (Filloux, 1998). Structurally, T2SS forms a molecular
supercomplex that spans through the inner and outer membrane of P. aeruginosa, and comprises four
sub-complexes (Tommassen et al., 1992; Filloux, 2004; Thomassin et al., 2017). An inner membrane
platform is formed by XcpPSYZ, and is associated with the cytoplasmic ATPase sub-complex XcpR
(Douzi et al., 2011). The interactions of the Inner membrane platform and the ATPase are crucial for
the assembly of the central pseudopilus, a further sub-complex which is mainly composed of XcpT and
is primed by XcpUVWX (Douzi ef al., 2011; Thomassin et al., 2017). The pseudopilus is important for
the secretion through T2SS, as it pushes the substrate through the secretin in a “piston-like” manner
(Filloux, 2004; Douzi et al., 2011; Korotkov and Sandkvist, 2019). On the periplasmic side, XcpP is
protruding and contacting the secretin. The secretin is built by XcpQ which oligomerizes and forms a
sub-complex that spans through the outer membrane, allowing for the exit of secretory clients to the
extracellular space. Furthermore, it is suggested that XcpP plays a role in the recognition of the client
proteins (Douzi et al., 2011). Early studies indicated that the major extracellular lipase (LipA) of
P. aeruginosa PAOI, is secreted into the extracellular space by T2SS (Jaeger et al., 1994; Sandkvist,
2001). Upon secretion, the LipA is initially transported to the periplasm in unfolded state, and after
maturation and folding it employs the T2SS for secretion to the extracellular space (Jaeger et al., 1994;
Filloux, 1998, 2011). Like LipA, multiple secretory proteins connected to pathogenicity of
P. aeruginosa were identified as T2SS substrates, including the additional lipase LipC, the exotoxin

ToxA, the phospholipases PlcB and PIcH and the elastases LasA and LasB (Filloux, 2011). It remains
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to be elucidated how the recognition between LipA and T2SS occurs, although XcpP might be involved
(Douzi et al., 2011). Potentially, further periplasmic interaction partners are involved in the lipase
secretion process. It is sound, that especially for the secretion of pathogenicity mediators, such as
virulence factors and/or toxins, the export processes require efficient secretion machineries. Bacterial
secretion systems of opportunistic pathogens increase their pathogenicity, being often essential for
infection processes (Liao et al., 2022). In this frame, T2SS forms an important part which is crucial for

the export virulence factors of P. aeruginosa.
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Figure 1. 7: Folding and secretion of the lipase A of Pseudomonas aeruginosa PAO1

After successful translocation of the lipase precursor (red) through the SecYEG translocon and the subsequent
folding and maturation of lipase LipA, the protein is released for secretion. The subunits of the type Il secretion
system (T2SS) are indicated corresponding to the nomenclature of Xcp machinery of P. aeruginosa. The present
illustration depicts the overall architecture of the Xcp machinery upon secretion of LipA. The molecular
supercomplex spans both the inner and the outer membrane. The Xcp machinery consists of 12 proteins. The inner
membrane platform is built by XcpPSYZ. The cytoplasmic ATPase XcpR is linked to the inner membrane platform
and is crucial for the assembly of the pseudopilus XcpTUVWX. For the secretion through the T2SS, LipA is most
likely initially recognized by XcpP, before it is pushed by a “piston-like” movement of the pseudopilus structures

XcpTUVWX through the secretin XcpQ which spans through the outer membrane.
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1.5 Protein folding and the role of chaperones

1.5.1 The theory of protein folding, misfolding and aggregation

Proteins are an essential group of biomolecules with manifold functions for biological systems.
Independently of the place where they act, their polypeptide chains must undergo folding reactions to
achieve their functional state. Protein folding is the process which nascent polypeptide chains undergo
to acquire their defined functional conformation. The process of protein folding is driven by various
forces that govern the folding pathways, including intra- and intermolecular interactions which are
determined by the amino acid sequence (Dods, 2019). Furthermore, the overall thermodynamics govern
the whole folding process of proteins and impact on the molecules as well as on their surroundings
(Dobson, 2003). Early studies suggested that the primary structure of a protein solely guides the folding
of a protein into its native state and is driven by physical properties of its constituent amino acid residues.
This theory is the so-called thermodynamic hypothesis or “Anfinsen Dogma”, and describes that
proteins fold stepwise on a track along an energetic landscape in aim to reach their native conformation
at which the free Gibbs energy is on its minimum (Anfinsen ef al., 1961; Anfinsen, 1973). Along the
folding pathway a protein explores various intermediate states until reaching its native conformation
(Dinner et al., 2000; Plotkin and Onuchic, 2002; Dobson, 2003; Dill and MacCallum, 2012; Dods,
2019). The thermodynamic hypothesis was further disputed, as the so-called “Levinthal paradox™ arose.
Based on the Levinthal paradox, a protein cannot fold spontaneously into its native state by encountering
stepwise all possible conformations (Levinthal, 1969). A stepwise folding through all possible
conformations of a polypeptide into its native conformation would require way too much time for
folding. It is also sound that based on the polypeptide properties, a polypeptide would possess many
more opportunities to misfold occasionally rather than to fold correctly into its native state. Protein
folding can follow multiple pathways depending on the amino acid sequence which forms the interaction
spots of the polypeptide with itself and its surroundings. Upon folding process, proteins repeatedly fold
and unfold in a rapid time scale (Bieri and Kiefhaber, 1999; Englander and Mayne, 2014). Short-ranging
intramolecular interactions lead to the fast formation of secondary structures, while long-range contacts
of secondary structural elements are required for the formation of tertiary structure (Fersht, 2000). In
general, the folded structural elements of a protein are stabilized by versatile non-covalent interactions,
including electrostatic interactions and hydrogen bonds which contribute to the stable maintenance of
the protein fold. The energetic landscape of protein folding can be envisioned as a “funnel” which
depicts the free energy level of the processes a protein undergoes upon folding, and the transition of the
unfolded conformation to the native folded conformation is associated with the drop of free energy. An
early and nearly initial step upon protein folding is a so-called hydrophobic collapse which drives the
polypeptide to fold from the unfolded state to a compact folding intermediate state, which is guided by
interactions of the hydrophobic amino acid residues striving to escape the exposure to the polar aqueous
solvent (Lapidus et al., 2007). A prominent intermediate conformation upon protein folding is the

molten globule state in which secondary structural elements are present and form a compact
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conformation but lacking the tertiary fold (Kuwajima, 1989; Judy and Kishore, 2019). The fate of that
intermediate folding state is not locked, but after the molten globule state the folding funnel conically
narrows, leading to conformational transitions which approach the energetic minimum. That in turn

forces the proper transition of the protein into the stable and native conformational fold.

The native conformation of a protein reflects a state that has a certain degree of flexibility which is
required to fulfill its biological functions and can be challenged by the surrounding conditions (Houben,
Rousseau and Schymkowitz, 2022). Such conditions are determined by the solvent, temperature, or co-
solutes and can promote misfolding that results in protein aggregation. Thus, when the protein fold is
disturbed, the misfolding and aggregation are promoted. There is no general mechanism of aggregation,
but rather a favored hypothesis postulating that folding intermediates can either follow the track towards
folding or misfolding in dependency to various causes. Upon correct protein folding, the hydrophobic
amino acid residues are buried into the protein core while the hydrophilic residues are exposed to the
aqueous solvent. Due to this order, a tight packing of the protein occurs and pushes the polypeptide
towards the correct folding track in aim to obtain its native fold. It is sound that on the one side the
intrinsic properties of a protein guide its folding processes and must be determinative for its proper fold,
but on the other side they could as well impact on the protein’s aggregation propensity when challenged
(Houben, Rousseau and Schymkowitz, 2022). In addition to that, external factors, including the
environmental temperature, pH, spatial confinements, as well as molecular crowding can have a severe
impact on protein folding and/or promote misfolding. The accumulation of misfolded proteins can in
turn be toxic for the cell and promote further protein misfolding, aggregation and malfunctioning

(Houben, Rousseau and Schymkowitz, 2022).

As mentioned beforehand, when the conformational stability of a protein is challenged, the protein can
misfold and aggregate, thus protein aggregation occurs upon folding into a non-native protein fold. That
non-native protein fold is of major importance and determinative for protein aggregation. In addition,
current research refers to the existence of aggregation prone regions (APRs) in nearly every known
protein (Houben, Rousseau and Schymkowitz, 2022). Taken together, these properties imply that every
protein has an intrinsic tendency to aggregate. Upon aggregation process the misfolded proteins cluster
together and form nucleation points which can serve as further aggregation seeds and form larger protein
aggregates. Here, the hydrophobic segments of a protein manifest APRs that interact with each other,
resulting in the formation of insoluble unstructured or structured protein aggregates which appear to be
of amorphous or fibrillar arrangements. Those protein aggregates are seemingly enriched in B-sheets,
that possess high stability (Houben, Rousseau and Schymkowitz, 2022). In this frame, it seems like a
contradiction that the precious native fold of a protein is less stable than the unwanted protein
aggregates. Notably, the occurrence of misfolded proteins and the formation of protein aggregates is
associated with a vast pool of partially lethal diseases, including Alzheimer’s diseases, Parkinson’s
diseases, and Huntington’s disease (Irvine et al., 2008; Jarosinska and Riidiger, 2021). Among multiple

cellular mechanisms that have evolved to support protein folding, to prevent misfolding and to avoid
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Figure 1. 8: The folding landscape of the lipase A

The folding landscape is depicted for common proteins (magenta) and in more detail for the lipase A (red). Proteins
fold from the high energetic unfolded state to their native conformation which manifests a local energetic minimum.
The folding landscape of proteins can therefore be depicted as a funnel, where the protein folds based on its intrinsic
properties (amino acid sequence and intramolecular interactions) and environmental properties (solvent and
intermolecular interactions). The molten globule state represents prominent intermediate folding states where
secondary structural elements are compactly arranged, but the tertiary fold is not present. Molecular chaperones
participate in the folding landscape of a protein, they can prevent misfolding and aggregation or directly assist
protein folding. Multiple chaperones (green) work in a promiscuous manner, binding rather unspecific to non-proper
folded client proteins. The lipase A of Pseudomonas aeruginosa requires a specific foldase chaperone (LipH) to
fold into its native state. The unfolded protein is highly prone to aggregation, therefore the prominent periplasmic
chaperone Skp serves as a potent folding mediator by preventing off-pathway routes of the lipase. The figure was

inspired by (Englander and Mayne, 2014).

protein aggregation, the universal existence of molecular chaperones plays a crucial role (Hartl, Bracher

and Hayer-Hartl, 2011; Horowitz et al., 2018).

1.5.2 Molecular chaperones as saviors of the protein fold

The propensity of the protein to fold into its native conformation depends on multiple intrinsic and
extrinsic factors, including the physicochemical properties determined by the amino acid sequence, the
surrounding conditions, as well as intermolecular interactions. Seeking to fold into its native
conformation, a protein acquires multiple intermediate conformations. Those intermediate states cause
exposure of hydrophobic patches which can pursue intermolecular interactions and promote misfolding.
Here, off-pathway folding routes endanger the proper folding of a protein. A guiding help for many
proteins is offered by molecular chaperones. Those molecular chaperones are defined as “a functional
class of unrelated families of protein that assist the correct non-covalent assembly of other polypeptide-
containing structures in vivo, but are not components of these assembled structures when they are

performing their normal biological functions” (Ellis, 1993). Thus, besides the intrinsic polypeptide
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properties which govern protein folding pathways, molecular chaperones can function as folding
mediators which largely mediate protein homeostasis (Hartl, Bracher and Hayer-Hartl, 2011; Mogk,
Huber and Bukau, 2011; Horowitz et al., 2018; Buchner, 2019). Typically, molecular chaperones in the
cytoplasm promiscuously interact with multiple clients and thus play a key role in manifold cellular
procedures associated with protein processing (Hartl, Bracher and Hayer-Hartl, 2011; Castanié-Cornet,
Bruel and Genevaux, 2014). Their main tasks are the assistance of protein folding, the prevention of
misfolding and aggregation, the disaggregation as well as targeting of proteins to certain destination in
the cell (Hartl and Hayer-Hartl, 2002; Saibil, 2013). Several ATP-dependent and independent systems
of molecular chaperones are known in bacteria, and prominent examples include the heat shock proteins
(Hsp), such as the DnalK (Hsp70 and Hsp40), GrpE (Hsp90), the GroEL/ES system, the Clp
disaggregase system, and the cytoplasmic holdases (Saibil, 2013; Castani¢-Cornet, Bruel and Genevaux,
2014; Bascos and Landry, 2019; Kawagoe, Ishimori and Saio, 2022; Kim et al., 2022). A common
feature among the different classes of chaperones is that most of them undergo promiscuous transient
binding to exposed hydrophobic residues of a client protein, thus acting directly against the triggers of
misfolding and aggregation while at the same time promoting intramolecular interactions that are
important for the proper protein folding (Balchin, Hayer-Hartl and Hartl, 2020). Thus, molecular
chaperones prevent off-pathway aggregation and facilitate protein folding by recognizing and
interacting with folding intermediates (Hartl and Hayer-Hartl, 2002). To fulfill their tasks, molecular
chaperones need to meet certain requirements to perform versatile functions on various clients. In this
frame, molecular chaperones possess high plasticity allowing their interactive domains to adoptively
interact with putative clients (Saibil, 2013; Chum et al., 2019; Hiller, 2019). Further, this general
plasticity allows the chaperones to be resistant against common environmental stress conditions,
including heat and chemical and/or oxidative stress (Voth and Jakob, 2017). These peculiar properties

are typical for cytoplasmic molecular chaperones, allowing them to be crucial players in proteostasis.

In addition to the cytoplasmic chaperones, a highly abundant periplasmic chaperone network is present
in gram-negative bacteria (Stull, Betton and Bardwell, 2018). The periplasm is a well-separated space
that is distinct of the cytoplasm, but mostly reflects the milieu of the extracellular space. The periplasmic
chaperones need to fulfill similar tasks as their cytoplasmic counterparts, by preventing off-pathway
routes and providing folding assistance to unfolded and/or partially folded proteins. At the same time,
the periplasmic chaperones have to be very stable by themselves in aim to resist the relatively harsh
periplasmic environment (Liu et al., 2004; Stull, Betton and Bardwell, 2018). In the periplasm there is
no ATP present, thus periplasmic chaperones rely on mechanisms, others than driven by ATP hydrolysis
(Stull, Betton and Bardwell, 2018). The expression of periplasmic chaperones is regulated by various
mechanisms, whereby many of those are induced by environmental stress which can correlate with
protein unfolding (Stull, Betton and Bardwell, 2018). It is sound that some periplasmic chaperones must
be stress-specific on the one side and on the other share their client substrates. While there are

chaperones attributed to certain denaturing conditions, but being less specific for their clients, like HdeA
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and HdeB at acidic stress, other chaperones, like Spy, act in more specific manner for client proteins
and function as holdases and/or foldases helping to resist aggregation and promoting proper folding
(Hong et al., 2012; Koldewey et al., 2016; Voth and Jakob, 2017; Kim, Wu and Lee, 2021; Mitra et al.,
2021). There are prominent periplasmic chaperones, such as FkpA, SurA, and Skp which contribute to
biogenesis of outer membrane proteins (OMPs) and mediate the transit of secretory client proteins
through the periplasm (De Geyter et al., 2016; Stull, Betton and Bardwell, 2018). Upon OMP biogenesis
periplasmic chaperones interact with the B-barrel assembly machinery (BAM). While Skp functions as
an anti-aggregase for OMPs, SurA is also involved in BAM-mediated folding by accelerating the folding
rate of OMPs (Chum et al., 2019; Schiffrin et al., 2022). Further interactions with other outer membrane
complexes that are involved in OMP biogenesis, including the TamA of E. coli are also indicated (De
Geyter et al., 2016). Other periplasmic chaperones, including YfgM and PpiD are integrated in the outer
leaflet of the inner membrane where they act as ancillary subunits of the Sec pathway and attribute to
the translocation process (Gotzke et al., 2014; De Geyter et al., 2016; Jauss et al., 2019). Together the
different periplasmic chaperones form an interactive network that is indispensable for gram-negative

bacteria (Stull, Betton and Bardwell, 2018).

To fulfill their tasks, periplasmic chaperones require to be tolerant to stress conditions (chemicals,
temperature and pH) but also need to possess high plasticity and to bind transiently to their clients (Chum
et al., 2019). Furthermore, the highly abundant network of periplasmic chaperones constitutes potential
interaction partners for secretory clients and suggests their putative involvement in the biogenesis of
virulence factors that are of major interest for biomedical research. The role of prominent periplasmic
chaperones of P. aeruginosa upon the lipase biogenesis remains widely elusive, although recent
investigations suggest that Skp is a potent folding mediator for the lipase by preventing off-pathway
aggregation, supporting carry-over to the foldase LipH, and the secretion of LipA (Papadopoulos et al.,
2022). These observations are in line with the main role attributed to the periplasmic chaperones which
is to maintain the solubility of the client proteins. Thus, the client proteins will not aggregate and cannot
become toxic for the cell. Additional investigations suggested that the periplasmic chaperones SurA and
Skp are contributing to the virulence of gram-negative bacteria (Figaj ef al., 2022). Further
investigations indicate that the loss of SurA in P. aeruginosa causes a reduction of virulence and
antibiotic resistance (Klein et al., 2019). By being involved in manifold interactions with secretory
clients, it is sound that periplasmic chaperones could impact on the path of secretory proteins, and

influence the protein folding, maturation, and secretion.

1.5.3 Steric foldases — molecular chaperones acting as folding catalysts

The steric foldases are intermolecular chaperones which serve as “folding catalysts”, as they provide the
missing steric information to the client protein to fold into the native conformation (Hobson et al., 1993;
Rosenau, Tommassen and Jaeger, 2004). In comparison to the unspecific molecular chaperones in the

bacterial cytoplasm and periplasm, the intermolecular steric chaperones assist in folding of a protein in
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a steric fashion rather than preventing its off-pathway routes (Rosenau, Tommassen and Jaeger, 2004).
Prominent examples of intermolecular steric chaperones include the soluble periplasmic chaperone
FimC that assists folding of FimH adhesin in Escherichia coli, and the membrane-anchored chaperone
CpaB that is required by its cognate secretory protease CpaA from Acinetobacter baumannii (Vetsch et
al., 2004; Nishiyama et al., 2005; Nagradova, 2007; Pauwels et al., 2007; Urusova et al., 2019). In the
known structure, CpaA surrounds its chaperone CpaB (Urusova et al., 2019), so the client clamps the
relatively small chaperone domain suggesting a peculiar mode of action of the chaperone, therefore
preventing the autoproteolytic activation of the protease beyond stabilizing it prior secretion (Urusova
et al., 2019). Furthermore, intramolecular steric chaperones are also known and should be mentioned,
such as the prodomains of bacterial proteases which support the folding and protect autodigestion of the
protein, e.g. the a-lytic protease from Lysobacter enzymogenes, the subtilisins from Bacillus subtilis,
and the elastase from Pseudomonas aeruginosa (Ellis, 1998; Sohl, Jaswal and Agard, 1998; Pauwels et

al., 2007).

The lipase-specific foldases (Lifs) are a peculiar class of steric chaperones acting as membrane-bound
folding modulators that are essential for the folding pathways of their cognate lipases (Frenken et al.,
1993; Rosenau, Tommassen and Jaeger, 2004). Several lipase:foldase systems are known in bacteria,
including the genera Pseudomonas, Burkholderia, Acinetobacter, and Vibrio (Rosenau, Tommassen and
Jaeger, 2004). The Lifs are classified into four different families based on sequence homology, whereby
family I comprises the Pseudomonas Lifs, family I comprises mostly the Burkholderia Lifs, family III
comprises the Acinetobacter Lifs and family IV comprises mostly the Vibrio Lifs (Rosenau, Tommassen
and Jaeger, 2004). All Lifs predictively share a similar overall architecture which is mainly a-helical,
whereby two globular mini domains (MDs) on both termini are connected by an extended helical domain
(EHD) (Rosenau, Tommassen and Jaeger, 2004; Pauwels ef al., 2006). Early cross-linking studies
suggested a 1:1 stoichiometry of the foldase:lipase complex which was also validated by structural
investigations (Shibata, Kato and Oda, 1998a; Pauwels et al., 2006). The structural data of Burkholderia
glumae and the recently acquired homology model of P. aeruginosa PAO1 foldase:lipase complex
(Figure, 1.9) suggests a a-helical scaffold of the foldase that wraps around the lipase reminding of
headphones clamping around the head (Pauwels et al., 2006), that differs greatly from CpaA:CpaB
system described above. A highly conserved sequence motif (Rx;x,FDY (F/C)L (S/T)A) is present on
MD1 within the Lifs of families I and II and is considered important for its folding activity as it has been
shown in previous mutagenesis studies (Shibata, Kato and Oda, 1998b, 1998c; Rosenau, Tommassen
and Jaeger, 2004). Moreover, structural dynamics within MD1 of P. aeruginosa Lif mediate the
activation of the lipase, although the mechanism of folding catalysis is likely depended on more complex
multi-domain interactions (Viegas et al., 2020). Lifs are capable of decreasing the energetic folding
barriers of their client lipases by transferring steric information to the lipase which is required for folding
into the native and enzymatically active conformation (Rosenau, Tommassen and Jaeger, 2004; Pauwels

et al., 2007). It is suggested that upon foldase:lipase interactions, not only the lipase undergoes
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conformational changes pushing it towards its native fold, but also the foldase experiences
conformational rearrangements which enable a tight compaction of the complex leading to overcome
the energetic folding barrier (Pauwels et al., 2006). Notably, the high energetic barrier which needs to
be trespassed to allow folding of the lipase into its native conformation, manifests at the same time a
“kinetic trap” for the native conformation in terms of unfolding which would require to overcome the

same energetic barrier to unfold (Rosenau, Tommassen and Jaeger, 2004; Pauwels et al., 2007).

A “multi-turnover catalysis” of the foldase-mediated lipase folding was proposed, since the foldase is
expressed to way lower levels in comparison to its cognate lipase (El Khattabi et al., 1999; Rosenau,
Tommassen and Jaeger, 2004). Furthermore, Lifs are anchored by an N-terminal membrane domain to
the inner membrane, while the chaperone domain faces the periplasm. The suggested conservation of
Lif architecture might be indicative for a conserved mode of action, although mutagenesis studies and
cross-species folding and activation investigations indicated a high specificity of the Lif by selectively
activating solely their cognate lipase (El Khattabi et al., 1999). Molecular studies of “hybrid” Lifs
containing parts of closely related bacterial species indicated that the C-terminus of the foldase is
determinative for its specificity towards the lipase (El Khattabi et al., 1999). Further investigations
indicated that the N-terminal membrane domain (TMD) is not essential for the interactions with the
lipase but rather prevents the secretion of the Lif itself, since a truncated version lacking that region
facilitated the active lipase (Shibata, Kato and Oda, 1998b; El Khattabi et al, 1999, 2000). An
additional, but rather unstructured proline- and alanine-rich domain located close to the N-terminal TMD
termed the variable domain (VD) is widely present in Lifs and is supposed to space the chaperoning

domain from the membrane interface (Rosenau, Tommassen and Jaeger, 2004).

In P. aeruginosa the lipase:foldase system is formed by two proteins, the lipase A (LipA) and the foldase
LipH which are encoded in a bicistronic operon (Rosenau and Jaeger, 2000), and their expression is
regulated via quorum sensing (Rosenau and Jaeger, 2000). Further studies identified a second
extracellular lipase in P. aeruginosa, termed LipC, that also requires the foldase LipH for folding into
the native conformation (Martinez, Ostrovsky and Nunn, 1999). Recent molecular dynamic simulations
suggest that the foldase structurally stabilizes the lipase, facilitating the opening of the enzyme and thus
leading to the active conformation of the lipase (Verma et al., 2020). Taken together, the previous

observations indicate that the Lifs are essential for the proper folding of enzymatically active lipase.
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Figure 1. 9: The foldase LipH of Pseudomonas aeruginosa PAO1

The AlphaFold model of the foldase LipH is shown. The various colors indicate the different domains of LipH. The
N-terminal trans membrane helix (TMH, gold) was manually modeled into that orientation, and the very flexible
variable domain (VD, plum) is partially truncated (dashed line, black). The membrane is indicated (solid line, grey)
and the cytoplasmic and periplasmic sites are indicated. The mini domain 1 (light blue) is indicated and the a-helix
containing the foldase consensus motif (Rx1x2FDY (F/C)L (S/T)A) is colored separately (red) and the side chains of
the corresponding amino acid residues are shown (yellow). The extended helical domain (khaki) connects the MD1
to the C-terminal mini domain 2 (MD2, dark blue). The protein is mostly a-helical and the helices are indicated in

the figure (a1 — 10).
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2 Aims and objectives

Pseudomonas aeruginosa is an opportunistic human pathogen with high adaptability and intrinsic as
well as gained antibiotic resistance which comprises a huge arsenal of pathogenicity mediators, such as
manifold virulence factors and diverse systems for protein secretion (Bleves et al., 2010; Qin ef al.,
2022). Due to these traits, P. aeruginosa is difficult to treat and it represents a frequent cause of life-
threatening infections in medically relevant environments (Diggle and Whiteley, 2020; Qin ef al., 2022).
The rising demand for novel therapeutic treatments against bacterial pathogens also enhances the
requirement to elucidate the processes which convey the pathogenicity of P. aeruginosa (Qin et al.,
2022). The major secretory lipase of P. aeruginosa is LipA, and it is classified as a virulence factor that
is involved in various processes upon infection (Jaeger et al., 1994; Stehr et al., 2003; Liao et al., 2022).
The lipase A is translocated by the general secretory (Sec) system across the inner membrane to the
periplasm where it gets folded by its cognate foldase LipH, and is further secreted across the outer
membrane through the type II secretion system (T2SS) to the extracellular space in its active form
(Rosenau and Jaeger, 2000; Bleves et al., 2010; Filloux, 2022). The present thesis aims to elucidate the
processes which guide the biogenesis of the virulence factor lipase A of P. aeruginosa. One of the key
steps upon lipase biogenesis is its translocation across the inner membrane through the Sec system. The
Sec system of P. aeruginosa constitutes primarily of the membrane-embedded translocon SecYEG as
well as the cytoplasmic motor ATPase SecA and the holdase chaperone SecB (Crane and Randall, 2017).
To study the Sec-dependent translocation of proLipA, first (1) it was necessary to establish the minimal
Sec system of P. aeruginosa PAO]1 in vitro and to characterize the individual Sec components. Once
the lipase is translocated to the periplasm, the lipase-specific foldase LipH mediates the folding of the
lipase to its mature and active form (Rosenau, Tommassen and Jaeger, 2004). Although it had been
already shown that the soluble domain of LipH facilitates folding of the lipase, minor is known about
the role of the full-length foldase and the contributions of the membrane to the lipase maturation and
secretion (Frenken et al., 1993; Hobson et al., 1993; Rosenau, Tommassen and Jaeger, 2004). Thus,
secondly (2) in aim to elucidate the putative role of LipH upon translocation of proLipA and folding of
the mature LipA the interactions of both proteins on membrane interface were investigated. It remains
to be elucidated if further interactions of the foldase with the translocon or further periplasmic proteins
occur during lipase biogenesis. A highly abundant periplasmic chaperone network represents additional
putative interaction partners for LipA, that could be involved in lipase maturation and secretion as well
(Stull, Betton and Bardwell, 2018). Thus, thirdly (3) in aim to examine whether additional periplasmic
proteins are involved in lipase maturation and secretion, prominent periplasmic chaperones were
selected and investigated. This group of proteins includes the ubiquitous periplasmic chaperones Skp,
FkpA, SurA, YfgM and PpiD. The conducted research attributes to an enriched understanding of the
processes ongoing upon transport, maturation, and secretion of the virulence factor lipase A of

P. aeruginosa.
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3 The Sec system of P. aeruginosa and the lipase transport

3.1 Introduction to the Sec system of P. aeruginosa and the lipase A biogenesis

The general secretory pathway (Sec) constitutes the ubiquitous major machinery for protein export
within all domains of life (Bolhuis, 2004; Denks et al., 2014; Dudek et al., 2015; Tsirigotaki et al.,
2017). The bacterial Sec system has been a matter of investigations for decades, revealing its outstanding
role for the insertion into and export of proteins across the membrane (Pugsley and Schwartz, 1985;
Pugsley, 1993; Dalbey and Kuhn, 2012; Beckwith, 2013; Crane and Randall, 2017; Tsirigotaki et al.,
2017; Oswald et al., 2021). The export of proteins is essential for bacteria as it is involved in adaptation
to challenging environmental conditions, acquisition of nutrients, and it mediates the pathogenicity by
secreted virulence factors (Stathopoulos et al., 2000; Lee and Schneewind, 2001; Tsirigotaki et al.,
2017). The core unit of the Sec system is the translocon SecYEG forming the protein conductive
channel, thus enabling protein export through the cytoplasmic bacterial membrane (Lycklama a Nijeholt
and Driessen, 2012). The transport process of secretory proteins through the Sec system is enabled by
the ATPase action of SecA which is the motor protein of the system that provides the required power
for the translocation process (Kusters and Driessen, 2011). SecA complexes with the translocon
SecYEG and recognizes SecB and the preprotein (Tsirigotaki et al., 2017). Upon translocation process,
complexing of the Sec components and ATP hydrolysis by SecA cause conformational rearrangements
of the Sec system which lead to opening of the translocon and enable the passage of the preprotein for
export (Lycklama a Nijeholt and Driessen, 2012; Crane and Randall, 2017; Oswald et al., 2021). In turn,
the preprotein itself influences the translocation process as it possess inherent interactions between its
signal peptide and mature domain which serve as targeting and secretion signals (Chatzi et al., 2017,
Sardis et al., 2017; Tsirigotaki et al., 2017). Once the secretory protein is transported across the
cytoplasmic membrane, the signal peptide is cleaved, and the protein is liberated for maturation and

secretion.

The export of various virulence factors through the Sec system contributes to the pathogenicity of gram-
negative bacterial pathogens, such as Pseudomonas aeruginosa (Stathopoulos et al., 2000). The
enhanced pathogenicity of P. aeruginosa is attributed to an enormous adaptational potential against
commonly utilized therapeutic agents and the secretion of versatile pathogenicity mediators, such as
virulence factors, that allow it to evade the host immune response and promote the infection of the host
tissues (Moradali, Ghods and Rehm, 2017; Qin et al., 2022). Upon infection cycle, P. aeruginosa
secretes multiple virulence factors, including exotoxins, proteases, and lipases which can facilitate the
invasion and colonization of the host by damaging the inhabited tissues or stimulating the inflammation
processes (Stehr et al., 2003; Bleves et al., 2010; Filloux, 2011; Strateva and Mitov, 2011; Rocha et al.,
2019; Jurado-Martin, Sainz-Mejias and McClean, 2021; Liao et al., 2022; Qin et al., 2022). Among
those virulence factors, the lipase A (LipA) is a prominent secretory protein of P. aeruginosa which is

of biomedical and biotechnological interest (Jacger and Reetz, 1998; Nardini ef al., 2000). As an ester-
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hydrolase (EC 3.1.1.3) it breaks down triacylglycerols into their constituent acyl chains and glycerol
and can hydrolyze or synthesize a wide range of further substrates (Jaeger and Reetz, 1998). Although,
the concrete role of LipA upon P. aeruginosa infection remains still widely elusive, it had been shown
that the lipase is involved in manifold processes that can contribute to the infection cycle (Jaeger ef al.,
1994; Stehr et al., 2003). Once secreted, LipA accumulates in the biofilm matrix, where it interacts with
the exopolysaccharide alginate (Tielen et al., 2013). The biofilm mode of P. aeruginosa reflects a
persistent life style which mediates the infection process and contributes to the pathogenicity of these
bacteria (Tuon et al., 2022). Furthermore, LipA acts together with the phospholipase C upon
P. aeruginosa infections, causing inhibitory effects on the host immune response and stimulating the
release of inflammatory mediators that in turn can cause tissue damages to the host lung (Jaeger,
Kharazmi and Heiby, 1991; Jaeger et al., 1994; Konig, Jaeger and Konig, 1994). LipA can have
regulatory roles on the expression of further virulence factors, including pyoverdine (Potvin et al., 2003;
Funken et al., 2011; Duran et al., 2022). Taken together, the lipase A contributes to the infection and

pathogenicity of P. aeruginosa.

LipA needs to be transported to the periplasm, where it receives folding assistance by the lipase-specific
foldase chaperone LipH before it completely maturates prior to its secretion to the extracellular space.
The lipase precursor (proLipA) is synthesized and released to the cytoplasm, containing an N-terminal
signal peptide that targets it to the Sec-dependent translocation pathway. In aim to elucidate the Sec-
dependent transport process of the lipase A of P. aeruginosa PAO1, the establishment of the Sec system
of Pseudomonas as well as transport substrates are needed. In the presented investigations, the functional
expression, reconstitution, and characterization of the major Sec components, as well as the expression
and purification of transport substrates were achieved, and the Sec-dependent transport was
reconstituted in vitro. To characterize the functionality of the individual Sec components, protein:protein
interactions were investigated by biochemical and biophysical approaches, indicating binding of
SecA:SecYEG and holdase action of SecB. The Sec system of Escherichia coli served initially as a well-
studied reference system. The precursor of the outer membrane protein A (proOmpA) from E. coli, that
is commonly used as a model substrate for transport studies, served as a reference for an efficiently
translocated Sec-substrate. Although the established Sec system of P. aeruginosa manifests the same
degree of functionality in comparison to the well-studied Sec system of E. coli in the applied in vitro
approach, the transport efficiency of the proLipA remained low. Extensive efforts were made to improve
the lipase transport but did not result in increased transport efficiency. The transport of proLipA and
additional transport substrates originating from P. aeruginosa PAO1 remained low and far off to be in
a comparable range with the model substrate proOmpA from E. coli. The present investigations resulted
in the successful in vitro reconstitution of the Sec system of P. aeruginosa PAO1 and allowed to track

protein translocation through that system as well as protein:protein interactions.
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3.2 Experimental procedures

3.2.1 Molecular cloning

For the establishment of suitable expression vectors of the Sec system of P. aeruginosa PAO1, multiple
constructs were generated and used. The following section focuses on the main working constructs used
for heterologous expression of Pseudomonas Sec system in E. coli. A tabular overview is listed in the

appendix section.

The genes of P. aeruginosa PAOI strain were acquired from the Pseudomonas Genome database
(www.pseudomonas.com) (Winsor et al., 2016). Those included PA4243 (secY), PA4276 (secE),
PA4747 (secG), PA4403 (secA), PA5128 (secB), PA1800 (tig), PA3221 (¢csad), PA2862 (lipA), PA2863
(lipH), PA4813 (lipC), PA4067 (oprG), PA1954 (fapC), PA3647 (skp/OmpH/hipA). The genomic DNA

from P. aeruginosa PAO]1 served as a template for the amplification of the genes of interest via PCR
using the KOD Xtreme polymerase (Novagen/Merck) or the Phusion High-Fidelity DNA Polymerase
(Ultra DNA Polymerase, Jena Bioscience) as well as cloning primers containing the restriction sites for
classical cloning, overlaps for Gibson assembly or constructed to suit for site-directed mutagenesis
(Eurofins Genomics). After PCR, the amplified products were analyzed by agarose gel electrophoresis
and isolated from the Gel using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel). The DNA
concentrations were determined spectrophotometrically by measuring the absorbance at 260 nm via
NanoDrop (Thermo Fisher Scientific). Further, standard molecular cloning approaches were applied to
insert the genes of interest into the target vectors by either classical restriction nuclease-based cloning
or by utilization of the Gibson assembly (New England Biolabs). The generated constructs were further
used as templates for PCR serving for site-directed mutagenesis. The site-directed mutagenesis
procedures included the enzymatic digest of methylated DNA by Dpnl treatment (New England Biolabs)
to avoid false positive cloning results due to the persistence of the template DNA. Additionally,
phosphorylation of the acquired PCR products by polynucleotide kinase (PNK, New England Biolabs)
was conducted to allow for subsequent blunt end ligation. Treatment with PNK and Dpnl followed the
supplier protocols (New England Biolabs). After ligation, the constructs were used to transform E. coli
DH5a (Thermo Fisher Scientific), a recipient strain for cloning and plasmid multiplication. For the
isolation of plasmid DNA, the NucleoSpin Plasmid kit (Macherey-Nagel) was used. The isolated

plasmids were further analyzed by Sanger sequencing (Eurofins Genomics).

For constructing a suitable expression vector of the Sec translocon of P. aeruginosa, a pTrc99a-based
plasmid (Amann, Ochs and Abel, 1988) containing the Sec translocon genes of E. coli (pEK20, generous
gift from Arnold Driessen) served as a template. Following a consecutive replacement of the
corresponding E. coli genes with those of P. aeruginosa using Gibson assembly resulted in the plasmid
harboring the genes encoding for the target translocon. This initial construct (pAT3) encodes for an N-
terminal deca-histidine tag followed by a flexible linker and an HRV-3C protease cleavage motif prior

the SecY gene. In course of further optimizations for functionality, the existing vector (pAT3) was
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shortened in the N-terminal region. The resulting construct contains a shorter hexa-histidine tag which
is directly connected to an enterokinase cleavage site (pAT90). In aim to increase the transport of
substrates through the Sec translocon, a double mutant of SecYr2s1v, 4osn (pAT113) was created by site-
directed mutagenesis of the recent construct. It is known for the SecY homolog of E. coli, that this
double mutant, termed priA4, has a decreased specificity for client proteins, allowing for translocation
of substrates with defective signal peptide (Van Der Wolk et al, 1998; de Keyzer et al., 2002).
Furthermore, a single-cysteine variant of SecYEG was created by site-directed mutagenesis by Alexej
Kedrov. Therefore, a construct encoding for single-cysteine on SecEsiisc was used and the N-terminal
tag was shortened by site-directed mutagenesis. The resulting construct encodes for Hise-EK-

SecYEsi1scG (pAT109) which was utilized for functional studies.

The amplified sec4 gene of P. aeruginosa PAO1 was initially inserted into pET21a vector using the
Ndel/Hindlll restriction sites. The resulting construct features the expression of SecA with a flexible
C-terminal hexa-histidine tag after a linker region. This construct was further modified by site-directed
mutagenesis to introduce an HRV-3C protease cleavage motif prior the histidine tag and resulted to the
final expression plasmid (pAT76) utilized for the present studies. Additionally, a similar pET21a-based
construct encoding for SecA of E. coli was used for the expression and served as a reference in early

trials (Kamel et al., 2022).

The amplified SecB gene of P. aeruginosa PAO1 was cloned into a pRSFDuet-1 vector
(Novagen/Merck) using Notl/Nhel restriction sites. The resulting construct (pAT7) features the
expression of SecB with an N-terminal octa-histidine tag followed by a flexible linker and an HRV-3C

protease cleavage motif.

The genes encoding for trigger factor (TF) and CsaA of P. aeruginosa PAO1 were cloned into suitable
expression vectors. The gene encoding for TF PA1800 (#ig) was inserted into pET21a using Ndel/Xhol
restriction sites and featuring the expression of a C-terminal hexa-histidine tag (pAT62). For insertion
of CsaA-encoding gene PA3221 (csaAd) into a suitable expression vector, a pBAD-based expression
vector was used with Kpnl/Hindlll as restriction sites (Guzman et al., 1995). The resulting construct
(pAT102) allows for the expression of the chaperone CsaA with an N-terminal octa-histidine tag

followed by a flexible linker and an HRV-3C protease cleavage motif.

As a reference substrate, the precursor of the outer membrane protein A (proOmpA) was used in the
present study. proOmpA represents a substrate that is commonly used for in vifro transport studies
through Sec system. A pTrc99a-based plasmid encoding for a single-cysteine mutant (proOmpAcszozs)
was used for its expression (van der Does et al., 2000). In aim to create suitable expression vectors for
Sec transport substrates which originate from P. aeruginosa, multiple constructs were generated. For
the creation of a suitable expression vector of proLipA, the codon optimized sequence of the gene
PA2862 (lipA) (Integrated DNA Technologies) encoding for the precursor form of the lipase A
(proLipA), was inserted into pET21a by using the restriction sites BamHI/HindIII (pAT35). Later, the
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N-terminal T7 tag was removed by site-directed mutagenesis (pAT80, proLipA-Hiss) as well as the
C-terminal hexa-histidine tag (pAT83, proLipA). Additionally, in aim to enhance the transport
efficiency, constructs encoding for a less aggregating mutant of proLipArise (Papadopoulos et al.,
2022) were created, either with C-terminal hexa-histidine tag (pAT84, proLipAri4e-Hiss) or without
that (pAT8S5, proLipArise). Constructs encoding for single-cysteine (C183S) variants of proLipA
(pAT98) and proLipAriaue (pPAT99) were created by site-directed mutagenesis. In aim to increase the
potential for periplasmic localization of the lipase, the gene encoding for LipAri44g were inserted into
pET22b (Novagen/Merck) by using Ncol/BamHI restriction sites (pAT117). The vector pET22b was
chosen, because it harbors the signal peptide of pectate lyase B (SPpeig) of Erwinia carotovora which is

commonly used for efficient periplasmic secretion of fused proteins.

Genes encoding for further substrates for translocation were cloned. Those included the precursor forms
of PA4813 (lipC) for the second extracellular lipase C of P. aeruginosa PAO1, PA4067 (oprG) for the
outer membrane protein G (OprG), PA1777 (oprF) for the outer membrane protein F (OprF) and
PA1954 (fapC) for the functional amyloid-forming protein FapC. During the experimental procedures
it turned out that the subset of the chosen Pseudomonas preproteins did not express sufficiently. To
solve that issue the DNA sequences in the gene region encoding for the signal peptides (SP) were codon
optimized by site-directed mutagenesis. Therefore, the SP positions were identified via SignalP-5.0
algorithm (Petersen et al., 2011), the corresponding gene sequence was analyzed and codon-optimized
by utilization of codon optimization tool (Integrated DNA Technologies, IDT). Primers containing the

codon-optimized gene region were designed and used for extensional PCR.

To assemble a plasmid of proLipC expression, the gene was inserted into pET21a via BamHI/HindIIl
sites following the same approach as for proLipA cloning. The final pET21a-based construct lacks the
N-terminal T7 tag and encodes for proLipC (pAT86). A construct encoding for a single-cysteine variant
(pAT100, C183S) of proLipC was created by site-directed mutagenesis. For proOprG, the gene was
initially cloned into the same pTrc-based expression vector as proOmpA. Unfortunately, that construct
did not express. In a further step, SP-encoding gene region was codon-optimized by site-directed
mutagenesis. Still, the expression did not lead to a sufficient result, thus the target gene of proOprG with
codon optimized SP (CO-SP) was subcloned into pET21a-based vector by Gibson Assembly. The final
construct lacks the N-terminal T7 tag and encodes for proOprG with a C-terminal cysteine residue
(F232C) allowing for fluorescent labeling (pAT88). For proOprF, the gene of interest was inserted into
pET21a-based vector lacking the N-terminal T7 tag via EcoRI/Hindlll restriction sites. The resulting
construct encodes for proOprF (pAT133). For proFapC, a pET28b-based construct was initially created
by using Ncol/HindlIII restriction sites to insert the gene of interest (pAT119), later the SP region was
partially codon-optimized by site-directed mutagenesis to increase expression levels. Both constructs
encode for proFapC with an additional glycine (G2) after the start methionine (pAT121). A further
mutation occurred during cloning procedures being A253T but was not considered critical for the

purpose of the project which was primary the transport through Sec system.
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3.2.2 Expression and purification procedures

The heterologous expression of Sec components of P. aeruginosa PAO1 was conducted in E. coli . The
success of the expressions was determined by sodium dodecyl sulfate poly acrylamide gel
electrophoresis (SDS-PAGE) stained with colloidal chemical Coomassie solution (Quick Coomassie
stain, Serva). The samples were mixed with 5 x sample loading buffer (0.25 M Tris/HCI pH 6.8, 0.5 M
DTT, 10 % SDS, 60 % glycerol, 0.02 % (w/v) bromophenol blue). The protein concentration was
determined spectrophotometrically by measuring the absorbance (A) at 280 nm and further calculations

based on the molar extinction coefficient given by ProtParam tool (Gasteiger et al., 2005).

3.2.2.1 Expression and purification of P. geruginosa PAO1 SecYEG translocon

The constructs encoding for SecYEG variants of P. aeruginosa PAO1 were heterologously expressed
in E. coli C41(DE3). The protocol is oriented on recent research (Kamel et al., 2022). Overnight cultures
were grown at 37°C upon shaking at 180 rpm and used for inoculation of pre-warmed LB medium
(Luria-Bertani medium or lysogeny broth, yeast extract 5 g/l, tryptone 10 g/l, NaCl 10 g/l). Bacterial
cells were kept for growing at 37°C upon shaking at 180 rpm while the OD of the culture was measured
in several time points. At ODsoo of 0.6 overexpression was induced upon addition of 0.5 mM isopropyl-
B-D-thiogalactopyranoside (IPTG; Merck/Sigma-Aldrich) and carried out for 2 h at the same conditions.
The cells were harvested by centrifugation at 6000 g for 15 min at 4°C (rotor SLC-6000, Sorvall/Thermo
Fisher) and subsequently resuspended in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Hepes)/KOH pH 7.4, 50 mM KOAc, 5 mM Mg(OAc),, | mM DTT, cOmplete protease inhibitor
(Roche), 5 % glycerol. Cells were lysed by mechanical disruption (M-110P cell disruptor Microfluidics
Inc.). The cell debris was removed by centrifugation at 10000 g for 10 min at 4°C (rotor SS34,
Sorvall/Thermo Fisher). To pellet the crude membranes, ultracentrifugation at 205000 g for 1 h at 4°C
(rotor 45 Ti, Beckman Coulter) was conducted. The membranes were resuspended in 20 mM
Hepes/KOH pH 7.4, 50 mM KOAc, 5 mM Mg(OAc),;, | mM DTT, cOmplete protease inhibitor, 5 %
glycerol. Isolated membranes were flash-frozen with liquid nitrogen and stored at -80°C until further
utilization. For solubilization the membranes were put to 50 mM Hepes/KOH pH 7.4, 500 mM KClI,
0.2 mM tris-(2-carboxymehtyl)-phosphine (TCEP; Thermo Fisher), cOmplete protease inhibitor, 5 %
glycerol, n-dodecyl-B-D-maltopyranoside (DDM) and incubated for 1 h at 6°C on a rolling table. The
samples were applied for centrifugation at 20000 g for 10 min at 4°C (Hermle Z216 M) to remove the
non-soluble material. After solubilization, the translocons were purified by immobilized metal ion
affinity chromatography (IMAC). His-tagged translocons were immobilized on nickel-nitrilotriacetic
acid agarose resin (Ni**-NTA resin; Qiagen) equilibrated with wash buffer (50 mM Hepes/KOH pH 7.4,
500 mM KCIL, 0.2 mM TCEP, 20 mM imidazole, 5 % glycerol, 0.1 % (w/v) DDM). The translocons
were incubated for binding on the Ni*-NTA resin for 1 h at 6°C on a rolling table. Afterwards, the
SecYEG-loaded resin was washed extensively with the wash buffer to remove non-specifically and

weakly-bound impurities, and the protein was eluted with elution buffer (50 mM Hepes/KOH pH 7.4,
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150 mM KCl, 0.2 mM TCEP, 300 mM imidazole, 5 % glycerol, 0.1 % (w/v) DDM) in several fractions.
Alternatively, the translocons were purified in different buffering systems, including tris
(hydroxymethyl)aminoethane (Tris) as buffering agent. The expression and purification procedures
remain very similar, utilizing the following buffers, cell resuspension buffer (20 mM Tris/HCI pH 7.5,
150 mM KOAc, 5 mM Mg(OAc),, 5 % glycerol, 0.2 mM phenylmethylsulfonyl fluoride (PMSF:
Roche), solubilization buffer (20 mM Tris/HCI pH 7.5, 150 mM KOAc, 0.2 mM TCEP, 5 % glycerol,
1 % (w/v) DDM), wash buffer (20 mM Tris/HCI pH 7.5, 500 mM KOAc, 0.2 mM TCEP, 10 mM
imidazole, 0.1 % (w/v) DDM) and elution buffer (20 mM Tris/HCI pH 7.5, 150 mM KOAc, 0.2 mM
TCEP, 300 mM imidazole, 5 % glycerol, 0.1 % (w/v) DDM). The different buffer composition did not
affect the purity of the sample. To remove the imidazole, the eluted protein fractions were applied to
PD-10 desalting column (Cytiva) and transferred to desired buffer composition suitable for downstream
analysis. Optionally, the protein subjected to size exclusion chromatography (SEC) using a Superdex
200 Increase 10/300 GL column (Cytiva) in desired buffer compositions (e.g., 20 mM Tris/HCI pH 7.5,
150 mM KOAc, 0.2 mM TCEP, 5 % glycerol, 0.05 % (w/v) DDM) unless otherwise stated. The success
of the purification was further evaluated by SDS-PAGE. Samples were flash-frozen in liquid nitrogen
and stored at -80°C until further usage.

3.2.2.2 Polymer-based extraction and fluorescent labeling of SecYEG

In aim to isolate SecYEG within near-native nanodiscs (NDs), 200 pl membranes containing
overexpressed single-cysteine variant SecYEsiiscG (pAT109), were applied for solubilization with
2.5 % (w/v) diisobutylene-maleic acid (DIBMA) polymers for 1 h at 37°C in 50 mM Tris/HCI pH 8.0,
100 mM NaCl, 10 % glycerol, 0.2 mM TCEP, cOmplete protease inhibitor in a total volume of 2 ml.
Meanwhile, 400 pl of Ni*-NTA agarose resin (Qiagen) was washed extensively with MQ and
equilibrated with 2 ml of 50 mM Tris/HCI pH 8.0, 100 mM NaCl, 10 % glycerol, 0.2 mM TCEP, 5 mM
imidazole, cOmplete protease inhibitor cocktail. After solubilization, the samples were centrifuged at
100000 g for 30 min at 4°C to remove non-solubilized material. Subsequently, each sample was applied
for binding to Ni*’-NTA resin for 17 h (overnight) at 4°C, rotating on a vertical rotational mixer at
moderate rpm to avoid the generation of foam. The next day, the flow-through was collected and the
loaded Ni**-NTA beads were washed with 5 ml of 50 mM Tris/HCI pH 8.0, 100 mM NaCl, 10 %
glycerol, 0.2 mM TCEP, 10 mM imidazole, cOmplete protease inhibitor cocktail. For fluorescent
labeling, the sample was incubated for 2 h at 4°C rolling with 1 ml 50 mM Tris/HCI pH 8.0, 100 mM
NaCl, 10 % glycerol, 5 mM imidazole, 40 uM Alexa Fluor 488-maleimide (Thermo Fisher). After
incubation, the sample was slowly washed with 2 ml of 50 mM Tris/HCI pH 8.0, 100 mM NacCl, 10 %
glycerol, 5 mM imidazole by gravity flow. The elution was conducted in three fractions of 400 pl with
50 mM Tris/HCI pH 8.0, 100 mM NacCl, 10 % glycerol, 300 mM imidazole. The sample was analyzed
by SDS-PAGE to control the purification efficiency and labeling specificity. Prior staining with colloidal

chemical Coomassie solution (Quick Coomassie stain, Serva), the gel was fluorescently imaged. To
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remove the imidazole and for measuring, the sample was diluted 10 — 20 x times with 50 mM Tris/HCl
pH 8.0, 100 mM NaCl, 10 % glycerol and applied to 30 kDa cut-off concentrating devices (Amicon;
Merck/Millipore). After several dilution and re-concentration cycles, the final imidazole concentration
in the sample reached approximately 1.8 uM which allowed to use the sample for further biochemical
and biophysical investigations. As the translocon represents the major compound in the polymer-based

near-native ND, the concentration of translocons was estimated spectrophotometrically.

3.2.2.3 Expression and purification of soluble Sec components

Overexpression of P. aeruginosa SecA and SecB was carried out heterologously in E. coli BL21(DE3)
using pAT76 and pAT7 constructs. In brief, overnight cultures were grown at 37°C upon shaking at
180 rpm and used to inoculate pre-warmed LB medium. As soon as the cultures reached ODggo of 0.6,
the overexpression was induced upon addition of 0.5 mM IPTG and carried out for 2 h at 37°C shaking
at 180 rpm. Cells were harvested by centrifugation at 5000 g for 15 min at 4°C (rotor SLC-6000,
Sorvall/Thermo Fisher) and subsequently resuspended in 20 mM Tris/HCI pH 7.5, 50 mM KOAc,
10 mM Mg(OAc),, 1 mM 1,4-dithiothreitol (DTT; Merck/Sigma-Aldrich), 20 % glycerol, cOmplete
protease inhibitor cocktail for SecA and 20 mM Tris/HCI pH 7.5, 50 mM KOAc, 5 mM Mg(OAc),,
1 mM DTT, 5 % glycerol, 0.2 mM PMSF for SecB. Cells were lysed by mechanical cell disruption
(M-110P cell disruptor Microfluidics Inc.) and the debris as well as the crude membranes were removed
by ultracentrifugation at 205000 g for 45 min at 4°C (rotor 45 Ti, Beckman Coulter). For the subsequent
purification of SecA by IMAC, a 1 ml HisTrap FF column (Cytiva) was utilized based on the supplier
protocol. The column was rinsed with 5 column volume (CV) of deionized water (MQ) and further
equilibrated with 5 CV of buffer (20 mM Tris/HCI pH 7.5, 250 mM KOAc, 5 mM Mg(OAc),, | mM
DTT, 20 % glycerol, cOmplete protease inhibitor cocktail, 5 mM imidazole). The clarified lysate was
loaded to the column by utilization of a peristaltic pump with a flow-rate of 1 ml/min at 4°C. Afterwards,
the column was connected to a chromatography apparatus (AKTA pure, Cytiva/GE Life Sciences). Two
buffers were prepared to contain no (Buffer A) and 300 mM imidazole (Buffer B) in 20 mM Tris/HCl
pH 7.5, 250 mM KOAc, 5 mM Mg(OAc),, | mM DTT, 20 % glycerol, cOmplete protease inhibitor
cocktail, and were connected to different pumps of the system. Application of a gradient flow between
Buffer A and B allowed to conduct various wash steps of the column prior elution, including a 10 ml
wash with 10 mM imidazole and a further 20 ml with 20 mM imidazole to remove possible
non-specifically bound impurities from the column matrix. The elution step was conducted by
application of 300 mM imidazole (100 % Buffer B) for 10 ml and collected in 1 ml fractions. The main
peak fractions were analyzed by SDS-PAGE stained with colloidal chemical Coomassie solution (Quick
Coomassie stain, Serva). Afterwards the sample was applied for SEC on Superose 6 Increase 10/300
GL column (Cytiva) in 20 mM Tris/HCI pH 7.5, 50 mM KOAc, 5 mM Mg(OAc),, | mM DTT, 20 %
glycerol. SecB was purified by manual IMAC utilizing Ni**-NTA agarose resin (Qiagen). In brief, the
Ni**-NTA resin was rinsed extensively with MQ and equilibrated with wash buffer (20 mM Tris/HC]
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pH 7.5, 500 mM KOAc, 5 mM Mg(OAc),, | mM DTT, 5 % glycerol, 20 mM imidazole). SecB was
applied for binding to the resin for 1 h at 6°C on a rolling table. Afterwards, the loaded Ni*’-NTA resin
was extensively washed with wash buffer. The elution of SecB from the Ni**-NTA beads was conducted
in 0.5 ml fractions upon addition of elution buffer (20 mM Tris/HCl pH 7.5, 150 mM KOAc,
5 mM Mg(OAc),, 1| mM DTT, 5 % glycerol, 300 mM imidazole, 0.2 mM PMSF). The sample was
applied to SEC on Superdex 200 Increase 10/300 GL column (Cytiva) in 20 mM Tris/HCI pH 7.5,
50 mM KOAc, 5 mM Mg(OAc),, 1| mM DTT, 5 % glycerol for further purification to homogeneity.
When needed for further experiments, the protein was buffer exchanged by usage of desalting column
(PD10, Cytiva) to match the desired buffer or purified in other buffering conditions. The protein samples
were analyzed by SDS-PAGE and stained with colloidal chemical Coomassie solution (Quick
Coomassie stain, Serva). The concentration of the purified proteins was determined

spectrophotometrically.

For the heterologous overexpression of trigger factor (TF), the strain E. coli BL21(DE3) harboring
PAT62 plasmid was utilized. This construct encodes for trigger factor of P. aeruginosa PAO1 with a
fused hexa-histidine tag on the C-terminus (TF-Hiss). A single colony was used for growing a pre-
culture in LB supplied with 100 pg/ml ampicillin at 37°C overnight shaking at 180 rpm. These growth
conditions were kept throughout the whole expression procedure. The pre-culture used to inoculate pre-
warmed LB media with supplied with ampicillin. The cells were grown until reaching ODgoo ~ 0.6 and
overexpression was induced for 2 h upon addition of 0.5 mM IPTG. Afterwards the cells were harvested
by centrifugation at 5000 g for 15 min at 4°C. After harvesting, the cell pellet was suspended in 20 ml
cell resuspension buffer (20 mM Tris/HCI pH 7.5, 50 mM KCI, 1 mM DTT, 0.2 mM
phenylmethylsulfonyl fluoride (PMSF), 5 % glycerol) and flash-frozen in liquid nitrogen and stored at
-80°C until further usage. For purification, the cells were thawed in water at room temperature upon
occasional vortexing. The cells were lysed by mechanical disruption (M-110P cell disruptor,
Microfluidics Inc.). The cell lysate applied for ultracentrifugation on 205000 g for 1 h at 4°C to pellet
the cell debris and membranes, while the soluble proteins remain in the supernatant. For binding, 20 ml
of clarified supernatant were applied for IMAC on 0.5 ml Ni**-NTA beads (Qiagen). Therefore, the
Ni?*-NTA resin was prior rinsed with 60 ml MQ and subsequently equilibrated with 10 ml wash buffer
(20 mM Tris/HCI1 pH 7.5, 500 mM KCI, 1 mM DTT, 0.2 mM PMSF, 10 mM imidazole, 5 % glycerol).
The incubation for binding was conducted at 6°C for 1 h rolling. Afterwards, the flow-through was
collected and the TIG-loaded Ni**-NTA resin was rinsed with 20 ml wash buffer for 3 times. The first
wash fraction was collected. The captured protein was eluted from the Ni**-NTA beads in several
fractions, by adding of 800 pl elution buffer (20 mM Tris/HCI pH 7.5, 500 mM KCl, 1 mM DTT,
0.2 mM PMSF, 300 mM imidazole, 5 % glycerol) per fraction. The fractions were analyzed by SDS-
PAGE. Further, purified TIG was applied for SEC on Superdex 200 Increase 10/300 GL (Cytiva) in
20 mM Tris/HCI1 pH 7.5, 50 mM KOAc, 5 mM Mg(OAc),, | mM DTT, 5 % glycerol. Prior SEC, the
IMAC fractions were centrifuged at 100000 g for 1 h at 4°C to remove occasional aggregates.
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For the heterologous expression of CsaA, the strain E. coli BL21(DE3) harboring the construct pAT102
encoding for Hiss-3C-CsaA was used. As described above, a single colony was used to grow a pre-
culture overnight which served to inoculate pre-warmed LB media supplied with 100 pg/ml ampicillin.
The growth conditions were set at 37°C upon 180 rpm shaking and kept throughout the whole
cultivation. The overexpression was induced at ODgoo ~ 0.6 by addition of 0.2 % (w/v) L-arabinose to
the culture. The cells were harvested and purified as described above for TIG. In brief, the cells were
resuspended in 20 mM Tris/HCI pH 7.5, 100 mM NaCl, 10 % glycerol, 0.2 mM PMSF. For IMAC, the
wash buffer contained 20 mM Tris/HCI pH 7.5, 500 mM NaCl, 10 % glycerol, 10 mM imidazole. The
elution buffer contained 20 mM Tris/HCI pH 7.5, 100 mM NacCl, 10 % glycerol, 300 mM imidazole.
After IMAC the samples were applied for SEC on Superdex 200 Increase 10/300 GL column (Cytiva)
in 20 mM Tris/HCI pH 7.5, 100 mM NacCl, 10 % glycerol, and the peak fractions of CsaA were analyzed
by SDS-PAGE. The samples were flash-frozen with liquid nitrogen and stored at -80°C until further

usage.

3.2.2.4 Expression, purification, and fluorescent labeling of Sec substrates

Pseudomonas preproteins were expressed in E. coli BL21(DE3) for proLipA variants and E. coli
Rosetta™ (DE3) pLysS (Novagen/Merck) for proLipC and proLipC variants, proOprG, proOprF and
proFapC. In aim to accumulate the precursor form of the protein in the cytoplasm and to avoid signal
peptide cleavage, the following protocol was applied which is oriented on previous research (Oliver et
al., 1990). Briefly, pre-cultures were grown overnight at 37°C upon shaking at 180 rpm and used for
inoculation of LB media with appropriate antibiotics. The inoculated cell cultures were grown at same
conditions until reaching ODgsgo~ 0.6, and 4 mM sodium azide (NaN3) were added to the culture from a
freshly prepared 0.5 M stock solution. The addition of sodium azide inhibits protein secretion to the
periplasm (Oliver et al., 1990). The cultures were let 10 min for incubation with NaN; in the same
conditions, prior inducing the overexpression by addition of 0.5 mM IPTG to the media. The cultivation
for overexpression last for 2 h at 37°C upon shaking at 180 rpm. The cells were harvested by
centrifugation at 4000 g for 20 min at 4°C. The overexpressed protein accumulated in the cytoplasm
resulting in the formation of inclusion bodies. For the isolation of the inclusion bodies, the protocol is
oriented on previous studies (Hausmann, 2008; Dollinger, 2018). The harvested cells were suspended
in buffer IB (50 mM Tris/HCI pH 7.0, 5 mM EDTA, 1 mM TCEP, 10 pg/ml DNase I and 50 pg/ml
lysozyme) with 1 ml per 0.1 g of cells, transferred to 2 ml reaction tubes (Sarstedt) and incubated
15 min at RT with slight agitation on a rolling bench. The cells were lysed by sonication utilizing the
following pulses: 30 seconds at 50 % amplitude and 0.8 cycles, 30 seconds at 60 % amplitude and
0.8 cycles, 30 seconds at 80 % amplitude and 0.8 cycles (Ultrasonic homogenizer UP100H (100W)
equipped with an M3 sonotrode/ultrasonic horn (Hielscher Ultrasonics). During the sonication
procedure the samples were kept on ice. After cell lysis, the solution was centrifuged at 15000 g for 10

min at 4°C utilizing a bench top centrifuge. After centrifugation, the supernatant (SN) was removed,

37



and the pellet was suspended in 0.5 — 1 ml of buffer IB and put again for centrifugation at 15000 g for
10 min at 4°C. This step was repeated for two times. Afterwards, the pellet was suspended only in 50
mM Tris/HCI pH 7.0 to remove residual amounts of previous buffering agents and put again for
centrifugation at the same parameters. After centrifugation the SN was removed, and the pellet was
suspended in buffer with urea (20 mM Tris/HCI pH 7.25, 8 M urea) to cause chaotropically induced
unfolding of the protein. The resulting solution put for centrifugation at 21380 g for 10 min at 4°C to
remove residual impurities and transferred to reaction tubes for storage (Low Protein Binding, Sarstedt).
Optionally, the chaotropically unfolded proteins were purified by ion exchange chromatography based
on the supplier’s protocol (HiTrap Q HP column, Cytiva).

For the overexpression of substrates originating from E. coli, being the precursor of the outer membrane
protein A (proOmpA) already pre-existing plasmids were used. For proOmpA, the plasmid pET502
encoding for single-cysteine mutated proOmpAc3o2s was used. For the overexpression the E. coli MM52
strain was utilized (Oliver and Beckwith, 1981). In brief, a preculture grown overnight at 30°C upon
shaking at 180 rpm was used to inoculate LB media supplied with 100 pg/ml ampicillin. The culture
was grown at the same conditions until ODgoo~ 0.6 and 4 mM NaN3 were add to the culture and let grow
at 37°C upon shaking at 180 rpm for 10 min. The overexpression was induced by addition of 0.5 mM
IPTG, and cells were cultivated for expression for 2 hs at 37°C upon 180 rpm shaking.

The isolated substrates were also applied for fluorescent labeling with fluorescein-5-maleimide (Thermo
Fisher Scientific). 10 — 20-fold molar excess of the dye was added to the urea-denatured proteins. The
sample was filled with urea buffer to 300 — 500 pl final volume to ensure proper mixing in the tube.
Then the sample was put on a rolling table in dark conditions and incubated at 6°C overnight. The next
day, the sample was precipitated with 20 % (w/v) trichloroacetic acid (TCA) for 30 — 60 min on ice.
After incubation, centrifugation at 21380 g for 15 min at 4°C was conducted to pellet the aggregated
protein. The supernatant was removed, and 1 ml of ice-cold acetone was added to the sample for washing
by vortexing. The sample was put for centrifugation at 21380 g for 15 min at 4°C again and the SN was
removed afterwards. Optionally, the acetone-wash can be repeated to remove free dye.
A subsequent drying step at 37°C was utilized for 15 min to enable evaporation of remained acetone.
The pellet was suspended with 20 mM Tris/HCI pH 7.25, 8 M Urea. Finally, the substrate proteins were

aliquoted, flash-frozen with liquid nitrogen and stored at -80°C until further usage.

3.2.3 Isolation of bacterial inner membranes vesicles

To separate inner and outer membrane fractions, 20 and 70 % (w/v) sucrose solutions were prepared in
20 mM Tris/HCI pH 7.5, 150 mM KOAc, 5 mM Mg(OAc), and applied to centrifuge tubes (Open-Top
Thinwall Ultraclear, Beckman Coulter) on a Gradient Station (BioComp Instruments) to generate a
continuous density gradient. Crude bacterial membranes were applied on top and centrifuged for 16 h
at 110000 g at 4°C (SW40 rotor, Beckman Coulter) (Kanonenberg et al., 2019). After centrifugation,

the gradient was harvested in fractions of 1 ml utilizing the Gradient Station. When the last fraction #12
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was incompletely collected, calculation based on the piston position were used to complete the fraction
for the figures. Spectral profiling of the gradients during fractionation procedure was conducted by UV
measurement at 280 nm through the equipped Triax Flow Cell (BioComp Instruments). Collected
fractions were further analyzed by SDS-PAGE. For this, 5 pl of fraction were mixed with 5 pl of
5 x sample loading buffer (SB) and run on 15 % acrylamide gel, then stained with colloidal chemical
Coomassie solution (Quick Coomassie stain, Serva). The fractions containing inner membrane vesicles
(IMVs) were pulled together and diluted at least 5-fold, to fill the maximal volume of the
ultracentrifugation tube, with 20 mM Tris/HCI, 150 mM KOAc, 5 mM Mg(OAc), to decrease the
sucrose concentration. The solution was mixed by vortexing and applied for ultracentrifugation at
205000 g (Ti 60, Beckman Coulter) for 1 h at 4°C to pellet the IMVs. Afterwards, the supernatant was
removed and the IMVs were suspended in 20 mM Tris/HCI pH 7.5, 50 mM KOAc, 5 mM Mg(OAc),,
5 % glycerol, optionally with or without 0.2 mM PMSF. The density of the membranes was estimated
spectrophotometrically by absorbance. The IMVs were aliquoted, and flash-frozen with liquid nitrogen

for storage at -80°C. Optionally, in aim to isolate larger amounts of IMVs, the SW32 rotor was utilized.

3.2.4 Liposome preparation and reconstitution of SecYEG

For the creation of liposomes with tailored lipid composition, synthetic lipids (Avanti Polar Lipids, Inc.)
were used from chloroform stocks of known concentrations. For liposome formation 10 pmol of lipids
were used. The lipid composition of the liposomes is indicated in the results section. Mixing of the lipids
in defined ratios and subsequent application for evaporation under vacuum conditions let to removal of
chloroform and formation of lipid film on the surface of the glass reaction tube. Therefore, the tube was
connected to a rotary evaporator (IKA) with 140 rpm and put on heating at 40°C for at least 15 min. The
pressure applied by the vacuum pump was regulated by a valve and kept below 200 mbar. Afterwards,
the lipid film was carefully resuspended 2 ml buffer (50 mM Hepes/KOH pH 7.4, 50 or 150 mM KCI)
to obtain a concentration of 5 mM liposomes. The liposomes were extruded using the Mini-Extruder set
(Avanti Polar Lipids, Inc.) and porous polycarbonate membranes (Nuclepore, Whatman). In this
procedure, the crude liposomes were extruded initially by eleven passes through 400 nm and
subsequently by another round of eleven passes through 200 nm pore size membranes. The protocol is
oriented on previous research (Kamel et al., 2022). For the reconstitution of purified SecYEG, the
liposomes were destabilized with 0.2 % (w/v) DDM or 0.5 % (w/v) Triton X-100 at 40°C for 10 min.
1 nmol of the protein was reconstituted in 1:1000 protein to lipid ratio, thus 200 pl of liposomes from
5 mM stock were used for the procedure. The translocons were diluted with 50 mM Hepes/KOH
pH 7.4, 50 or 150 mM KCI, 0.2 mM TCEP, 5 % glycerol, 0.1 % (w/v) DDM to obtain
1 nmol of the protein in 400 ul. After destabilization, the liposomes were added to the protein and kept
on ice for 30 min. To remove the detergent, 100 mg/ml Bio-Beads SM-2 were prepared based on the
manufacturer guidelines (Bio-Rad). After incubation on ice, the sample solution was transferred to

70 mg of Bio-Beads and incubated at 6°C rolling over night. The next day, the solution was transferred
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for ultracentrifugation at 166300 g for 45 min at 4°C to pellet the proteoliposomes. As 200 pl of the
liposomes were utilized for reconstitution, the resulting proteoliposomes were resuspended in the same
volume in buffer (50 mM Hepes/KOH pH 7.4, 50 or 150 mM KCI). To check the orientation of the
reconstituted translocons, the N-terminal tag of SecY was proteolytically digested by enterokinase (EK).
For correctly oriented translocons, the N-terminus of SecY is exposed outside of the proteoliposomes,
thus the integrated enterokinase cleavage motif becomes accessible for cleavage by the protease. The
resulting change of the molecular weight between cleaved and non-cleaved samples is detectable by
SDS-PAGE. 5 pl proteoliposomes were added to a 1.5 ml reaction tube with or without 1 pl enterokinase
light chain (New England Biolabs) and filled total volume of 20 pl with 20 mM Tris/HCI pH 8.0,
50 mM NaCl. The samples were incubated overnight at 25°C with slight agitation. Afterwards, 10 ul of
the samples were withdrawn and mixed with 10 pl of 5 x SDS Sample Buffer and subsequently applied
for SDS-PAGE. The cleavage efficiency was determined by comparing the band intensities of cleaved
and non-cleaved samples after staining (ImageQuant TL, Cytiva/GE Life Sciences). Detergent-purified
translocons were used as a reference indicating the maximal cleavage. The subtraction of the background

signal was conducted by using the implemented Local average algorithm.

3.2.5 Size exclusion chromatography combined with multi angle light scattering

SEC — MALS was conducted to determine the oligomeric state of the Sec components. Purified proteins
of 0.25 — 0.3 mg/ml concentration were centrifuged at 100000 g for 1 h at 4°C to remove occasional
aggregates. After centrifugation, 450 — 500 pl of SecYEG were injected for SEC on Superdex 200
Increase 10/300 GL column (Cytiva). The column was connected to a miniDAWN TREOS I light
scattering device and Optilab-TrEX Ri-detector (Wyatt Technology Corp.). The buffer for SecYEG was
20 mM Tris/HCl pH 7.5, 100 mM KOAc, 0.2 mM TCEP upon addition of 0.05 and 0.1 % (w/v) DDM.
For analysis of the data, the software ASTRA 7.3.2was employed (Wyatt Technology Corp.). The

measurements were performed in collaboration with Eymen Hachani.

3.2.6 Small-angle X-ray scattering

For the data acquisition of SecA, SecB and CsaA of P. aeruginosa PAO1 a batch mode of measurements
was conducted and the beamline BM29 at the ESRF Grenoble was utilized which was equipped with a
PILATUS 2M detector (Dectris) at a fixed distance of 2.827 m for SecA and SecB and with 2.812 m for
CsaA (Pernot et al., 2010, 2013). The measurements were performed with concentrations ranging, for
SecA from 0.47 — 2.40 mg/ml at 10°C, for SecB with 0.75 — 4.57 mg/ml at 20°C and for CsaA
1.21 — 4.43 mg/ml at 10°C. The corresponding buffer for SecA and SecB consisted of 20 mM Tris/HCI
pH 7.5, 50 mM KOAc, 5 mM Mg(OAc),, | mM DTT, 5 % glycerol, while for CsaA the buffer contained
only 20 mM Tris/HCI1 pH 7.5, 100 mM NacCl, 5 % glycerol. For SecA and CsaA, one frame collected

per second and the data scaled to absolute intensity against water.
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The SAXS measurement for TIG was conducted at the Center for Structural Studies of the Heinrich
Heine University Diisseldorf. The data was collected in-house at Xeuss 2.0 Q-Xoom system from
Xenocs which was equipped with a PILATUS 3 R 300K detector (Dectris) and a GENIX 3D CU Ultra
Low Divergency x-ray beam delivery system. The sample-to-detector distance was set at 0.55 m for this
experiment and resulted in an achievable g-range of 0.1 — 6 nm™. The sample concentration was
1.3 mg/ml in 20 mM Tris/HCI pH 7.5, 50 mM KOAc¢, 5 mM Mg(OAc),, 1 mM DTT, 5 % glycerol and
the measurements were conducted at 15°C . The sample was injected via an autosampler into the Low
Noise Flow Cell (Xenocs). For that sample, 24 frames with an exposure time of ten min were collected.

The data was scaled to the absolute intensity of water.

All used programs for data processing were part of the ATSAS Software package (version 3.0.3)
(Manalastas-Cantos et al., 2021). Primary data reduction was performed with the program PRIMUS
(Konarev et al., 2003). With the Guinier approximation, the forward scattering 1 (0) and the radius of
gyration (Rg) were determined (Guinier, 1939). The GNOM software was used to estimate the
maximum particle dimension (Dmax) with the pair-distribution function p (r) (Svergun, 1992). Low
resolution models were calculated with GASBORMX (Svergun, Petoukhov and Koch, 2001; Petoukhov
etal.,2012). SASREFMX was employed for the reconstruction of the calculated dimers (SecA and TIG)
(Petoukhov and Svergun, 2005; Petoukhov ef al., 2012). For CsaA, the missing N-terminus containing
the purification tag was added with the software CORAL (Petoukhov et al., 2012). The superimpositions
of the predicted models were enabled by the software SUPCOMB (Kozin and Svergun, 2001). All SAXS
measurements and analysis were conducted in tight collaboration with Jens Reiners from the Center for

Structural Studies at the Heinrich Heine University of Diisseldorf.

3.2.7 Microscale Thermophoresis

MST was used to check on interactions between the SecYEG and SecA from P. aeruginosa. A single-
cysteine variant of the translocon SecYEsi13cG (pAT109) was isolated by polymer-based extraction via
DIBMA and fluorescently labeled as described above (Chapter 3.2.2.2). The sample was applied for
ultracentrifugation at 100000 g for 30 min at 4°C to remove occasional aggregates. The concentration
of the sample was determined by UV/Vis and the sample was diluted to 200 nM in 20 mM Tris/HCI
pH 7.5, 50 mM KOAc, 0.5 mg/ml BSA, 5 % glycerol and protected from light. For the measurement
10 pl of the diluted sample were mixed with SecA ranging from 0.23 nM to 7.5 uM to a final volume
of 20 ul in a 0.5 ml reaction tube (Sarstedt). SecYEG:SecA samples were incubated for 15 min at RT in
the dark, then loaded into glass capillaries and applied for analysis by Monolith NT.115 instrument
(NanoTemper Technologies, Munich, Germany). The MST power was set to 80 % as well as the LED
power in the blue channel. The thermophoresis was detected over time by normalized fluorescence
traces for 30 seconds with 5 seconds set for delay and recovery. The aggregation of the samples was
monitored by a capillary profile scan. The data was evaluated by NT Analysis software (NanoTemepr

Technologies, Munich, Germany).
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3.2.8 Sedimentation analysis

The aggregation of the lipase precursor was investigated in various KOAc concentrations in presence or
absence of SecB. The previously described protocol to track lipase sedimentation was utilized with
minor modifications (Papadopoulos et al., 2022). For the reaction, 0.5 uM fluorescently labeled and
urea-denatured lipase precursor were diluted in 5 mM Tris, 5 mM glycine, 1 mM CaCl,, 5 % glycerol
to generate the master mix. 5 pM SecB was applied to 1.5 ml reaction tubes (Sarstedt) containing
20 mM Tris/HCl pH 7.5 and varying KOAc concentrations in aim to achieve the indicated ionic strength.
The master mix was applied to the tube, and the reaction was run and evaluated as described previously

(Papadopoulos et al., 2022).

3.2.9 Invitro protein translocation through Sec system

The translocation through the Sec system was investigated in vitro using various fluorescently labeled
substrates for transport. The protocol is oriented on previous research and contains only minor
modifications (de Keyzer, van der Does and Driessen, 2002). In brief, for the transport reaction with
inverted inner membrane vesicles (IMVs), a total reaction volume of 50 pl with IMVs
of 0.5-1 optical density, 1 uM SecA and 0.5-1 or 2.5 uM SecB* as well as 0.5-1 pM substrate were
added per reaction. The reaction buffer contains 20 mM Tris/HCl pH 7.5, 50 mM KOAc,
5 mM Mg(OAc),, 10 mM DTT, 50 pg/ml phosphocreatine kinase and 10 mM phosphocreatine.
Alternatively, KCl and MgCl, were utilized instead of KOAc and Mg(OAc), but did not affect the
performance of the assay. For the in vitro transport reaction into proteoliposomes, a total reaction
volume of 50 pl, including 10 pl proteoliposomes, 1 uM SecA and 1 uM SecB* as well as 1 uM substrate
were added per reaction. The reaction buffer contains 50 mM Hepes/KOH pH 7.4, 50 mM KClI,
5 mM MgCl,, 10 mM DTT, 50 pg/ml phosphocreatine kinase and 10 mM phosphocreatine. The samples
were incubated for 5 min at 37°C, and the transport reaction was started upon addition of 6 mM ATP.
The same reaction lacking ATP was used as negative control. After starting the transport reaction, all
samples were incubated for 15 min at 37°C. Afterwards, 10 % of the reaction volume were taken and
served later as reference for the preprotein input. 0.2 mg/ml proteinase K (Thermo Fisher Scientific)
was added to each reaction and mixed by modest vortexing. The samples were incubated at RT for
15 min, afterwards 20 % (w/v) TCA was added to the samples, and they were moved to ice for 15 min
incubation. After the incubation, the samples were centrifuged for at 21380 g for 15 min at 4°C to pellet
the precipitated sample. TCA was removed, and 1 ml of ice-cold acetone was added to the samples.
After a brief vortexing, the samples were centrifuged again at 21380 g for 5 min at 4°C. The acetone
was removed, and the samples were put for drying at 37°C for 10-15 min, until the residual acetone
evaporated. The dried precipitates were resuspended from the tube walls by 2 x SDS-PAGE sample
buffer, following subsequent incubation at 95°C for 5 min prior loading for SDS-PAGE. Successful
translocation of the transport substrates resulted in the prevention of proteolytic digest by the protease,

allowing to detect and quantify their in-gel fluorescence signal (ImageQuant TL, Cytiva/GE Life
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Sciences). The subtraction of the background signal was conducted via Local average algorithm. Based

on the signal of the preprotein input, the amount of the transported substrate was determined.
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3.3 Results

3.3.1 Establishment of the Sec system of P. aeruginosa PAO1

The first step to establish the Sec system of P. aeruginosa PAO1 was the successful overexpression of
the primary Sec components. The translocon SecYEG, the motor ATPase SecA and the holdase SecB
were individually expressed and purified. The overexpression was conducted heterologously in E. coli
expression strains (Figure 3.1). The histidine-tagged proteins were further purified by immobilized
metal ion affinity chromatography (IMAC). In further downstream processing, size exclusion
chromatography (SEC) was utilized to achieve highly homogeneous protein samples that were suitable
for further investigations (Figure 3.1). The overexpressed his-tagged SecYEG solubilized well in
commonly used detergent DDM. The purified protein complex indicates three main bands when
analyzed by SDS-PAGE, with a molecular weight (MW) for Hiss- SecY at ~ 38 kDa, for SecE at
~ 15 kDa and for SecG at ~ 17 kDa (Figure 3.1, A). When applied for SEC in 0.05 % (w/v) DDM, Hiss-
EK-SecYEG eluted at ~ 11.2 ml with a homogenous peak on Superdex 200 Increase 10/300 GL (Cytiva)
(Figure 31, A). Furthermore, SecA and SecB also purified well, and were further analyzed by SDS-
PAGE, with SecA migrating at ~ 105 kDa and SecB at ~ 20 kDa which matches for both the MW of the
monomers. When applied for SEC, SecA eluted at ~16.3 ml on Superose 6 Increase 10/300 GL and
SecB eluted at ~ 13.5 ml on Superdex 200 Increase 10/300 GL (Cytiva) indicating the MW of the SecA
dimer (~ 210 kDa) and SecB tetramer (~ 80 kDa) based on the observed elution volumes and in respect
to the column specifications (Figure 31, B and C). In aim to characterize the Sec translocon, the
oligomeric state of SecYEG in detergent micelles of two different DDM concentrations, 0.05 and 0.1 %
(w/v), was analyzed by SEC coupled to multi angle light scattering (MALS) (Figure 3.1, D). As
described in literature, increasing detergent concentration could promote the monomerization of the
translocon and could support protein transport (Bessonneau, 2002). Nearly no difference was observed
in the elution volume of the translocon at ~11.2 ml between the two applied DDM concentrations (Figure
3.1, D). The determined molecular weights of both samples were very similar, when comparing the
0.05 % (w/v) DDM with MW of 229.2 + 2.1 kDa to the 0.1 % (w/v) DDM with 228.5 + 8.8 kDa,
suggesting that in both cases there are two translocons within one DDM micelle. Thus, increasing the
detergent concentration from 0.05 % to 0.1 % (w/v) DDM did not lead to monomerization of translocons
in the micelles, suggesting that indeed the dimeric state could be preferred. Since the usage of DDM
allows for purification of delipidated translocons (van der Does et al, 2000), and resulted in
homogenously purified SecYEG (Figure 3.1, A and D), this detergent was kept for further experimental
procedures. Additionally, structural analysis of SecA and SecB were conducted in aim to characterize
the soluble Sec components. The homology models of the proteins were generated by phyre2 (Kelley et
al., 2015). The proteins were applied for small angle X-ray scattering (SAXS). The solved surface
envelopes of SecA and SecB matched the homology models and indicated that SecA was dimeric and

SecB tetrameric in solution (Figure 3.1, E).
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Figure 3. 1: Characterization of the major Sec components from P. aeruginosa PAO1

SDS-PAGE of translocon SecYEG (A), the ATPase SecA (B) and the holdase SecB (C). M: Prestained Molecular
Weight Marker,10-180 kDa (PageRuler™, Thermo Fisher Scientific). Crude membranes (m) after overexpression
of membrane proteins (SecYEG) and detergent solubilization (SL) as well as cells prior induction (0) and after
harvesting (2) for soluble proteins (SecA and SecB) were checked. Clarified cell lysates for SecA and SecB or
detergent-solubilized membranes for SecYEG were applied for affinity chromatography (IMAC), and stepwise
analysis after binding to the NiNTA resin of the flow-through fraction (FT), the wash fraction (W), the elution fractions
(E1/2 or AC), and for SecYEG reconstituted in proteoliposomes (PL), are depicted. The bands of the proteins of
interest are annotated. SEC profiles are shown below SDS-PAGE images. Used columns are indicated in the figure.
SEC-MALS analysis of SecYEG (D) to determine the oligomeric state in DDM detergent micelles of varying
detergent concentration was conducted. (E) Structural analysis of soluble Sec components indicates the SAXS
envelopes depicted in grey mesh. SecA as dimer and SecB as tetramer. The homology models are colored inside
the envelopes. The various colors indicate the different domains of SecA: helical scaffold domain (orange), peptide
cross linking domain (red), two helix finger (cyan), helical wing domain (yellow), nucleotide binding domain 2
(green), nucleotide binding domain 1 (violet), N-terminal helix (blue). The homology model of SecB tetramer is
colored, with each monomer in a different color (green, red, blue, and yellow).
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The results are in line with observations made by SEC upon purification procedures, and the protein
elution volumes match the expected MW of the oligomers (Figure 3.1, B and C). The homology model
of SecA resembles the known arrangement of SecA in other bacterial species, possessing multiple
domains (Figure 3.1, E) (Lycklama a Nijeholt and Driessen, 2012; Lindi¢ et al., 2020). The dimer of
SecA forms a “donut-like” shape and is in line with observations made for SecA of other bacterial
species (Hunt et al., 2002; Ding et al., 2003; Sharma et al., 2003). The homology model of SecB
indicates the tetrameric state of the holdase and reflects also its functional form (Figure 3.1, E) (Xu,

Knafels and Yoshino, 2000; Huang et al., 2016).

The second step to establish the functional P. aeruginosa Sec system was the overexpression and
purification of substrates for translocation. Here, the focus lay on the lipase A precursor (proLipA).
Initial attempts indicated that the heterologous overexpression of proLipA is challenging, being likely
hindered by rare codons in the wild-type gene sequence (Zalucki, Beacham and Jennings, 2009).
A codon-optimized version of the proLipA gene led to elevated expression in form of inclusion bodies,
but further optimization was required as the protein accumulated as a mixture of its precursor and mature
form. Apparently, the expression of preproteins is in general a challenging task, since the preproteins
need to be accumulated in the cytoplasm. During this cytoplasmic enrichment, the preproteins need to
be protected from proteolytic digest to maintain the precursor form, so cleavage of the mature domain
from the N-terminal signal peptide (SP) is avoided. In respect to that, the inhibition of protein export
through the Sec machinery was achieved by addition of sodium azide (NaN3) to the cell culture (Figure
3.2) (Oliver et al., 1990). The incubation with sodium azide upon heterologous overexpression in E. coli
led to accumulation of proLipA in form of inclusion bodies in the cytoplasm (Figure 3.2, A).
Furthermore, in aim to characterize the Sec system of P. aeruginosa PAO1, other substrates for the
Sec-dependent transport were expressed and purified as described above (Figure 3.2, B). Those include
the precursor forms of the lipase C, the outer membrane proteins OprG and OprF, and the functional
amyloid-forming protein FapC. The expression of most of the preproteins required either the partial or
complete codon optimization of the gene sequence encoding for SP or the utilization of a suitable
expression strain, capable of the transcription and translation of rare codons, such as E. coli
Rosetta™ (DE3) pLysS (Novagen/Merck). The preproteins were fluorescently labeled to allow for their
in-gel detection in later transport experiments. The precursor of the outer membrane protein OmpA of
E. coli was used as a reference, as it is commonly used as a substrate in translocation studies through

the well-studied E. coli Sec System (de Keyzer, van der Does and Driessen, 2002).
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Figure 3. 2: Sec transport substrates of P. aeruginosa PAO1

A: Expression and purification of proLipA. M: Prestained Molecular Weight (MW) Marker,10-180 kDa. The cells are
shown prior induction (0) and after harvesting (2). Treatment with NaNs successfully led to accumulation of
preprotein in the cytoplasm. The protein purifies in form of inclusion bodies (IB). B: Fluorescently labeled substrates
to use in Sec transport.

3.3.2 Invitro reconstitution of protein transport by the P. aeruginosa Sec system

To investigate the Sec-dependent lipase translocation, the Sec system of P. aeruginosa PAO1 was
reconstituted in vitro. Since protein transport through the Sec pathway had been an object of research
for decades (Beckwith, 2013), multiple approaches have been developed to reconstitute the Sec system
of E. coli and track protein translocation in vitro in a well-defined experimental setup. Therefore, the
translocon SecYEG requires to be in its functional membrane-embedded state. A suitable approach to
obtain the translocon in its functional state is the isolation of inverted inner membrane vesicles (IMVs),
e.g. by density gradient centrifugation. The advantage of the IMVs is that the topology and functionality
of the protein will likely not be disturbed upon isolation procedures since no detergent-based
solubilization or reconstitution step is required. An additional advantage of the IMVs is that they
endogenously contain components which can contribute to efficient protein transport, including SecDF
that utilizes the proton gradient across the membrane to pull out the emerging preprotein of the
translocon SecYEG (Arkowitz and Wickner, 1994; Tsukazaki and Nureki, 2011; Tsukazaki, 2018). In
this approach, crude E. coli membranes harboring heterologously overexpressed SecYEG were applied
for ultracentrifugation on a continuous sucrose density gradient (Figure 3.3). The utilization of the
density gradient separates the soluble components from macromolecular complexes, first of all the
ribosomes, and further allows separation of IMVs from the outer membrane vesicles (Figure 3.3, A).
The SecYEG-containing gradient fractions were identified by SDS-PAGE (Figure 3.3, A). The isolated

vesicles were further utilized for in vitro transport experiments through the Sec machinery.

Besides the isolation of the translocon-harboring IMVs, the reconstitution of the translocons in model
liposomes of tailored lipid composition was also conducted (Figure 3.3, B). The orientation of the

reconstituted translocons was determined by proteolytic cleavage of the N-terminal histidine tag via
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Figure 3. 3: Isolation and reconstitution of SecYEG

A: The collection of continuous sucrose gradient (20 — 70 %) upon fractionation of crude membranes was analyzed
by SDS-PAGE. The fractions containing IMVs (5, 6 and 7) were selected, and SecY-band is indicated in dashed
quadric. B: SecYEG translocons were reconstituted in liposomes of tailored lipid composition (I -V, indicated in the
table), and analyzed by SDS-PAGE. The corresponding bands of proteoliposomes (PL) are indicated. M: Prestained
Molecular Weight Marker,10-180 kDa. C: The orientation of the translocons was estimated by enterokinase
cleavage of the poly-histidine tag. Only correctly oriented translocons are suitable for cleavage after reconstitution.
The cleavage results in a shift to lower molecular weight that was used for quantification. SecYEG in detergent
(DDM) served as reference for maximal cleavage upon utilized conditions. The cleavage efficiency is shown in the
bar plot and an exemplary SDS-PAGE for DDM and PL with lipid composition | (70 % DOPC/ 30 % DOPG) is shown
below. Similar observations made for PL with other lipid compositions (Il — V). Bands are indicated for tagged-SecY
(His-EK-SecY) and digested SecY (SecY). +: Treated with EK, -: no protease added. The cleavage conducted at
least in technical duplicates, the mean values and standard deviation (SD) are shown.

enterokinase (EK) and subsequent analysis by SDS-PAGE (Figure 3.3, C). When the N-terminus is
exposed outwards and accessible for cleavage, the translocons are reconstituted in the functionally
relevant orientation, as the conductive channel is oriented towards the vesicular lumen. The results
indicated that approximately 50 — 70 % of the translocons were in the correct orientation after the

reconstitution (Figure 3.3, C), which was in line with results observed for SecYEG of E. coli (Kamel et

al., 2022).

Although protein translocation utilizes SecYEG as the conductive channel through the membrane, the
transport procedure is only enabled through interactions with the motor ATPase SecA which provides
the required energy. Upon protein translocation, interactions of SecA with SecYEG are essential. To
examine the binding between SecYEG and SecA, microscale thermophoresis experiments (MST) were
conducted. Membranes harboring the overexpressed single-cysteine variant of the translocon
SecYEsi15cG were utilized for isolation by polymer-based extraction with DIBMA forming directly
near-native nanodiscs (near-native NDs), and were further fluorescently labeled (Figure 3.4, A). The

obtained near-native NDs were tested for binding to SecA, revealing Kp of 75 + 10 nM (Figure 3.4, B).
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These results indicate that isolated SecA and SecYEG are capable to interact. The SecA:SecYEG
interaction is crucial for reconstitution of the Sec-dependent protein translocation in vitro. Additionally,
the holdase action of SecB was investigated by conducting sedimentation analysis with the lipase
precursor (proLipA) in presence or absence of the holdase chaperone and varying ionic strength. The
preprotein proLipA is sensitive to salt and it sediments already up to ~ 50 % at moderate KOAc
concentration of 50 mM (Figure 3.4, C). The sedimentation is likely caused by instant aggregation of
the lipase precursor and is partially in line with observations made for the mature LipA (Papadopoulos
etal.,2022). When SecB is added to the sedimentation reaction, proLipA remains in the soluble fraction,
indicating the holdase action of SecB (Figure 3.4, C). SecB can hold ~ 40 — 70 % of proLipA in solution

with respect to the ionic strength in the reaction conditions (Figure 3.4, C).
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Figure 3. 4: Interactions of Sec components of P. aeruginosa PAO1

A: Polymer extracted (DIBMA) and fluorescently labeled (star: Alexa Fluor 488) SecYEs11scG near-natives
nanodiscs (NDs). Coomassie-stained and fluorescence images of corresponding SDS-PAGE of the elution fractions
(E1 and E2) are shown and protein bands are indicated. MW: Molecular weight indicated in kDa. B: Microscale
thermophoresis (MST) disclose strong binding of SecA to SecYEG (Kb ~ 75 nM). The scheme represents near-
native NDs harboring labeled SecYEG alone or when bound to SecA. C: Sedimentation analysis of lipase precursor
(proLipA) indicates holdase action of SecB. The soluble fraction of proLipA in presence (+ SecB) or absence (-
SecB) is depicted upon application of varying ionic strength (50 and 150 mM KOAc). The assay was performed in
technical triplicates, the mean values and standard deviation (SD) are shown.

Combining the individual Sec components together results in the creation of minimal transport system
in vitro which should be sufficient to facilitate protein transport through the isolated IMVs and
proteoliposomes. Focused on the Sec system of P. aeruginosa, the homologous E. coli Sec system and
the model transport substrate proOmpA were used as well-established references. When IMVs
containing SecYEG of either bacteria were employed, the translocation assays resulted in equal transport
efficiencies of proOmpA (~ 30 %) for both Sec systems (Figure 3.5, A). These results indicated the
successful in vitro reconstitution of the Sec system of P. aeruginosa PAOI, being capable of protein
translocation up to the same degree as the well-studied E. coli Sec system. Efforts were made to

accomplish the Sec-mediated transport of proLipA, but the transport efficiency was very low (< 1 %),
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below the reliable detection level. Recent investigations have revealed that the hindered transport might
correlate with the high aggregation propensity of the lipase (Papadopoulos et al., 2022) or suggest that
the inefficient transport might arise from hindered lipase targeting to the SecA:SecYEG machinery.
Additionally, intrinsic features of the secretory protein, including kinetically unstable folding
intermediates, are determinative for preprotein transport (Tsirigotaki e al., 2018). In aim to avoid instant
aggregation of the lipase, the acquired stabilizing mutation F144E (Papadopoulos et al., 2022) was
introduced (proLipArise). Unfortunately, the transport efficiency remained low with up to ~ 1.7 %
(Figure 3.5, A).

To probe the functionality of the Sec system of P. aeruginosa PAOI1 in a well-defined membrane system,
proteoliposomes of tailored lipid composition were utilized. Previous observations indicated decreased
transport efficiency when proteoliposomes were utilized for the transport reaction. The transport
efficiency indicates to be dependent on the lipid composition of the proteoliposomes. To enhance
transport in proteoliposomes, optimization procedures were required leading to the addition of
tetraoleoyl cardiolipin (TOCL) upon formation of model membranes, as it manifests stimulatory effects
on the Sec-mediated protein transport (Gold et al., 2010). The resulting proteoliposomes indicated a
transport efficiency for proOmpA of ~ 15 % (Figure 3.5, B). Further translocation substrates (depicted
in Figure 3.2, B) were tested for Sec-dependent transport in IMVs, but the transport efficiency remained
very low (<5 %). Only proFapC indicated an immediate relatively increased transport efficiency with
(> 3 = 5 %), that was later confirmed in further ongoing investigations reaching up to 10 % (in

collaboration with Max Busch).
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Figure 3. 5: Sec-dependent protein transport and lipase translocation of P. aeruginosa PAO1

A: The in vitro protein transport of the fluorescently labeled lipase A (pLipAr144e) and proOmpA (pOmpA) into inner
membrane vesicles (IMVs) is shown for IMVs containing overexpressed SecYEG translocons of P. aeruginosa or
E. coli. The buffer of the transport reaction for pPOmpA into IMVs with P. aeruginosa SecYEG was 20 mM Tris/HCI
pH 7.5, 150 mM KOAc, 5 mM Mg(OAc)z, 5 % glycerol and for the other reactions as described in the method section.
B: In vitro protein transport in proteoliposomes containing P. aeruginosa SecYEG is shown for the model substrate
pOmpA. The lipid composition is depicted in the figure. R: 10 % of total substrate input. +/-: transport with and
without ATP. Transport indicated in %.
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3.3.3 Investigations made to improve the transport of the lipase A

Since the Sec system of P. aeruginosa PAO1 was successfully reconstituted and applied to track protein
transport in vitro, multiple approaches were taken to enhance the Sec-dependent transport efficiency of
the lipase A. To rule out the possibility that the intramolecular disulfide bond formation causes spatial
hindrance upon translocation of the lipase or that the used fluorescent labeling agent jams the translocon,
a single-cysteine variant (C183S) of the proLipArisr was generated. Additionally, this lipase variant
was labeled with the smaller fluorescent dye BODIPY-maleimide. The relative transport efficiency of
the single-cysteine variant of proLipAriae remained low. It is important to mention that no hindrance
upon transport was observed for F5M-labeled proOmpA, where the transport through Sec is highly
efficient (Figure RS, A). Further, a truncation of 34 amino acid residues was introduced at the C-terminal
end of proLipA in aim to overcome possible and/or partial misfolding of the lipase, but here also the
transport remained low and far off a comparable range which is commonly observed in transport studies
with proOmpA. Further factors that could possibly enhance the Sec-mediated lipase transport were
investigated. The SecYEG translocon of P. aeruginosa PAO1 was modified to become less specific for
the transported substrates, including point mutations found in the prid4 mutant of E. coli being less
selective and allowing for enhanced transport of proteins (Van Der Wolk et al., 1998; de Keyzer et al.,
2002). Therefore, a double mutant of the Pseudomonas translocon (SecYr21sv.403nEG) was created.
Indeed, the transport efficiency of proOmpA increased up to ~ 40 % (Figure 3.6, A), indicating the
expected effect of the mutations. Although the transport efficiency for proLipArias slightly increased
to ~ 2 % upon utilization of the pri44 mutant in comparison to non-mutated SecYEG with ~ 0.6 %

(Figure 3.6, A), the transport remained low and not in comparable range to proOmpA.

Repeatedly poor translocation of proLipA raised the question, whether the targeting of the lipase
precursor to the Sec machinery is forming a bottleneck for translocation. This pointed the focus on the
signal peptide (SP) of the lipase. Since several studies reported that bioengineered signal peptides and/or
those from other bacterial origin may be suitable for enabling the targeting and secretion of fusion
protein (Sockolosky and Szoka, 2013; Freudl, 2018; Kaushik, He and Dalbey, 2022), commonly used
SP of the well-studied proOmpA from E. coli and the commercially available SP of the periplasmic
pectate lyase (PelB) from Erwinia carotovora were fused to LipA. Exchanging the SP of LipA did not
lead to increase of transport of the lipase (Figure 3.6, A). Further mutual stabilizing effects of the SP
and the mature domain were not observed. Also, the combination of the several approaches was not
leading to an increased transport efficiency. Taken together, these observations indicate that the
transport efficiency of the lipase through the Sec machinery is not only determined by the Sec system
itself but might be strictly dependent on the unique properties of the preprotein. Additionally, based on
these observations, the question raised, whether there are further proteins involved in lipase targeting to
the Sec system. To answer this question, two ATP-independent cytoplasmic chaperones, trigger factor
(TF) and CsaA, were investigated besides SecB in aim to prevent proLipA aggregation and support its
targeting to SecA:SecYEG. While CsaA supports the protein export in absence of SecB, TF directly
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contacts the ribosome and grabs the nascent polypeptide and is further able to interact with SecB
(Sharma, Rani and Goel, 2018; De Geyter et al., 2020). Both chaperones, TF and CsaA, were cloned,
overexpressed, purified, and characterized. Structural analysis of the cytoplasmic chaperones was
conducted by small X-ray scattering (SAXS) experiments, revealing the surface envelope of the proteins
(Figure 3.6, B). The data indicates that TF is present as a monomer, while CsaA is dimeric in solution.
The homology models of the proteins were generated by Phyre2 (Kelley ef al., 2015), and fit into the
SAXS envelope (Figure 3.6, B). Both chaperones did not lead to an increased transport efficiency of
proLipA. Thus, since multiple ATP-dependent chaperones are widely present in the cytoplasm and
possess manifold effects on protein homeostasis, DnaK (Hsp70), DnalJ (Hsp40) and HtpG (Hsp90) were
applied in further attempts to facilitate the lipase translocation. ATP-dependent chaperones play a crucial
role in various protein-maintaining processes and can assist to prevent aggregation (Castanié-Cornet,
Bruel and Genevaux, 2014). Preliminary results indicate only moderate effects of the utilized chaperones

on the lipase stabilization and translocation (Busch, 2021).
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Figure 3. 6: Factors investigated in aim to improve the Sec-dependent lipase transport

A: The impact of SecYEG prlA4 mutant on in vitro protein transport of the lipase A (pLipAri44e) and the model
substrate proOmpA (pOmpA) as well as signal peptide exchanged LipA (PelB-LipAr144e) is shown in comparison to
non-mutated SecYEG. Substrates are fluorescently labeled. R: 10 % of total substrate input. +/: transport with and
without ATP. Transport indicated in %. The buffer of the transport reaction was 50 mM Hepes/KOH pH 7.4,
20 mM KCI. B: The SAXS envelope for the ATP-independent cytoplasmic chaperones is shown (grey mesh). The
homology models are fitted inside. Trigger factor (TF) monomer is colored based on its domains (pink: head domain
(Peptidyl-Prolyl Isomerase, orange: body and arms for folding and holding, blue: tail for interacting with ribosome).

CsaA dimer is colored for each monomer (red and blue).
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3.4 Discussion

The Sec system represents a general pathway for protein export among all domains of life. In bacteria
approximately 30 % of the proteome are destined for functioning beyond the cytoplasm, including
proteins which act in the cell envelope as well as in the extracellular space. The lipase A, the major
extracellular lipase of the opportunistic human pathogen Pseudomonas aeruginosa, serves as a virulence
factor secreted upon the infection cycle (Jaeger et al., 1994; Stehr et al., 2003). Establishing the
Sec system of P. aeruginosa PAOL1 in vitro imposes the first step to study the lipase translocation and
can help to elucidate processes ongoing upon the lipase biogenesis. The expression, purification, and
characterization of the Sec system of P. aeruginosa PAO1 was achieved progressively, and the soluble
Sec components were structurally characterized. SAXS structure and homology modeling of SecB
indicated the tetrameric assembly, in agreement with the previous reports on SecB of E. coli and
Haemophilus influenzae which is described as “dimer of dimers”, indicating its functional state (Huang
etal.,2016). For the motor ATPase SecA, SAXS revealed a dimer in solution which resembles a “donut-
like” shape observed in crystal structures of SecA from Mycobacterium tuberculosis (Sharma et al.,
2003) and Bacillus subtilis (Hunt et al., 2002), but not E. coli (Papanikolau et al., 2007). The ATPase

SecA was capable of binding to the translocon SecYEG, which is crucial for protein translocation.

The isolation of the translocon SecYEG from the membrane was conducted by detergent-based
solubilization. Therefore, SecYEG was solubilized by DDM, that was also used in previous studies for
the translocon of E. coli (van der Does et al., 2000). Although previous studies suggested that the
oligomeric state of the E.coli translocon can be modified by increased detergent concentration
(Bessonneau, 2002), increasing the concentration of DDM in the present experiments did not lead to
monomerization of SecYEG of P. aeruginosa PAOI1. The oligomeric state of the translocon in the
detergent micelles was analyzed by SEC-MALS, suggesting that the dimeric state could be preferred
upon the applied experimental conditions. It is valid to question whether these results indicate a tendency
of the translocon to form preferably the dimeric state in detergent micelles or whether the observed
occurrence of two copies of SecYEG is just due to the micelle size itself. On the one hand, nearly no
difference was observed upon SEC-MALS in the elution volume and the molecular weight of the
translocon in both analyzed DDM concentrations, 0.05 and 0.1 % (w/v). On the other hand, if the dimeric
state is not a preferred state of the translocon, then decreased detergent concentration or detergents with
smaller micelle size would probably promote the occurrence of a single copy of the translocon inside
the smaller micelle. The oligomeric state of the detergent-solubilized translocons cannot be directly
compared to its membrane-reconstituted state due to the absence of the lipid environment. Thus, the
dimeric state of the translocon might be an inherent feature of the protein which is influenced by a
combination of the environmental factors and interaction partners, both in detergent and the membrane
environment. Previous research indicated that for the translocon of E. coli the dimeric state is partially
supported in the lipid bilayer and can vary in dependence to its binding partners (Koch et al., 2021). It

is also possible, that the stable and/or oligomeric state of the translocon is influenced by the remaining
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lipids, which are not removed upon solubilization with mild detergents. The delipidation of the
translocon could affect its functional state, since already previous studies of reconstituted translocons of
E. coli indicated a strict dependence of transport activity on identity of the surrounding phospholipids
(van der Does et al., 2000). Nonetheless of the origin of SecYEG dimerization, the completed
biochemical and partially structural characterization indicated the functional states of the individual Sec

components and provided the required information in aim to reconstitute the Sec system in vitro.

The Sec translocon of P. aeruginosa PAO1 was isolated in inverted inner membrane vesicles (IMVs) or
reconstituted in proteoliposomes of tailored lipid composition. The application of the primary
Sec components allowed to track protein translocation in vitro. To improve the translocation efficiency
in vitro, IMVs harboring the overexpressed translocon of P. aeruginosa PAO1 were utilized. The IMVs
represent a near-native environment for the translocon and allow to overcome the otherwise necessary
reconstitution step of the membrane protein. Furthermore, IMVs contain additional facilitative factors,
like endogenous SecDF which facilitates the release of secretory proteins from the translocon at late
translocation stage, thus promoting the translocation efficiency (Tsukazaki, 2018). The well-known
model substrate, proOmpA of E. coli, was utilized to estimate the functionality of the Pseudomonas Sec
system in comparison to the Sec system from E. coli. The Sec system of Pseudomonas indicates a
comparable transport efficiency for proOmpA when protein translocation was analyzed into IMVs. In
contrast, the application of the minimal Sec system containing the soluble proteins SecA and SecB as
well as the translocon SecYEG reconstituted in proteoliposomes required an optimized lipid
composition, and thus indicated a lipid-dependent translocation efficiency different to that of E. coli.
The presence of tetraoleoyl cardiolipin (TOCL) in the tailored proteoliposomes increased transport
efficiency for proOmpA through the Pseudomonas Sec system and confirmed the previously observed
stimulatory effect of cardiolipin on the Sec-mediated protein transport (Gold et al., 2010). Cardiolipin
(CL) is closely associated with SecYEG where it is suggested to possess stabilization effects of the
dimeric state of the translocon (Gold ef al., 2010). Furthermore, CL supports tight binding of the ATPase
SecA to the membrane and thus enhances the hydrolysis of ATP (Gold et al., 2010; Collinson, 2019).
The low translocation efficiency and the lipid dependency possibly correlated due to the individual
requirements of SecA to bind peripherally to the membrane. As indicated for E. coli, cardiolipin and
phosphatidyl-glycerol (PG) are crucial for SecA membrane binding (Collinson, 2019; Kamel ef al.,
2022). The N-terminal helix of SecA, which differs in between of P. aeruginosa and E. coli, was shown
to mediate the binding of SecA to the membrane, thus affecting the SecA:SecYEG assembly and
determining the translocation efficiency (Kamel et al., 2022). Further investigations on SecA:lipid
interactions are required to elucidate the membrane-binding properties of SecA from P. aeruginosa

PAOIL.

Although, the reconstitution of the functional Sec system of P. aeruginosa PAO1 in vitro represented a
challenging task it was finally accomplished. The Pseudomonas Sec system indicated the same degree

of functionality as observed for the reference Sec system of E. coli. The functional reconstitution of the
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Pseudomonas Sec system is the first step to study the lipase translocation. Another essential task was to
obtain the translocation-competent lipase precursor (proLipA). The expression and purification of the
precursor proteins appeared to constitute a challenging process, including multiple pitfalls, like the low
or no detectable expression levels, lack of accumulation in the cytoplasm possibly due to degradation
and/or export of preproteins, difficulties in purification of the preproteins in form of inclusion bodies
and unfolding by chaotropic salts (urea and GdnHCI). Thus, the expression and purification of proLipA,
as well as further substrates required extensive optimizations, and successful expression of the
preproteins could be achieved after codon optimization. The occurrence of “non-optimal” codons in
secretory proteins of E. coli could slow down the translational rates (Power et al., 2004; Tsirigotaki et
al., 2017), and corresponding codon analysis of P. aeruginosa preproteins suggest that rare codons are
also present which could inhibit heterologous expression. Especially the codon usage in the gene
sequence encoding for the signal peptide (SP) of the Sec-dependent preproteins plays a role in protein
export, by containing non-optimal codons which are important for a balanced gene expression, folding
and export in vivo (Zalucki, Beacham and Jennings, 2009). In turn, the presence of non-optimal codons
might be unbeneficial for the heterologous overexpression of preproteins. For multiple tested substrates
the partial or complete codon optimization of the gene sequence encoding for the SP led to successful
overexpression of the preprotein. The accumulation of the preprotein was achieved by inhibition of
protein export via sodium azide treatment upon the overexpression. Sodium azide is a potent inhibitor
of SecA interfering with the metal-binding properties of the protein (Cranford-Smith et al., 2020).
Inactivation of the primary export machinery might be deleterious for the cell over time, but the approach

seems to be suitable to accumulate preproteins in the cytoplasm over the short time of overexpression.

The isolated preproteins originating from P. aeruginosa PAO1 were applied for in vitro translocation
through the Sec system. None of the Pseudomonas preproteins was transported with high efficiency in
comparison to the model substrate proOmpA from E. coli. Only proFapC indicated a slightly increased
transport efficiency in comparison to the other P. aeruginosa preproteins. The low transport efficiency
of the preproteins could be due to various causes. The hindered transport could be related to instant
aggregation of the preprotein, although the presence of the N-terminal SP should keep the preprotein
more soluble. SP may not only affect the rate of translation of the protein, but it has also an impact on
targeting, as it slows down the folding of the preprotein, thus reserving time for protein:chaperone
interactions which support secretory processes (Zalucki, Beacham and Jennings, 2009; Freudl, 2018;
Smets et al., 2022). Additionally, the delicate relationship of SP and the mature domain of secretory
proteins has been proposed to function in a “rheostatic” manner, therefore signal peptides can finely
tune the disorder of the mature domains and are essential for targeting and secretion (Sardis et al., 2017).
It is also proposed that the disorder of the mature domains of preproteins results in folding intermediates
which predominate the targeting-competence of secretory proteins (Chatzi et al., 2017). In addition,
cytoplasmic chaperones are important targeting mediators. The requirement for targeting to the Sec

machinery might be varying for the different preproteins. It is discussed that, although the majority of
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secretory proteins are targeted via SecB to the SecA:SecYEG machinery for translocation, some
preproteins can be recognized by SecA alone or require the interaction of further chaperones (Chatzi et
al., 2014). Furthermore, additional ATP-independent chaperones could be involved in preprotein
targeting to the Sec, including trigger factor (TF) that can directly capture the preprotein at the ribosome
in vivo, and CsaA that is a functional homolog of SecB which is present in P. aeruginosa PAO1 but not
in E. coli (Sharma, Rani and Goel, 2018; De Geyter et al., 2020). Since SecB indicated to prevent the
aggregation of proLipA, it was utilized upon in vitro translocation analysis, but did not enhance the
transport efficiency. In addition to SecB, TF and CsaA were tested in in vitro transport of proLipA, but

also did not indicate an increased transport efficiency.

It is possible that the translocation of proLipA could be hindered not only due to inefficient targeting,
but rather the formation of folding intermediates which are not competent for translocation. Folding
intermediates are not necessarily protein aggregates, but also not unfolded states of the preprotein which
would support its translocation-competence. Furthermore, the disulfide oxidation in vitro could pose a
major barrier for translocation, as the lipase contains an intramolecular disulfide bridge formed in its
mature domain. The cytoplasm is a reducing environment where the formation of a disulfide bridge is
not promoted. Single-cysteine proLipA variant was checked upon in vitro translocation in aim to rule
out the formation of disulfide bond, but did not indicate sufficient translocation efficiency, thus pointing
away from the hypothesis that the disulfide bond formation prohibits sufficient translocation. In turn,
these observations stress that the preprotein might fold into intermediate folding state not competent for
translocation in vitro. An additional concern is that the foldase LipH might be involved upon
translocation process. Possibly, the foldase recognizes and interacts with the emerging proLipA at an
early translocation step, thereby creating a pull force which is important to fulfill translocation through
the translocon. This argument finds its parallel thoughts when, considering the role of SecDF upon
translocation process. SecDF facilitates the release of the emerging preprotein from the translocon when
most of the protein is already translocated. The effect of SecDF is dependent on the preprotein itself.
Considering on what is known about proOmpA, the action of SecDF might be sufficient to support
proOmpA transport, but not for other translocation substrates. Thus, for proLipA a similar requirement
could be the case, that LipH is needed to pull on the emerging preprotein and facilitate its transport.
Additionally, a less specific mutant of the Pseudomonas translocon SecYEG was created, following the
previous mutations introduced for the E. coli translocon (Van Der Wolk et al., 1998; de Keyzer et al.,
2002). Although the mutant translocon indicated increased transport efficiency for proFapC upon initial
screenings (in collaboration with M. Busch), the proLipA transport efficiency was not increased,

pointing again on the substrate being not competent for translocation in vitro.

It remains to be clarified, why proLipA is not translocation-competent in vitro, and whether the
limitations originate from inherent features of the substrate or are based on technical and methodical
aspects. Thinking of the methodical limitations, the purified substrate for translocation is expressed in

inclusion bodies and then unfolded by the usage of high molar concentrations of chaotropic agents, such
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as urea or guanidinium chloride. The working principle of those chaotropic agents is to structure the
water molecules in the surrounding aqueous environment allowing the protein to expose its hydrophobic
regions and enabling it to unfold and to not suffer hydrophobic collapse (Salvi, De Los Rios and
Vendruscolo, 2005). But it remains elusive which intermolecular protein:protein interactions can still
occur (Singh et al., 2015). Although the effect of the chaotropic agent might not favor translocation of
proLipA in vitro, the same procedure works for the model substrate proOmpA, an outer membrane
protein with a distinct distribution of polar and apolar amino acids. When proLipA is added to the
in vitro transport reaction and thus transferred into the aqueous solution, it may undergo fast folding into
intermediates that are not competent for transport. Furthermore, this rapid dilution could also promote
aggregation of proLipA. Stunningly, only proOmpA which is widely used for translocation studies,
could be transported with an increased efficiency of approximately 20 — 30 %. Not many other substrates
for translocation, besides proOmpA, are that frequently used or indicate such efficient transport levels,
and examples include proPhoA, proMBP and proLamB (van der Does et al., 2000; de Keyzer, van der
Does and Driessen, 2002; Bariya and Randall, 2019). Sticking only to proOmpA, the best and most
established Sec-substrate, might not be sufficient in aim to characterize the Sec system of further
bacterial species. Therefore, more nuanced models for studying Sec-mediated protein translocation are
needed, especially when comparing the newly established Sec system of P. aeruginosa PAO1 upon
highly challenging translocation of the pathogenicity-mediating lipase to the well-studied Sec system of
E. coli with proOmpA. Furthermore, elaboration on the in vitro Sec-transport of various substrates
originating from P. aeruginosa that are involved in pathogenicity of this bacterial species will be

valuable.

Taken together, the results indicate that the activity of the newly established Sec system of P. aeruginosa
PAOI1 is comparable to the model Sec system of E. coli. However, the translocation process of proLipA
and further substrates of P. aeruginosa PAO] is a highly challenging venture, at least under in vitro
conditions. Approaches to solve the aggregation, intermediate folding and targeting of proLipA to the
Sec system improved the transportation slightly, but not to the desired degree. Using proFapC as a
virulence-associated factor could serve to elucidate transport and secretion of factors involved in

pathogenicity of bacterial pathogens and represent a further suitable approach.
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4 Chaperone-dependent folding and maturation of the lipase A

4.1 Introduction to the chaperone-dependent folding and maturation of the lipase A

The biogenesis of the lipase A of P. aeruginosa is a procedure that includes different steps, starting from
synthesis to translocation of the preprotein into the periplasm, followed by the maturation and secretion
of the active virulence factor. During these processes LipA undergoes multiple interactions with its
molecular environment. Although the initial release from the ribosome and subsequent protein
translocation from the cytoplasm to the periplasm manifest the primary steps upon lipase biogenesis, the
essential folded state is acquired afterwards on the periplasmic site (Rosenau, Tommassen and Jaeger,
2004). Once LipA is translocated, its maturation is promoted by the specific folding mediator LipH
(Rosenau, Tommassen and Jaeger, 2004). The foldase LipH is a membrane-bound chaperone which
provides the required steric information specifically to its client lipases and enables them to overcome
the energetic folding barrier (Pauwels et al., 2007). The chaperone domain of LipH protrudes into the
periplasm, being distantly spaced from the membrane interface and the anchoring transmembrane helix
by an unstructured proline- and alanine-rich variable domain (Rosenau, Tommassen and Jaeger, 2004).
It is suggested that the anchoring of the foldase evolved in aim to avoid co-secretion with the lipase, as
the lipase-specific foldase and the lipase are tightly interacting with each other upon folding. Structural
information on the lipase:foldase complex of Burkholderia glumae indicates a large interaction interface
between two proteins, supporting tight binding (Pauwels et al., 2006). The peculiar structure of LipH
suggests a high degree of plasticity which might be important for its mode of action (Pauwels et al.,
2006; Dittrich et al., 2023). The exact folding mechanism remains widely elusive, although manifold
investigations were conducted and a foldase consensus motif was identified (Rosenau, Tommassen and
Jaeger, 2004). In addition, tight lipase:foldase binding suggest a challenge for the release of the lipase,

which might require interaction with a further protein of the secretory machinery (Pauwels et al., 2006).

The acquired information on LipA:LipH interactions originates solely from investigations utilizing the
soluble foldase domain. How the folding of the lipase by the foldase could be affected at the membrane
interface remains elusive. In aim to elucidate the folding and maturation the lipase A of P. aeruginosa
PAOI1, the foldase LipH was characterized. Here, for the first time, the successful expression,
purification, and biochemical characterization of the full-length foldase LipH in the membrane
environment were conducted. In addition, the soluble chaperone domain of LipH as well as the
lipase:foldase complex were used for structural analysis which allowed to obtain low-resolution

structural information.
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4.2 Experimental Procedures

4.2.1 Molecular cloning

The following section focuses on the main working constructs used for heterologous expression of
foldase LipH and the lipase A. A tabular overview is listed in the appendix section.
The genes of P. aeruginosa PAOI1 strain were selected using Pseudomonas Genome database
(www.pseudomonas.com) (Winsor et al., 2016). Those included PA2862 (lipA), PA4813 (lipC),
PA2863 (lipH) as well as genes PA4243 (secY), PA4276 (secE), PA4747 (secG) encoding for the
translocon SecYEG that were mentioned in beforehand (Chapter 3.2.1). The genomic DNA of

P. aeruginosa PAO1 served as a template for gene amplification via PCR, using the KOD Xtreme
polymerase (Novagen/Merck) or the Phusion High-Fidelity DNA Polymerase (Ultra DNA Polymerase,
Jena Bioscience) as well as cloning primers containing the restriction sites for classical cloning, overlaps
for Gibson assembly or constructed to suit for site-directed mutagenesis unless otherwise stated. The
DNA concentrations were determined spectrophotometrically by measuring the absorbance at 260 nm
via NanoDrop (Thermo Fisher Scientific). The target genes were inserted into the cloning vectors by
restriction-based cloning procedures or Gibson assembly based on the supplier protocols (New England
Biolabs). Further, site-directed mutagenesis served for modification of the created constructs. The
enzymes and chemicals required for molecular cloning were used based on the supplier protocols (New

England Biolabs).

The construct encoding for the mature LipA (pAT72) was created by inserting PA2862 (/ip4) gene into
pET22b plasmid by Ndel/BamHI oriented on previous research (Hausmann et al., 2008). Site-directed
mutagenesis of this construct allow to generate a further plasmid encoding for the mutant LipAriase
(pATS81) (Papadopoulos et al., 2022). Truncations at the C-terminal (pAT149, lacking 81 amino acids)
and N-terminal (pAT152, lacking 7 amino acids) ends of the lipase A were generated by site-directed

mutagenesis using the construct encoding for LipAriase (pAT81) as a template.

The construct encoding for the soluble domain of the foldase LipH (pAT9 and pEHTHis19) was used
as for previous research (Hausmann et al., 2008). To create suitable expression vectors for the full-
length foldase (LipH'™), the gene of interest PA2863 (/ipH) was initially inserted into pTrc99a-based
plasmid encoding of His;o-3C LipH™ (pAT8) with prolonged N-terminus. Furthermore, to promote
expression levels, pRSFDuet-1-based plasmid encoding for Hisg-3C LipH™ was created by insertion of
lipH gene via Notl/Nhel restriction sites (pAT56) featuring the expression in kanamycin selective media.
The resulting constructs were utilized for further experiments. Initially, in aim to generate a construct
which is suitable for the co-expression of LipH/SecYEG the fragment encoding for Hisio-3C-LipH (from
pATS) was inserted into pTrc-based construct that encodes for His;o-3C-SecYEG via Gibson assembly
(pAT66). As the prolonged tag on SecYEG inhibited in vitro transport, the N-terminal tag was shortened
via site-directed mutagenesis (pAT108). The final construct (pAT108) encodes for Hise-EK-
SecYEG/His;o-3C-LipH.
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4.2.2 Expression and purification

The lipases (LipA and LipAriag), C- and N-terminal truncations, as well as soluble foldase variants
were expressed and isolated according to existing protocols (Papadopoulos et al., 2022), unless
otherwise stated. To express and purify the full-length foldase LipH, the developed constructs were
heterologously overexpressed in E. coli expression strains. Multiple common detergents have been
screened in aim to solubilize LipH™ from the membrane as well as polymer-based extraction was
conducted. Furthermore, the proteins have been purified by immobilized metal ion affinity
chromatography (IMAC) and subsequent size exclusion chromatography (SEC). The concentration of
purified proteins was determined spectrophotometrically by the absorbance (A) at 280 nm and the molar
extinction coefficient obtained by ProtParam tool (Gasteiger et al., 2005). The purification efficiency
was further evaluated by SDS-PAGE stained with colloidal chemical Coomassie solution (Quick
Coomassie stain, Serva). To enable loading for SDS-PAGE, the protein samples were mixed with
5 x sample loading buffer (0.25 M Tris/HCI pH 6.8, 0.5 M DTT, 10 % SDS, 60 % glycerol, 0.02 %

(w/v) bromophenol blue, modified from Jena Biosciences).

4.2.2.1 Expression and purification of the full-length foldase LipH
The full-length foldase (LipH™") was heterologously expressed in E. coli BL21(DE3). Pre-cultures were

grown overnight at 37°C upon shaking at 180 rpm and used for inoculation of pre-warmed LB medium
(Luria-Bertani medium or lysogeny broth, yeast extract 5 g/l, tryptone 10 g/, NaCl 10 g/1). Cells were
grown at 37°C upon shaking at 180 rpm while the OD of the culture was monitored. At ODggo of ~ 0.6,
overexpression was induced upon addition of 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG;
Merck/Sigma-Aldrich) and carried out for 2 h keeping constantly the same growth conditions. The cells
were harvested by centrifugation at 6000 g for 20 min at 4°C (rotor SLC-6000, Sorvall/Thermo Fisher)
and subsequently resuspended in 20 mM Tris (hydroxymethyl)aminoethane/HCI pH 8.0,
100 mM NaCl, 1 mM DTT (Merck/Sigma-Aldrich), 5 % glycerol and cOmplete protease inhibitor
cocktail (1 pill/50 ml; Roche), unless otherwise mentioned. Cells were lysed by shear force (M-110P
cell disruptor Microfluidics Inc.). The cell debris was removed by centrifugation at 10000 g for 10 min
at 4°C (rotor SS34, Sorvall/Thermo Fisher). To pellet the crude membranes, including the inner
membranes harboring the overexpressed foldases, ultracentrifugation at 205000 g for 1 h at 4°C (rotor
45 Ti, Beckman Coulter) was conducted. The membranes were resuspended in the same buffer (20 mM
Tris/HCI pH 8.0, 100 mM NaCl, 1 mM DTT, 5 % glycerol, and cOmplete protease inhibitor cocktail)
unless otherwise mentioned and stored at -80°C until further usage. In aim to solubilize the full-length
foldase, n-dodecyl-f-D-maltopyranoside (DDM) and n-decyl-f-D-maltopyranoside (DM) were utilized.
The screened solubilization conditions included either 2 % (w/v) DDM or 3 % (w/v) DM (Anatrace) in
50 mM Tris/HCl pH 8.0, 100 mM NacCl, 0.2 mM TCEP, 10 % glycerol, and cOmplete protease inhibitor
cocktail for 1 h at 6°C on a rolling table. After solubilization, the samples were centrifuged at 20000 g
for 10 min at 4°C (Hermle Z216 M) to remove non-soluble material and then applied for purification by

immobilized metal ion affinity chromatography (IMAC). His-tagged foldases were immobilized on
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nickel-nitrilotriacetic acid agarose resin (Ni*-NTA resin; Qiagen) equilibrated with wash buffer
(50 mM Tris/HCl pH 8.0, 100 mM NacCl, 0.2 mM TCEP, 20 mM imidazole, cOmplete protease inhibitor
cocktail, including the detergent of choice). The detergent concentrations for the washing and elution
steps were set to be ~5-fold above the specific critical micelle concentrations (CMC) resulting in
0.05 % (w/v) for DDM and 0.45 % (w/v) for DM. The samples were applied to the Ni**-NTA resin for
binding for 1 h at 6°C on a rolling table. Afterwards, the resin was washed extensively with wash buffer
to remove weakly bound impurities, and the protein was eluted with elution buffer (50 mM Tris/HCI
pH 8.0, 100 mM NaCl, 0.2 mM TCEP, 300 mM imidazole, 10 % glycerol, cOmplete protease inhibitor
cocktail) in several fractions. When indicated, the protein was applied for size-exclusion on Superdex
200 Increase 10/300 GL column (Cytiva) in the desired buffer compositions (e.g., 50 mM Tris/HCl
pH 8.0, 100 mM NacCl, 0.2 mM TCEP, 10 % glycerol, 0.5 % DM) unless otherwise stated. The
concentration of the purified LipH" was determined spectrophotometrically and the purification yield
was further analyzed SDS-PAGE stained with colloidal chemical solution (Quick Coomassie stain,

Serva).

4.2.2.2 Co-expression and purification of the SecYEG/LipH

The construct encoding for SecYEG/LipH"™ of P. aeruginosa PAO1 was heterologously expressed in
E. coli C41(DE3). Pre-cultures were grown overnight at 37°C upon shaking at 180 rpm and used for
inoculation of pre-warmed LB medium. Bacterial cells were kept for growing at 37°C upon shaking at
180 rpm while the OD of the culture was measured in several time points. At ODgoo of ~ 0.6,
overexpression was induced upon addition of 0.5 mM IPTG (Merck/Sigma-Aldrich) and carried out for
2 h at the same conditions. The cells were harvested by centrifugation at 6000 g for 20 min at 4°C (rotor
SLC-6000, Sorvall/Thermo Fisher) and subsequently resuspended in 20 mM Tri/HCl pH 7.5,
150 mM KOAc, 5 mM Mg(OAc),, 5 % glycerol, 0.2 mM PMSF (Roche). Cells were lysed by shear
force (M-110P cell disruptor Microfluidics Inc.). The cell debris was removed by centrifugation at
10000 g for 10 min at 4°C (rotor SS34, Sorvall/Thermo Fisher). To pellet the crude membranes an
ultracentrifugation at 205000 g for 1 h at 4°C (rotor 45 Ti, Beckman Coulter) was conducted. The
membranes were resuspended in 20 mM Tris/HCI pH 7.5, 150 mM KOAc, 5 mM Mg(OAc),,
5 % glycerol, 0.2 mM PMSF. Isolated membranes were flash-frozen by liquid nitrogen and stored at
-80 °C until further application. Co-expressed proteins were detected by affinity purification. For
purification via IMAC, the membranes were applied for solubilization in 50 mM Tris/HCI pH 8.0,
100 mM NacCl, 0.2 mM TCEP, 10 % glycerol, 1 % (w/v) DDM, cOmplete protease inhibitor (Roche)
for 1 h at 6°C on a rolling table. After solubilization, the sample was applied for centrifugation at
21380 g for 5 min at 4°C to remove insolubilized material. His-tagged proteins were immobilized on
Ni*-NTA resin (Qiagen) equilibrated with wash buffer (50 mM Tris/HCI pH 8.0, 100 mM NaCl,
0.2 mM TCEP, 20 mM imidazole, 10 % glycerol, 0.1 % (w/v) DDM). The solubilized proteins were
incubated to bind to the Ni**-NTA resin for 1 h at 6°C on a rolling table. Afterwards, the resin was
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washed extensively with wash buffer to remove non-specific weakly-bound impurities, and the protein
was eluted with elution buffer (20 mM Tris/HCI pH 8.0, 100 mM NacCl, 0.2 mM TCEP, 300 mM
imidazole, 10 % glycerol, 0.1 % (w/v) DDM, cOmplete protease inhibitor) in several fractions. The
concentration of the detergent-purified protein content was determined spectrophotometrically. The
yield of the purification was further analyzed by SDS-PAGE stained with colloidal chemical Coomassie

solution (Quick Coomassie stain, Serva).

4.2.2.3 Immunodetection of purified proteins

For immunoblotting, the crude isolated membranes harboring the overexpressed proteins and the
purified proteins were suspended in SDS-PAGE loading buffer and loaded on SDS-PAGE. The gel was
used for transfer of the proteins to PVDF membrane (Cytiva) for 1 h at 4°C using the tank-blot system
(Bio-Rad Laboratories). The transfer from the gel to the membrane was evaluated by visual detection of
the prestained marker bands on the membrane. The PVDF membrane was washed three times with TBS
buffer (20 mM Tris-HCI pH 8.0, 250 mM NaCl) upon slight agitation at ambient temperature for 5 min.
The membrane put for blocking in TBS-T buffer (20 mM Tris-HCl1 pH 8.0, 250 mM NacCl,
0.1 % Tween-20) supplemented with 5 % skimmed milk for 1 h at ambient temperature. After
incubation, the membrane was rinsed with TBS-T buffer and subsequently washed with it for two times
10 min and one time for 10 min with TBS. The primary antibodies were diluted (1:2000 for anti-His
(Qiagen) and 1:4000 for anti-LipH, a generous gift from Karl-Erich Jiger) in TBS-T with 2 % (w/v)
BSA (bovine serum albumin, Fraction V, Sigma-Aldrich) and incubated overnight at 4°C rolling in a
50 ml falcon. After overnight incubation, the membrane was rinsed with TBS-T buffer and subsequently
washed with it two times for 10 min and one time for 10 min with TBS. The secondary antibodies
conjugated to horseradish peroxidase (anti-mouse for anti-His and anti-rabbit for anti-LipH,
Dianova/Sigma-Aldrich) were diluted in TBS-T with 2 % (w/v) BSA and applied to the membrane for
1 h upon slight shaking at ambient temperature. Again, the membrane was rinsed after incubation with
TBS-T buffer and subsequently washed with it two times for 10 min and one time for 10 min with TBS.
The blot was developed with Westar C Ultra 2.0 chemiluminescent substrate (Cyanagen) and imaged

on Amersham Imager 6§0RGB (Cytiva).

4.2.2.4 Isolation of inner membrane vesicles

To separate inner and outer membrane fractions of lysed bacterial cells, the protocol described
previously (Chapter 3.2.3) was utilized. In brief, a continuous sucrose density gradient from 20 to
70 % (w/v) was generated. Here, for LipH the buffer contained 20 mM Tris/HCI pH 8.0, 100 mM NaCl
and for co-expressed SecYEG/LipH the buffer contained 20 mM Tris/HCI pH 7.5, 150 mM KOAc. The
crude membranes were loaded over the gradient (200 — 300 pl) and centrifuged for 16 h at 110000 g at
4°C in either SW40 or SW32 rotor (Beckman Coulter). Afterwards, the gradient was harvested in
fractions utilizing the Gradient Station (BioComp Instruments). The fractions were analyzed by SDS-

PAGE, and IMV-containing fractions were pulled together. The samples were diluted with sucrose-free
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buffer and applied for ultracentrifugation to pellet the inner membrane vesicles (IMVs). Afterwards, the
membranes were resuspended in buffer (for LipH-IMVs in 20 mM Tris/HCI pH 8.0, 100 mM NaCl,
10 % glycerol or for SecYEG/LipH-IMVs in 20 mM Tris/HClI pH 7.5, 150 mM KOAc,
5 mM Mg(OAc), 5 % glycerol). The IMV aliquots were flash-frozen and stored at -80°C until further

usage.

4.2.2.5 Polymer-based extraction LipH and LipH/SecYEG

The isolation of the full-length foldase and co-expressed SecYEG/ LipH™ was achieved by utilizing the
previously described protocol for the translocon isolation with minor modifications. In brief, 200 pl
membranes containing overexpressed LipH™ or SecYEG/LipH"™ were solubilized with 2.5 % (w/v)
diisobutylene-maleic acid (DIBMA) polymers for 1 h at 37°C upon shaking at 650 rpm in
50 mM Tris/HCI pH 8.0, 100 mM NacCl, 10 % glycerol, 0.2 mM TCEP, cOmplete protease inhibitor in
a total volume of 2 ml. Each sample was applied to 400 ul Ni**-NTA agarose resin (Qiagen) which was
washed extensively with MQ and equilibrated with wash buffer (2 ml of 50 mM Tris/HCI pH 8.0,
100 mM NaCl, 10 % glycerol, 0.2 mM TCEP, 5 mM imidazole, cOmplete protease inhibitor)
beforehand. After solubilization, a subsequent centrifugation step at 100000 g for 30 min at 4°C was
conducted to remove the non-soluble material. The samples were applied for binding to Ni*-NTA resin
overnight at 6°C, rotating on a vertical rotational mixer at moderate rpm to avoid the generation of foam.
The next day, the beads were washed with 2.5 ml of 50 mM Tris/HCI pH 8.0, 100 mM NacCl, 10 %
glycerol, 0.2 mM TCEP, 10 mM imidazole, cOmplete protease inhibitor. The samples were eluted with
50 mM Tris/HCI pH 8.0, 100 mM NacCl, 10 % glycerol, 300 mM imidazole in multiple fractions.

4.2.2.6 Liposome preparation and reconstitution of full-length LipH

For preparing liposomes with tailored lipid composition, the protocols were followed as described
previously (Chapter 3.2.4). In brief, synthetic lipids (Avanti Polar Lipids, Inc.) were used from
chloroform stocks of known concentrations. Mixing of the lipids in defined ratios and evaporation under
vacuum (below 200 mbar) conditions at 40°C for at least 15 min with 140 rpm rotation (Rotary
evaporator, IKA) led to removal of chloroform and formation of lipid film on the surface of the glass
reaction tube. The lipid film was carefully resuspended in 1.2 — 2 ml of the buffer (20 mM Tris/HCl
pH 8.0, 100 mM NacCl) in aim to obtain liposomes. The liposomes were extruded by the Mini-Extruder
set (Avanti Polar Lipids, Inc.) and porous polycarbonate membranes (Nuclepore, Whatman). The crude
liposomes were extruded initially for eleven passes through 400 nm and subsequently for another round
of eleven passes through 200 nm pore size membranes. The protocol is oriented on previous research

(Kamel et al., 2022).

For the reconstitution of the purified LipH"", the liposomes were destabilized with 0.2 % (w/v) DDM at
40°C for 10 min. 1 nmol of the protein was reconstituted at 1:1000 protein to lipid ratio, thus 200 pl of
liposomes were used for the procedure. LipH™ was diluted to a volume of 300 ul with 20 mM Tris/HCI
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pH 8.0, 100 mM NaCl, 10 % glycerol, 0.1 % (w/v) DDM and kept on ice. After destabilization, the
liposomes were added to the protein solution and the reaction incubated on ice for 30 min. To remove
the detergent the solution was added to 70 mg of Bio-Beads SM-2 and incubated at 6°C rolling over
night. Afterwards the solution was transferred for ultracentrifugation at 100000 g for 1 h at 4°C to pellet
the proteoliposomes. The resulting proteoliposomes were resuspended in 20 pl buffer (20 mM Tris/HCI
pH 8.0, 100 mM NacCl). To check the orientation of the reconstituted foldase, proteolytic cleavage of
the N-terminal affinity tag was conduct by 3C HRV protease. Therefore, 0.5 ul of protease were added
to 10 pl of proteoliposomes and incubated at ambient temperature for 1.5 h. Afterwards, 10 pl of the
samples were withdrawn and mixed with 10 pl of 5 x SDS-PAGE sample buffer and subsequently
applied for SDS-PAGE.

For the reconstitution of LipH"™ in nanodiscs (NDs), a ratio of 1:2:100 of protein:MSP:lipid was utilized.
100 pl of liposomes (5 mM stock) were destabilized for 10 min with 0.5 % Triton X-100 at 40°C. The
protein was diluted in buffer (20 mM Tris pH 8.0, 100 mM NacCl, 0.1 % (w/v) DDM) to 500 ul and kept
on ice. After destabilization, LipH™ and MSP1D1 were pipetted simultaneously to the liposomes and
incubated for 30 min on ice. After the incubation the sample was supplied to 70 mg of Bio-Beads to
remove the detergent at 6°C rolling overnight. The next day, the sample was centrifuged at 30000 g for
30 min at 4°C. The supernatant was applied for size-exclusion chromatography on Superdex 200
Increase 10/300 GL column (Cytiva). The resulting peak fractions were analyzed by SDS-PAGE which
allowed to distinguish between LipH-containing and empty NDs.

4.2.3 Invitro activity of LipA

The hydrolytic activity of the lipase was measured in vitro upon the hydrolysis of para-nitrophenyl
butyrate (»NPB) as described elsewhere (Papadopoulos et al., 2022). For the measurement, 1 uM of
urea-denatured LipA was mixed with inner membrane vesicles (IMVs), proteoliposomes (PL) or
nanodiscs (NDs) containing LipH™ in a total volume of 40 upl with TGCG buffer (5 mM Tris,
5 mM glycine, 1 mM CaCly, 5 % glycerol, pH 9.0). LipH™ -PL were tested for the lipase activation by
addition 12 pl of the suspension to the activation reaction. For the NDs, LipH™™ concentration was
estimated by SDS-PAGE band intensity roughly at 0.2 uM. IMVs were add to 1 OD based on absorption
(A280) measurement. The samples were incubated for 15 min at 37°C for complex formation.
Afterwards, 10 ul sample were transferred into a 96-well plate containing 100 ul TGCG. pNPB was
diluted to 10 mM by adding 1.76 ul to 1 ml acetonitrile. Briefly before the measurement, the pNPB
solution was again 10-fold diluted with 50 mM triethanolamine pH 7.4 and 100 ul were pipetted to each
well for measurement. The absorbance of the p-nitrophenolate was monitored at 410 nm over 3.5 h at
37°C on a plate reader (Infinite 200 pro, TECAN). LipA alone served as negative control, and the
autohydrolysis of pNPB was monitored in the same buffering condition lacking the protein. The

measurements were conducted in technical triplicates.
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4.2.4  Microscale Thermophoresis

MST was utilized to track binding of the foldase and the lipase A of P. aeruginosa PAO1. LipA and the
soluble domain of LipH were purified as described previously (Papadopoulos et al., 2022). Isolated

AN and LipA2“*1%) were fluorescently labeled with

urea-denatured lipase variants (LipAria4g, Lip
AlexaFluor 488-maleimide (Thermo Fisher Scientific). In brief, 10 to 20-fold molar excess of the dye
was added to the protein. The sample was filled with 20 mM Tris/HCI pH 7.25, 8 M urea to
300 — 500 pl final volume in the tube and put on a rolling table under darkened conditions and incubated
at 6°C overnight. The next day, the sample was precipitated with 20 % (w/v) trichloroacetic acid (TCA)
for 30 — 60 min on ice. After incubation, centrifugation at 21380 g for 15 min at 4°C was conducted to
pellet the precipitated protein. The supernatant (SN) was removed, and 1 ml of ice-cold acetone was
added to the sample for washing by vortexing. The sample was put for centrifugation at 21380 g for
15 min at 4°C again and the SN was removed afterwards. After subsequent drying step (37°C for
15 min) the pellet was suspended with 20 mM Tris/HCI pH 7.25, 8 M urea. The concentrations of the
proteins were determined spectrophotometrically by measuring the absorbance (A) at 280 nm. For the
MST measurement, the foldase (LipH*™P) was transferred into MST buffer (5 mM Tris, 5 mM glycine,
1 mM CaCl,, 5 % glycerol, 0.5 mg/ml BSA, 0.05 % (w/v) Tween-20, pH 9.0). Further, the fluorescently
labeled lipase variants were diluted to 100 nM in MST buffer, and 10 pl of the lipase were mixed with
the foldase soluble domain ranging from 0.23 nM to 7.5 uM in a 0.5 ml reaction tube (Sarstedt). The
lipase:foldase samples were incubated for 15 min at ambient temperature in the dark, then loaded into
premium capillaries and applied for analysis by Monolith NT.115 instrument (NanoTemper
Technologies, Munich, Germany). The MST power was set to 80 % and the LED power to 40 % in the
blue channel. The thermophoresis was detected over time by normalized fluorescence traces for
30 seconds with 5 seconds set for delay and recovery. The aggregation of the samples was monitored
by a capillary profile scan prior the experiment. The data was evaluated by NT Analysis software
(NanoTemper Technologies, Munich, Germany) allowing to remove the disturbances occurred likely
due to aggregation. The Kp fit was conducted by GraphPad Prism (Version 9.2.0, GraphPad Software,
LLC 1994 - 2021) based on one-site total binding model.

4.2.5 Size exclusion chromatography combined with multi angle light scattering

To determine the oligomeric state of the detergent-solubilized full-length foldase (Hiss-LipH™), the
purified protein was applied for SEC-MALS analysis on Superdex 200 Increase 10/300 GL column
(Cytiva) in 50 mM Tris/HCl pH 8.0, 100 mM NaCl, 0.2 mM TCEP, supplied with either
0.5 % (w/v) DM or 0.1 % (w/v) DDM. The samples were applied to ultracentrifugation at 100000 g for
30 min at 4°C to remove occasional aggregates. 500 pl of the DDM-solubilized sample with a
concentration of 0.16 mg/ml and 230 pl of the DM-solubilized sample with a concentration of 0.2 mg/ml
were injected. SEC-MALS was also performed to determine the molecular weight and oligomeric state
of LipH soluble domain (LipH*™P), as well as the molecular weight and stoichiometry of

LipA:LipH*™P complex. For LipH*™P the concentration was 56 pM (~ 2 mg/ml), and 150 pl were
65



injected for analysis. To analyze the complex, 25 uM of urea-denatured LipA were incubated with
equimolar amount of LipH*™P for 1 h at 4°C. To remove occasional aggregates the samples were
centrifuged at 100000 g for 1 h at 4°C. After centrifugation, 100 pl of the complex were injected for
analysis. The SEC-MALS runs were conducted on Superdex 200 Increase 10/300 GL column (Cytiva).
The buffer was 50 mM Tris/HCI pH 8.0, 100 mM NaCl, 0.2 mM TCEP. The column was connected to
a miniDAWN TREOS II light scattering device and Optilab-TrEX Ri-detector (Wyatt Technology
Corp.). For analysis of the data, the software ASTRA 7.3.2 was employed (Wyatt Technology Corp.).

4.2.6 Small-angle X-ray scattering

SAXS measurement for LipH*™P" was conducted at the Center for Structural Studies of the Heinrich
Heine University of Diisseldorf. The data was collected at Xeuss 2.0 Q-Xoom system from Xenocs,
which was equipped with a PILATUS 3 R 300K detector (Dectris) and a GENIX 3D CU Ultra Low
Divergency X-ray beam delivery system. The sample to detector distance was set at 0.55 m for this
experiment and resulted in an achievable g-range of 0.1 — 6 nm™. The sample concentration was
11.82 mg/ml in 50 mM Tris/HCl pH 8.0, 100 mM NacCl, 0.2 mM TCEP, 5 % glycerol, cOmplete protease
inhibitor, and the measurements was conducted at 15°C. The sample was injected via an autosampler
into the Low Noise Flow Cell (Xenocs). For that sample, 24 frames with an exposure time of ten min

were collected. The data was scaled to the absolute intensity of water.

To conduct structural analysis of the lipase:foldase complex, 100 pl of the isolated and urea-denatured
LipAriasr (40 mg/ml in 20 mM Tris/HC1 pH 7.25, 8 M urea) was mixed with 400 pl of LipH*™P
(1 mg/ml in 5 mM Tris, 5 mM glycine, 1 mM CaCl,, 5 % glycerol, pH 9.0). The sample incubated for
30 min at 37°C for complex formation and subsequently centrifuged at 21380 g for 10 min at 4°C. For
the data acquisition of LipH:LipA of P. aeruginosa PAO1, SEC-SAXS was conducted on the P12
beamline (PETRA III, DESY Hamburg) (Blanchet ef al., 2015). The sample-to-detector distance of the
P12 beamline was 3.00 m, results in an achievable g-range of 0.03 — 7.0 nm. The SEC-SAXS runs were
performed at 10°C with a Superdex 200 increase 10/300 GL column (Cytiva) (100 pl inject,
Buffer: 5 mM Tris, 5 mM glycine,] mM CaCl,, 5 % glycerol) with a flow-rate of 0.6 ml/min. We
collected 2400 frames with an exposer time of 0.995 sec/frame. Data were scaled to absolute intensity
against water. All used programs for data processing were part of the ATSAS Software package (Version
3.0.3) (Manalastas-Cantos et al., 2021). Primary data reduction was performed with the program
PRIMUS and CHROMIXS (Konarev et al., 2003; Panjkovich and Svergun, 2018). With the Guinier
approximation, the forward scattering I (0) and the radius of gyration (Rg) were determined (Guinier,
1939). The GNOM software was used to estimate the maximum particle dimension (Dmax) with the

pair-distribution function p (r) (Svergun, 1992). Homology model of LipH*™P

were created with Phyre2
(Kelley et al., 2015). Additionally, we created an AlphaFold model of the LipA:LipH, complex and used
CORAL for the modeling of the N-terminal part of LipH (amino acid residues 1 — 70) which was not

modeled with high confidence by AlphaFold (Jumper et al., 2021) (Petoukhov et al, 2012).
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Additionally, we calculate an ab-initio model of the LipA:LipH complex using GASBOR and
superimposed the models with SUPCOMB (Kozin and Svergun, 2001) (Svergun, Petoukhov and Koch,
2001). All SAXS measurements and analysis were conducted in close collaboration with Jens Reiners

from the Center for Structural Studies at the Heinrich Heine University of Diisseldorf.
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4.3 Results

4.3.1 lIsolation and characterization of the full-length foldase LipH

Investigating the lipase A folding and maturation process constitutes a major challenge. First, LipA is
highly prone to aggregation, which makes it very difficult to work with. Thus, a substantially more stable
lipase mutant was identified and generated within the project (Papadopoulos et al., 2022). Second, as
demonstrated by previous research, the lipase A requires folding-assistance by a membrane-bound
lipase-specific foldase (Lif) chaperone named LipH (Frenken et al., 1993; Hobson et al., 1993; Rosenau,
Tommassen and Jaeger, 2004). How the recognition between the lipase and its chaperone occurs is still
not completely understood. While previous studies focused solely on the folding and maturation of the
lipase mediated by the soluble LipH domain (EI Khattabi et al., 1999, 2000; Dollinger, 2018) the current
research aimed to investigate the processes mediated by the full-length foldase (LipH"") upon the lipase
biogenesis at the membrane environment. This required the expression and isolation of the full-length
LipH as well as its functional reconstitution. Further investigations were conducted to check the possible
involvement of the foldase upon LipA translocation, therefore LipH™" and the translocon SecYEG were

co-expressed.

The first step to characterize the action of LipH™ was the successful expression and purification of the
protein. Therefore, LipH™ was heterologously expressed in E. coli which resulted in reasonable yields
when utilizing constructs which encode for N-terminally histidine-tagged foldase. To boost the
expression level and avoid degradation of the overexpressed protein, two constructs encoding for LipH™"
with difference in the length of the N-terminal tag (His;o-LipH™ and Hiss-LipH™) were created and
tested for expression and purification. The successful solubilization of LipH™ from the membrane was
achieved with the detergents DM and DDM (Figure 4.1, A). Initial metal ion affinity purification
(IMAC) of the full-length LipH resulted in a prominent band on SDS-PAGE at ~ 41 kDa matching the
expected molecular weight of the protein, and certain degradation products of lower molecular weights
(Figure 4.1, A). Size-exclusion chromatography (SEC) of DM-solubilized Hiss-LipH™" showed
homogenously purified protein and less intense pattern of degradation products as indicated by SDS-
PAGE analysis (Figure 4.1, B). Purified Hiss-LipH"™" and the cognate degradation bands were observed
by immunoblotting (Figure 4.1, C), confirming the purified foldase as well as the observed degradation
products. The employed detergents possess different micelle sizes (~ 70 kDa for DDM and ~ 40 kDa
for DM) which may have an impact on the oligomeric state of the protein (Stetsenko and Guskov, 2017).
Combined SEC with multi-angle light scattering (MALS) allowed the determination of oligomeric state
of the detergent-purified full-length foldase (Figure 4.1, D and E). For DDM-solubilized LipH™, two
close peaks were observed at 10.9 and 11.6 ml on Superdex 200 Increase 10/300 GL column (Cytiva),
and further analysis of these peaks revealed molecular weights of 201.9 + 3.3 kDa for the first peak and
129.1 £ 2.9 kDa for the later eluting peak. The molecular weight determined for the first peak matched
the trimeric state of LipH™" while the second peak possibly resembled dimeric foldases in the DDM
micelles (Figure 4.1, D). SEC-MALS analysis conducted for DM-solubilized LipH™" reveals a major
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Figure 4. 1: Purification and characterization of the full-length foldase of P. aeruginosa PAO1

A: The full-length foldase (His-LipHF-) was solubilized by in 2 % (w/v) DDM or 3 % (w/v) DM and purified by IMAC.
m: crude membranes, FT: flow-through fraction, W: wash fraction, E: elution fraction. B: LipH™ purified by SEC.
Fractions analyzed by SDS-PAGE. C: Immunodetection of SEC-purified LipH™ expressed in different E. coli strains
by aLipH antibodies. M: Prestained Molecular Weight Marker,10-180 kDa (PageRuler™, Thermo Fisher Scientific),
depicted on the SDS-PAGE and Immunodetection images. D: SEC-MALS of Hisg-LipH™ in DDM indicates two
peaks, possibly representing trimeric (blue) and dimeric (red) foldases in DDM micelles. E: SEC-MALS of Hiss-
LipHFt in DM indicates a major peak, likely representing the monomeric Hiss-LipHF- in the DM micelle. The
molecular weight (MW) of LipH™- was determined in 0.1 % (w/v) DDM and 0.5 % (w/v) DM micelles. The MW of the
detergent micelles for each detergent as well as for reconstituted LipH™ is indicated in the figure (Stetsenko and
Guskov, 2017).

peak eluting at ~ 11.9 ml indicating molecular weight of 84.3 + 1.2 kDa, likely reflecting the monomeric
LipH™ in DM micelles (Figure 4.1, E).

To investigate whether the foldase is involved in the Sec-dependent translocation of LipA, LipH™" was
co-expressed with the translocon SecYEG (Hiso-LipH™/Hiss-SecYEG). After heterologous expression
in E. coli and isolation of the crude membranes, the co-expressed proteins were solubilized by detergent
and purified by immobilized metal ion affinity chromatography (IMAC) resulting in prominent SDS-
PAGE bands for LipH" at ~ 41 kDa and SecY at ~ 38 kDa as well as SecE at ~ 15 kDa and SecG at
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~ 17 kDa, in the elution fraction (Figure 4.2, A). The detergent-based purification of co-expressed
SecYEG/LipH"™" resulted in different levels of the proteins, as the band for LipH™ on SDS-PAGE was
substantially weaker than those of the translocon (Figure 4.2, A). Speculations are possible here, as it is
not known whether the histidine-tags are equally accessible for affinity purification or whether the
solubilization efficiency was equal for both proteins. In turn, comparing the solubilization of LipH™"
alone (Figure 4.1, A) to the solubilization when co-expressed with SecYEG (Figure 4.2, A) the
solubilization levels are similar as indicated by band intensity on SDS-PAGE. It is also possible, that
the proteins are expressed to different expression levels. To prove that the proteins are indeed
co-expressed, the immunodetection of the translocon SecYEG by anti-His antibodies and of the foldase
LipH by anti-LipH antibodies was conducted (Figure 4.2, B). While the immunoblot against the histidine
tag presented a strong and clear signal of a MW of ~ 38 kDa, there was no band detected at ~ 41 kDa
with the anti-His antibodies, suggesting that the histidine-tag of SecYEG is accessible, while the tag of
LipH is not. The immunodetection conducted with anti-LipH antibodies confirmed the presence of the

foldase in the co-expressed sample by indicating a prominent band at ~ 41 kDa (Figure 4.2, B).
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Figure 4. 2: Co-expression of the foldase and the translocon of P. aeruginosa PAO1

The full-length foldase (His1o-LipH) and the translocon (Hiss-SecYEG) were co-expressed by utilizing a plasmid
encoding for both products. A: SDS-PAGE of co-expressed, detergent-solubilized, and IMAC-purified
SecYEG/LipHF. B: Immunodetection of the histidine-tagged translocon (aHis, left) and the foldase (aLipH, right).
The histidine-tag of the foldase did not indicate signal when blotted against anti-His antibodies, suggesting limited
accessibility of the tag. M: Prestained Molecular Weight Marker,10-180 kDa (PageRuler™, Thermo Fisher

Scientific), m: crude membranes, FT: flow-through fraction, W: wash fraction, E: elution fraction.

To check the functionality of the membrane-bound foldase, inner membrane vesicles (IMVs) harboring
either LipH"™ or co-expressed SecYEG/LipH™" were isolated by density gradient centrifugation (Figure
4.3, A and B). The isolated IMVs were employed to study the foldase-mediated maturation of LipA.
Furthermore, IMVs containing co-expressed LipH™/SecYEG were utilized for in vitro LipA
translocation experiments but did not indicate any enhancing effect of the foldase by improving the

transport efficiency. In addition, the full-length LipH and the co-expressed SecYEG/LipH™ were
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extracted by detergent-free polymers, resulting in the formation of near-native nanodiscs (NDs) (Figure
4.3, C and D). The isolated near-native NDs could be further used in biophysical assays to study the
binding of the lipase to the membrane-bound LipH"™". The isolated IMVs and the polymer-extracted NDs
represent near-native membrane systems which contain additional endogenous E. coli proteins.
Although they allow to study the foldase action in the membrane environment, they are not tunable on

their lipid as well as protein composition.
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Figure 4. 3: Isolation of the foldase in near-native membranes

The full-length foldase LipH was overexpressed in E. coli and membranes harboring the protein were isolated. The
crude membranes were separated by density gradient centrifugation. The collection of continuous sucrose gradient
(20 — 70 %) upon fractionation was analyzed by SDS-PAGE. The fractions containing the LipH™- and thus the inner
membrane vesicles (IMVs) are 6, 7 and 8. LipH" bands are indicated by dashed quadric. A: IMVs harboring the
foldase LipHF-. B: IMVs harboring co-expressed LipHF-/SecYEG. C: Polymer-based extraction and IMAC
purification of Hiss-LipH™-. D: Polymer-based extraction and IMAC purification of Hise-SecYEG, His1o-LipH- and
co-expressed Hiss-SecYEG/His1o-LipH-. The proteins were extracted from the crude membranes by DIBMA
polymer. M: Prestained Molecular Weight Marker,10-180 kDa (PageRuler™, Thermo Fisher Scientific), S: DIBMA-

solubilized, FT: flow-through fraction, W: wash fraction, E: elution fraction.

71



>

Reconstitution of foldase in Nanodiscs B LipH"-NDs  Empty NDs C LipHFt PL

_ 149 M 20 21 22 23 24 25 26 27 28 PL +3C
2 12- Empty NDs 150y=
: e
% 10+ 55 | we X His-3C-
8 g 40 | = H'S-?»FE?- LipH™
3 35 | LipH
E &7 25 | | 3CHRV
g 44 LipH™ NDs Gt T3 MSP Protease
[o]
8 24 15 |
<

0 | | | T | 1 10 |

6 8 10 12 14 16 18

Volume [ml]

Figure 4. 4: Reconstitution of full-length foldase in model membranes

A: Size-exclusion chromatography (SEC) indicates LipHF" reconstituted in nanodiscs (NDs). Separation between
LipH- NDs and empty NDs is given by two peaks. SEC on Superdex 200 Increase 10/300 GL (Cytiva). B: SDS-
PAGE of SEC fractions of ND-reconstitution of LipH-. Foldase (His-3C-LipHF-) and membrane scaffold protein
(MSP) are indicated. M: Prestained Molecular Weight Marker,10-180 kDa. C: Proteoliposomes (PL) containing
foldase (His-3C-LipHF-. Samples treated with 3C HRV Protease (+3C) to check the orientation of the foldase after

reconstitution.

Thus, synthetic lipids were utilized to obtain defined membrane composition for reconstitution of
LipH™. The reconstitution of the full-length foldase in model membrane systems was
achieved in proteoliposomes and nanodiscs (NDs) (Figure 4.4). The proteolytic cleavage
of the histidine tag indicates that most of the foldases are oriented outwards of the liposomal

lumen (~ 63 %) (Figure 4.4, C).

Upon the presented investigations it was possible to isolate and reconstitute for the first time the full-
length foldase LipH of P. aeruginosa PAOI1. The successful isolation, reconstitution, and further
characterization of the full-length foldase are key steps in aim to elucidate the processes upon lipase
biogenesis. All membrane-associated foldase samples were further used for functional investigations.
Furthermore, the presented isolation and reconstitution approaches can serve in later investigations to
study possible foldase:lipase interactions on the membrane interface, forming the basis for biochemical
and biophysical analysis with the full-length chaperone in near-native and model membrane

environment.

4.3.2  Functional investigations of the full-length foldase

The functional investigation of the full-length foldase LipH is of major importance in aim to elucidate
its mode of action upon the lipase biogenesis. After successful isolation and reconstitution of LipH"™",
the focus was set on the folding action of LipH"" towards the lipase A. Thus, the acquired samples were
utilized for biochemical investigations. The ability of LipH™" to assist in folding of LipA was tracked
by the lipase activation analysis. To check the functionality of foldase in near-native membranes, inner

membrane vesicles (IMVs) harboring either LipH™" or co-expressed SecYEG/LipH"" were applied for
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activation of the lipase A. The resulting lipolytic activity of the lipase towards p-nitrophenol butyrate
(pNPB) served as an indication for the natively folded protein, that in turn indicated that LipH in IMVs
possessed folding activity, and thus was in its functional state (Figure 4.5, A). When comparing the
IMVs harboring LipH™ with those containing co-expressed SecYEG/LipH'", the hydrolytic activity of
LipA was reduced when it was activated by the co-expressed foldase (Figure 4.5, A). This could be due
to lower expression level of the foldase when it was co-expressed with the translocon. Although the
folding action of LipH™ towards LipA was decreased when it was co-expressed with SecYEG, the
results indicated that the foldase was still functional in this type of IMVs. Co-expression of
SecYEG/LipHf" allowed for further experimental approaches to investigate possible effects of LipH
upon the lipase transport. To investigate the putative role of LipH upon Sec-mediated translocation of
the lipase, the same IMVs were utilized. Although the LipH" appeared functional upon the lipase
folding, the results of in vitro transport did not indicate any increase in transport efficiency of the lipase
when the foldase was present. Thus, the low translocation efficiency could be due to instant aggregation
and/or inefficient targeting of the lipase precursor to the Sec system (chapter 3.1.1). Further, LipH™ was
reconstituted in proteoliposomes, as well as in nanodiscs (NDs), and the chaperone was able to fold
LipA into its active form, as validated by the resulting hydrolytic activity of the lipase (Figure 4.5, B).
Here, the hydrolytic activity of the lipase folded by LipH"*-NDs was increased in comparison to LipH™"
proteoliposomes. This can be due to the accessibility of the foldase chaperone domain in the NDs. While
after reconstitution in proteoliposomes, not all foldase chaperone domains are oriented outward of the

vesicles, thus not being accessible for folding of the lipase.
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Figure 4. 5: Functional analysis of the full-length foldase in membrane systems

A: Lipase activation by IMVs with LipHF- or co-expressed LipH™/SecYEG. LipA: no foldase added (inactive),
-/+LipA: in presence or absence of lipase A. LipH: IMVs with foldase, SecYEG: IMVs with the translocon,
SecYEG/LipHF:: IMVs with co-expressed translocon and foldase. B: Lipase activation by LipH in membrane
mimetics. NDs: nanodiscs, PL: proteoliposomes. Lipolytic activity of LipA against pNPB, measured via the

absorbance caused by pNPB hydrolysis after 15 min. The mean values and the standard deviation are shown.
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4.3.3 Binding and recognition of the lipase A by the foldase

Recognition and binding of the lipase by its cognate foldase manifest key steps of the lipase biogenesis.
Early studies demonstrated a very specific interaction of the lipase with the foldase leading to a tight
binding of the proteins (El Khattabi ef al., 1999). Indeed, tight binding of the lipase to the foldase soluble
domain was observed, but the mechanism of recognition remains still unclear (Viegas et al., 2020). The
first step to characterize the lipase:foldase complexing was the determination of the complex
stoichiometry as well as further structural analysis. SEC-MALS as well as structural analysis by SAXS

were conducted (Figure 4.6).
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Figure 4. 6: Characterization of LipH soluble domain and in complex with LipA

Analysis were conducted for the soluble foldase domain (LipHA™P) and the lipase:foldase complex (LipA:LipHATMP),
SEC-MALS analysis of (A) LipHA™P and (B) LipA:LipHA™P_ Molecular weight (MW, red line). SAXS envelope (grey
mesh) of (C) LipHA™P and (D) LipA:LipHA™P complex. The homology models of the LipHA™P and LipA:LipHATMDP
complex are depicted inside the envelope. MD1: mini domain 1 (light blue), EHD: extended helical domain (khaki-
orange), MD2: mini domain 2 (dark blue). The a-helix containing the foldase consensus motif (Rx1x2FDY (F/C)L

(S/T)A) is colored separately (dark red). LipA: dark grey with the a-helices of the Lid-domain (red).
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Analysis of the lipase:foldase complex by both approaches indicate a 1:1 stoichiometry, indicating an
intact formation of the protein complex. The calculated molecular weights of LipA is 30.18 kDa and of
LipH*™P 38.32 kDa. The molecular weight of the lipase:foldase complex determined by SEC-MALS
was 67.6 + 0.32 kDa, while the soluble domain of the foldase (LipH*™P) 39.4 + 0.32 kDa
(Figure 4.6, A) (Papadopoulos et al., 2022), thus matching the values calculated for 1:1 stoichiometry.
The lack of structural information of the lipase:foldase complex of P. aeruginosa PAO1 hampers further
characterization of the binding and recognition process and can only be complemented with previous
observations made for Burkholderia glumae (Pauwels et al., 2006). The putative structure of the foldase
and in complex with the lipase was obtained by the homology modeling and small-angle X-ray scattering
(SAXS) analysis. The resulting SAXS envelope represents important low-resolution structural data of
the P. aeruginosa foldase LipH and the LipH:LipA complex (Figure 4.6, C and D). The data indicates
a “C-like” shape for the envelope of the foldase and fits to the homology model (Figure 4.6, B). When
the foldase binds the lipase, an increased density is detected in the SAXS envelope, forming a bulky
shape, where the homology model of the complex fits well (Figure 4.6, D). Taken together, the structural

data confirms an equimolar complex formation of LipH:LipA.

To elucidate the recognition of the lipase by its dedicated foldase, the LipH soluble domain was utilized
to track the binding of fluorescently labeled lipase. The binding of the denatured lipase A was monitored
by microscale thermophoresis (MST). The recently created stable mutant of LipA (LipAriaue) was
utilized for these experiments, in aim to avoid the fast aggregation of the protein (Papadopoulos et al.,
2022), and allowing for the successful recognition by the foldase. The results reveal a strong binding
interaction between LipA and LipH soluble domain, with a dissociation constant (Kp) in the low
nanomolar range (~ 8.8 nM) (Figure 4.7, A), being in the similar range to that which was reported for

lipase:foldase interactions before (Pauwels ef al., 2006; Viegas et al., 2020).

Since the lipase follows the Sec-dependent translocation to the periplasm in unfolded state, it must
emerge out of the translocon first by its N-terminus. Once at the periplasmic side, the lipase requires
folding assistance by the membrane-bound LipH. It is tempting to speculate that the foldase recognizes
the emerging lipase at an early translocation stage, whereby the N-terminus of LipA might be of major
importance for recognition by LipH. To test this hypothesis, an N-terminally truncated LipA variant
lacking the first seven amino acids (LipA*"’) of the mature lipase domain was generated and employed
for MST experiments. The results did not indicate any clear binding to the foldase (Figure 4.7, B),
suggesting that the N-terminus of the lipase is essential for the recognition by the foldase. In case of an
N-terminally governed lipase translocation event, these results underline that the N-terminus of LipA
constitutes the part which is initially recognized by the foldase. Oppositely, the recognition of the lipase
by the foldase should not be hindered in absence of C-terminally located residues. To check that,
a C-terminal LipA truncation lacking 81 amino acids was analyzed for binding to the foldase. Oppositely
to the N-terminal truncation, the results indicate binding of the C-terminal LipA truncation by the foldase

(Figure 4.7, C). The resulting Kp (~ 10.8 nM) is in the same range as for full-length LipA. These results
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Figure 4. 7: Binding of the lipase to the foldase monitored by MST

LipH concentration [nM]

The binding of the soluble foldase domain (LipH2™P) to fluorescently labeled LipA was detected via microscale
thermophoresis (MST). The full-length lipase (LipAr144e) as well as N- and C-terminal truncations (LipA®N” and
LipA2C81) are shown by in-gel fluorescence. A: Binding indicated for LipA (LipAri44e) by LipH soluble domain
(LipHA™D)_ B: No clear binding determined for LipA N-terminal truncation (LipA2N7) lacking the first seven amino
acids by LipHA™P, C: Binding detected for LipA C-terminal truncation (LipA2C8') lacking 81 aa from the C-terminus.

First and second technical replicates are depicted for each measurement. Kos are indicated in the figure (A and C).

underline that the initial recognition events likely occur between the N-terminus of LipA and the foldase,

whereby the C-terminus is later recognized by the foldase.
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4.4 Discussion

The major secretory lipase LipA of P. aeruginosa is a virulence factor. Upon its targeting within the
cytoplasm, transport across the inner membrane by the Sec machinery and secretion to the extracellular
space by the type Il secretion system (T2SS), the lipase interacts with multiple proteins. In the periplasm
the lipase is folded by the lipase-specific foldase LipH which is important for LipA to maturate and
reach its secretion-competent form (El Khattabi et al., 2000; Rosenau, Tommassen and Jaeger, 2004).
So far, investigations on the lipase:foldase system were primarily conducted with the soluble domain of
the chaperone, and structural information of the system was achieved for homologous lipase:foldase
complex of Burkholderia glumae, representing the initial information on that system (E1 Khattabi et al.,
2000; Pauwels et al., 2006). The lack of information on the full-length foldase LipH" is a barrier on
track to elucidate the folding and maturation processes of the lipase A. It is unclear how the membrane
environment affects the folding and maturation of the lipase. It is also not clarified if and how the
presence of the membrane and/or other membrane-associated proteins, including the Sec translocon,
impact the folding and release of the mature lipase. Therefore, the functionality and dynamics of the

full-length foldase within the membrane is of substantial interest.

Limited insights on the full-length foldase derived from a homologous lipase:foldase system of
P. aeruginosa TE3285 point to the essential properties of the foldase chaperone domain upon lipase
folding, but also indicate aggregation of the full-length foldase which had very low ability to activate
the lipase (Shibata, Kato and Oda, 1998b). Within the investigations of the present thesis, expression,
and isolation of the full-length foldase LipH of P. aeruginosa PAO1 was achieved for the first time.
LipH™ was characterized in detergent and within the lipid environment. The comparison of LipH™
solubilized by the different detergents (DDM and DM) indicated varying degree of the protein
oligomerization in dependence to the detergent micelle size. While SEC-MALS analysis in DDM
indicated two equally intense fractions likely representing trimeric and dimeric LipH™" in the detergent
micelles, the smaller DM micelles harbored mostly monomeric LipH". The oligomeric state of
membrane proteins can be altered by the detergent (Reading et al., 2015). Although each protein
interacts in a peculiar and highly individual manner with the detergent, the oligomerization of LipH™
might be spatially promoted due to the left non-occupied space in the larger DDM micelles, thus forcing
oligomerization of up to three foldases in a single micelle. Additionally, the preference of the rather
small and single transmembrane domain (TMD) of LipH"" possibly tends to approach the other TMDs
of the further foldase copies. These inter-helical interactions might shield the TMDs from the aqueous
environment and stabilize the protein. Since no data were available until yet to compare the purified
full-length foldase, further investigations are required to confirm the actual oligomeric state in the
membrane environment. Furthermore, the foldase could interact with the translocon SecYEG upon the
lipase translocation. Assumingly, on the one hand putative in vivo interactions of the foldase and the
translocon could influence the oligomeric state of the foldase, while on the other hand the protruding

substrate would require one copy of the foldase to pursue folding and maturation.
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The successful co-expression and isolation of the full-length foldase together with the translocon is
crucial to study the interaction between both proteins in vitro. The data indicate that both proteins were
co-expressed. The immunodetection suggested that the histidine tag used for affinity purification of both
proteins could not be accessed for the full-length LipH although the protein is purifiable, and LipH was
detected when the protein-specific antibodies were used. Taken together, the immunodetection of
co-expressed proteins indicates the successful expression and purification of them. An additional, but
necessary step in terms of characterizing the full-length foldase was the validation of its functional state.
Both, IMVs containing LipH™ and co-expressed LipH"™/SecYEG were utilized for LipA activation and
indicated the functionality of the foldase. The comparison of both datasets indicates lower LipA
activation for the co-expressed sample which could be due to varying expression levels of the foldase.
To enable investigations in more defined membrane systems, the functional reconstitution of the foldase
into proteoliposomes (LipHf“-PL) and MSP-based nanodiscs (LipH™-NDs) with tailored lipid
composition were utilized. Functional reconstitution of the foldase was achieved for both membrane

mimetics, whereby the LipH™-NDs indicated higher LipA activation values.

The foldase supports the lipase folding upon providing steric information and enabling the protein to
overcome its folding barrier (El Khattabi ez al., 2000; Pauwels et al., 2007). The high folding barrier of
the lipase might be also related to the increased aggregation propensity of the protein. Efforts to create
stable lipase variants were conducted leading to more stable lipase mutants in comparison to the wild
type (Rashno et al., 2018; Papadopoulos et al., 2022). Additionally, a single point mutation of a lipase
from Pseudomonas sp. strain KFCC 10818 indicated activity of that variant without requiring folding
assistance by its cognate foldase (Kim ef al., 2001). These insights on the lipase properties to aggregate
or in turn to be stabilized by mutations might help to elucidate the folding procedure of the enzyme and
the working mechanism of the cognate foldase. In fact, the foldase as a steric chaperone acts differently
in comparison to further periplasmic chaperones that serve as holdases and/or antiaggregases. While the
foldase binds tightly and specific to the lipase and helps its client to overcome the folding barrier, it also
stabilizes the lipase in a way that it is less aggregating when complexed to the foldase (Pauwels et al.,
2007; Papadopoulos et al., 2022). In contrast, the seventeen kilodalton protein (Skp/HlpA/OmpH) of
P. aeruginosa, a chaperone which majorly possess antiaggregase function, binds to the lipase, and thus
prevents it from aggregation but does not provide steric information required for folding of the lipase
into its active form (Papadopoulos et al., 2022). Prevention of the lipase aggregation might be a crucial

aspect upon further investigations to get insights about the lipase biogenesis.

The current results indicate the most efficient activation of the lipase by the soluble domain of the foldase
in comparison to the membrane-based systems. The accessibility of the foldase chaperon domain is
likely a key factor for the efficient folding of the lipase. Firstly, LipH-NDs manifested higher lipase
activation in comparison to the proteoliposomes, as the chaperone domain is accessible on either side of
the nanodiscs, while in proteoliposomes the reconstituted foldases can be oriented in two ways, where

only the outward-facing chaperone domain was accessible for the lipase. Secondly, the membrane-
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anchored LipH may experience spatial restrictions at the interface which hamper the complexing with
the lipase. The presence of a proline- and alanine-rich variable domain (VD) after the N-terminal
transmembrane domain (TMD) in the full-length foldase is suggested to function as a flexible linker that
bridges the space between the membrane-interface and the chaperone domain of the foldase (Rosenau,
Tommassen and Jaeger, 2004). The mutation or deletion of the VD led to reduced secretion levels of
LipA (Aboubi, 2008). Therefore, the spatial distancing might be critical for the lipase:foldase
interactions, to maintain a certain degree of flexibility of the chaperone domain which is important for
the interaction with the lipase. Data obtained for the in vitro formed lipase:foldase complex indicates
1:1 stoichiometry, and the SAXS analysis of the soluble domain suggests that the chaperone domain is
highly flexible. The obtained structural data on the foldase and lipase:foldase complex of P. aeruginosa
PAOI1 resembles the data derived from previous studies on the homolog system of B. glumae (Pauwels
et al., 2006). The high degree of flexibility of LipH, and the spatial limitations at the same time might
be beneficial for the release of the maturated lipase from the chaperone. Accordingly, it would make
sense that the foldase recognizes the protruding lipase at an early translocation step and begins to interact
with the lipase in spatial proximity to the translocon. As indicated by binding analysis via MST
conducted with N- and C-terminal truncations of the lipase, the recognition of the lipase by the foldase
in not corrupted and binding occurs when a large C-terminal part of the protein is truncated, while
already the deletion of seven amino acids on the N-terminus results in no clear binding. The results
indicate that LipH can recognize shortened, but N-terminally intact variants of LipA that mimic
translocation intermediates of the protein, suggesting a possible recognition of the protruding lipase
upon the translocation process. Furthermore, preliminary interaction studies by surface plasmon
resonance (SPR, conducted in collaboration with M. Busch) of the detergent-solubilized foldase and the
reconstituted foldase in proteoliposomes indicated a decreased binding affinity shifting from nM to uM
range, suggesting that the binding and release of the lipase might be dependent on the environmental
conditions and/or spatial restrictions. Spatial restrictions could affect the accessibility and
conformational dynamics of the foldase itself. The reduced binding affinity of the lipase to the
reconstituted full-length foldase might be considered as an approximation to the processes that govern
foldase:lipase interaction in vivo, whereby a less tight association of the proteins would be beneficial for
the release of the mature lipase and thus probably being supportive for its secretion. The current
observations support that the release of the lipase might not be only conducted by contacts to the
secretion machinery. One may speculate that the release of mature LipA from the foldase is promoted
by the recognition of protruding unfolded lipase emerging from the translocon and thus displacing the
already folded protein. LipH is not upregulated upon gene expression of /ipAH operon, pointing to the
foldase as an “multi-turnover” catalyst upon the lipase folding (El Khattabi et al., 1999; Rosenau,
Tommassen and Jaeger, 2004) which would support an repetitive process whereby LipH recognizes

freshly translocated LipA. Early studies postulated that periplasmic interactions are determinative on
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the ratio of folded and unfolded lipase, and may provide a regulatory feedback that in turn can affect the

lipase gene expression and export (Rosenau and Jaeger, 2000).

However, the isolation of the co-expressed LipH/SecYEG in near-native membranes (IMVs/NDs) can
be used as a powerful tool for further analysis of the translocation system, hence the proteins should be
in their functional state and do not require reconstitution. Recent results support the translocation
capability of the proposed LipH/SecYEG IMVs, and point to the limitations of the experiment due to
the properties of the lipase precursor as described above. It remains to be elucidated whether the foldase
is truly involved in lipase translocation, e.g. by catching the emerging lipase at the translocon exit. So
far, the high aggregation propensity and the probable intermediate folding of the lipase precursor in the

tested in vitro translocation experimental set up did not indicate enhanced high transport.

In conclusion, an overall symphony of protein interactions is required upon the lipase biogenesis. The
results indicate that the reconstitution of the foldase into model membranes was conducted successfully.
This opens a wide field of application towards understanding the processes which guide the chaperone-
dependent folding of bacterial proteins and can be utilized to enrich the knowledge on the maturation of
secretory virulence factors, with the lipase:foldase system serving as an peculiar system of these
processes. Taken together, the presented investigations on the lipase:foldase system build the
fundamental basis for further research to elucidate essential processes upon biogenesis of the lipase A

of P. aeruginosa PAO1.
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5 Novel players upon lipase biogenesis

5.1 Introduction to the periplasmic chaperone network of P. aeruginosa PAO1

The periplasm represents a challenging environment for secretory proteins. The conditions in the
periplasm reflect mostly those of the extracellular space, thus being oxidizing and chemically relatively
harsh. In aim to reach their destination and to fulfill their task the secretory clients need to trespass the
periplasmic space in a secured manner. A periplasmic chaperone network escorts the secretory client
proteins by assisting protein folding and preventing off-pathway routes (Figure 5.1). The proteins which
constitute the periplasmic network are relatively small and versatile but share similar functions. The
mode of action of the periplasmic chaperones is ATP-independent. The lack of ATP in the periplasm,
the common energy source for the vast cellular metabolism, represents an additional challenge to the
workwise for those helper proteins. The periplasmic chaperones can serve as anti-aggregases or
peptidyl-prolyl isomerases accelerating the folding rates of their clients (Stull, Betton and Bardwell,
2018). One main task of the periplasmic chaperones is their contribution to the biogenesis of outer
membrane proteins (OMPs) (Stull, Betton and Bardwell, 2018). Upon OMP biogenesis, the periplasmic
chaperones interact with the protruding client OMP which is transported through the Sec pathway in
unfolded state (Gao, Nakajima An and Skolnick, 2022). The periplasmic chaperones can either assist
the protein translocation through the Sec system, as the ancillary Sec subunits Y{gM and PpiD, or enable
safe passage of the client OMP through the periplasm, as exemplified by Skp, SurA and FkpA. These
manifold modes of action of the periplasmic chaperones put them to the spotlight, as they carry all the

traits to be putative interaction partners for the secretory lipase A of Pseudomonas aeruginosa PAO1.
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Figure 5. 1: The putative role of the periplasmic chaperone network upon lipase biogenesis

The soluble (FkpA, SurA and Skp) as well as the membrane-bound (YfgM and PpiD) periplasmic chaperones
represent putative interaction partners for the lipase. Skp indicated to prevent off-pathway routes and being

important for the secretion of LipA. All proteins are indicated by name in the scheme.
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5.2 Experimental procedures
5.2.1 Molecular cloning

For the investigation of the periplasmic chaperones of P. aeruginosa PAO]1, the molecular cloning,
purification and characterization were conducted as described beforehand (Papadopoulos et al., 2022).
For structural analysis of Skp, a construct encoding for the protein with a N-terminal hexa-histidine tag
and a thrombin cleavage site was created by insertion into pET28b-based plasmid via Gibson assembly

(pPAT115 Hiss-TK-Skp-SS).

5.2.2 Expression and purification

The periplasmic chaperones FkpA, SurA, Skp, and the soluble domains of YfgM (Y fgM*™P) and PpiD
(PpiD*™P) were expressed and purified as described recently (Papadopoulos et al., 2022). N-terminal
tagged Skp used for further structural analysis was expressed from pATI15 in E. coli
Rosetta™ (DE3) pLysS. The transformed cells were streaked and put for cultivation overnight at 37°C
on LB (Luria-Bertani medium or lysogeny broth, yeast extract 5 g/l, tryptone 10 g/l, NaCl 10 g/l) agar
supplemented with 50 pg/ml kanamycin and 25 pg/ml chloramphenicol. For expression, a single colony
picked from the plate was used to inoculate a pre-culture that was put for cultivation overnight at 37°C
180 rpm in LB media containing 50 pg/ml kanamycin and 25 pg/ml chloramphenicol. The pre-culture
was used to inoculate fresh LB media containing 50 pg/ml kanamycin and 25 pg/ml chloramphenicol.
The cells were grown at 37°C to an ODggo of ~ 0.6 and expression was induced by addition of 1 mM
IPTG. The expression was conducted for 2 h at 37°C and afterwards the cells were harvested by
centrifugation at 5000 g at 4°C for 20 min. The cell pellets were resuspended in 20 mM Tris/HC] pH
8.0, 100 mM NaCl, 10 % glycerol. The cells were flash-frozen in liquid nitrogen and stored at -80°C
until further processing. For purification, the cells were lysed by cell disruption (M-110P cell disruptor,
Microfluidics Inc.) and put for centrifugation at 205100 g for 1 h at 4°C. The clarified lysate was utilized
for immobilized metal ion affinity chromatography (IMAC) of histidine-tagged proteins using Ni*'-
NTA agarose resin (Qiagen). The resin was equilibrated with buffer (20 mM Tris/HCl
pH 8.0, 100 mM NaCl, 10 mM imidazole, 10 % glycerol) and the lysate applied for binding to the beads
for 1 h at 6°C rolling. Afterwards the flow-through was removed by gravity flow and the Ni*-NTA
resin was washed with wash buffer (20 mM Tris/HCI pH 8.0, 250 mM NaCl, 20 mM imidazole, 10 %
glycerol). The purified protein was eluted from the Ni*-NTA resin in several fractions with elution
buffer (20 mM Tris/HCI pH 8.0, 100 mM NaCl, 1 mM DTT, 300 mM imidazole, 10 % glycerol). The
samples were applied for size exclusion chromatography (SEC) on Superdex 200 Increase 10/300 GL
column (Cytiva) in aim to purify the protein to homogeneity. The protease cleavage of the affinity tag
was conducted by using the thrombin cleavage kit (Thrombin CleanCleave™ Kit, Sigma-Aldrich) based
on the manufacturer’s protocols. The samples were analyzed by SDS-PAGE and flash-frozen by liquid

nitrogen and stored at -80°C until further usage.
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5.2.3 Structural investigations

The homology modeling of periplasmic chaperones was conducted by utilization of phyrre2 tool (Kelley
et al., 2015). For Skp of P. aeruginosa PAO1 the homology modeling was conducted as described
recently (Papadopoulos et al., 2022). The structural model of Skp was generated by AlphaFold (Jumper
et al., 2021). X-ray crystallography was conducted in collaboration with Prof. Albert Guskov
(University of Groningen, Netherlands). For crystallization, the affinity tag of purified Skp (pAT115)
was removed by thrombin cleavage, as described in the previous section (Chapter 5.2.2). The protein
was concentrated until precipitation occur and at this concentration the sample was pipetted for

d™ (Molecular Dimensions). The best conditions for crystallization

crystallization using the MemGol
were 100 mM Tris/HCI pH 8.0, 300 mM Magnesium nitrate hexahydrate, 23 % (w/v) PEG2000. The

crystal resolution at synchrotron energy was 2.7 A.

For the small angle X-ray scattering (SAXS) analysis of Skp, the protocols and data derives from recent
research (Papadopoulos et al., 2022). For SAXS of the periplasmic chaperones FkpA, SurA and the
soluble domains of YfgM and PpiD of P. aeruginosa PAOI1 the proteins were expressed and purified
by affinity purification and subsequent SEC on Superdex 200 Increase 10/300 GL column (Cytiva) in
20 mM Hepes/KOH pH 7.4, 50 mM KCI, 5 mM MgClL, 10 % glycerol as described recently
(Papadopoulos et al., 2022). The protein concentrations were, 5.03 mg/ml for FkpA, 3.66 mg/ml for
SurA as well as for 11.68 mg/ml YfgM*™P and 3.05 mg/ml for PpiD*™P. The data was collected in-
house at Xeuss 2.0 Q-Xoom system from Xenocs which was equipped with a PILATUS 3 R 300K
detector (Dectris) and a GENIX 3D CU Ultra Low Divergency x-ray beam delivery system. The sample-
to-detector distance was set at 0.55 m for this experiment and resulted in an achievable g-range of

0.1 —6nm™.

All used programs for data processing were part of the ATSAS Software package (Version 3.0.3)
(Manalastas-Cantos et al., 2021). Primary data reduction was performed with the program PRIMUS
(Konarev et al., 2003). With the Guinier approximation, the forward scattering I (0) and the radius of
gyration (Rg) were determined (Guinier, 1939). The GNOM software was used to estimate the
maximum particle dimension (Dmax) with the pair-distribution function p(r) (Svergun, 1992). Low
resolution models were calculated with GASBOR and GASBORMX (Svergun, Petoukhov and Koch,
2001; Petoukhov et al., 2012). SASREFMX was employed for the reconstruction of the calculated
dimers (FkpA). The superimpositions of the predicted models were enabled by the software SUPCOMB
(Kozin and Svergun, 2001). All SAXS measurements and analysis were conducted in tight collaboration

with Jens Reiners from the Center for Structural Studies at the Heinrich Heine University of Diisseldorf.
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5.3 Results

5.3.1 The periplasmic chaperone Skp prevents misfolding of the secretory lipase A from
Pseudomonas aeruginosa
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The periplasmic chaperone Skp
prevents misfolding of the
secretory lipase A from
Pseudomonas aeruginosa
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Lutz Schmitt®, Karl-Erich Jaeger®, Filip Kovacic?®,
Sander H. J. Smits?* and Alexej Kedrov'*

Synthetic Membrane Systems, Institute of Biochemistry, Heinrich Heine University Dusseldorf,
Dusseldorf, Germany, *Center for Structural Studies, Heinrich Heine University Dusseldorf, Dusseldorf,
Germany, *Institute of Biochemistry, Heinrich Heine University Dusseldorf, Dusseldorf, Germany,
“Center for Advanced Imaging, Heinrich Heine University Dusseldorf, Dusseldorf, Germany, ®Institute
of Molecular Enzyme Technology, Julich Research Center, Julich, Germany

Pseudomonas aeruginosa is a wide-spread opportunistic human pathogen and
a high-risk factor for immunodeficient people and patients with cystic fibrosis.
The extracellular lipase A belongs to the virulence factors of P. aeruginosa. Prior
to the secretion, the lipase undergoes folding and activation by the periplasmic
foldase LipH. At this stage, the enzyme is highly prone to aggregation in mild
and high salt concentrations typical for the sputum of cystic fibrosis patients.
Here, we demonstrate that the periplasmic chaperone Skp of P. aeruginosa
efficiently prevents misfolding of the lipase A in vitro. In vivo experiments in P.
aeruginosa show that the lipase secretion is nearly abolished in absence of the
endogenous Skp. Small-angle X-ray scattering elucidates the trimeric
architecture of P. aeruginosa Skp and identifies two primary conformations
of the chaperone, a compact and a widely open. We describe two binding
modes of Skp to the lipase, with affinities of 20 nM and 2 uM, which correspond
to 1:1 and 1:2 stoichiometry of the lipase:Skp complex. Two Skp trimers are
required to stabilize the lipase via the apolar interactions, which are not affected
by elevated salt concentrations. We propose that Skp is a crucial chaperone
along the lipase maturation and secretion pathway that ensures stabilization
and carry-over of the client to LipH.

KEYWORDS

protein secretion, folding, aggregation, LipA, SurA, FkpA, PpiD, YfgM
Introduction

The Gram-negative bacterium Pseudomonas aeruginosa is a widespread
opportunistic human pathogen of the highest biomedical importance, as indicated

by the World Health Organization (Sadikot et al., 2005; Driscoll et al., 2007). The
pathogenic potential of P. aeruginosa is associated with multiple secreted virulence
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FIGURE 1

Lipase A from Pseudomonas aeruginosa PAQOL. (A) Structure of the lipase LipA (PDB ID: 1EX9). The catalytic triad of Ser-82, Asp-229 and His-251
is shown in green, the disulfide bridge between Cys-183 and Cys-235 is shown in yellow. The a-helix 5 forming the lid domain is shown in red, with

the residue F144 in cyan. (B) LipA expression and purification visualized on SDS-PAGE. Cell lysates prior to adding IPTG (*-") and after 2 h of
expression (“+") are shown. Lane “IB": isolated inclusion bodies. LipA band is indicated with an asterisk. (C) Lipase activity in vitro mediated by the
foldase LipH. Change in absorbance at 410 nm is associated with hydrolysis of the substrate, para-nitrophenyl butyrate (pNPB). Once folded in
presence of LipH, the wild-type LipA and the mutant LipAry44¢ are able to hydrolyse pNPB (blue and grey solid traces, respectively). Pre-incubation of
the wild-type lipase in the absence of LipH (LipA,qg) leads to the partial inhibition of hydrolysis (blue dashed trace). LipA activity in the absence of
LipH (red trace), and the autohydrolysis of the substrate (black trace) are indicated. (D) Quantification of the hydrolytic activity of LipA. The lipase
activity was calculated based on the colorimetric signal after 15 min of pNPB hydrolysis (panel C). The assays were performed in technical triplicates,

the mean values and the standard deviations (SD) are shown.

factors, i.e. the extracellular enzymes, such as exotoxins,
lipases and elastases, which facilitate the bacterial infection
and adaptation pathways (Strateva & Mitov, 2011). The lipase
A (LipA; Figure 1A) belongs to the most ubiquitously secreted
extracellular enzymes (Lazdunski et al., 1990; Jaeger et al,,
1994; Nardini et al., 2000). Secreted LipA is able to hydrolyse
long- and short-chain triacylglycerols and, in cooperation
with the phospholipase C, it facilitates the release of
inflammatory mediators from the host cells (Konig et al,
1996). LipA accumulates in the biofilm matrix of P.
aeruginosa on infected tissues, where it interacts with the
bacterial exopolysaccharide alginate (Tielen et al, 2013).
Although the physiological role of this interaction is not
yet clarified, the biofilm assembly contributes to the
bacterial growth, differentiation, and communication within
the infection cycle, so the abundant LipA is seen as an element
of bacterial pathogenicity (Tielen et al., 2013).
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Similar to other secretory proteins, LipA is synthesised as a
precursor with an N-terminal signal peptide, a hydrophobic
stretch of 26 amino acids, that targets the unfolded lipase to
the general SecA:SecYEG translocation pathway (Tsirigotaki
et al, 2017). After the accomplished translocation across the
cytoplasmic membrane, the signal peptide is cleaved off to release
LipA into the periplasm for folding and maturation, followed by
export via the type II secretion system (T2SS) (Douzi et al., 2011).
LipA spontaneously folds into a compact intermediate state that
manifests secondary and tertiary structure, however it lacks
enzymatic activity (El Khattabi et al, 2000; Pauwels et al.,
2012). To achieve the functional conformation prior to T2SS-
mediated export, LipA of P. aeruginosa requires interaction with
a specific foldase LipH encoded in the same operon as LipA
(Hobson et al., 1993; Rosenau et al., 2004). LipH is a membrane-
anchored protein with its C-terminal chaperone domain
protruding into the periplasm. The available crystal structure
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of the homologous lipase:foldase complex from Burkholderia
glumae (Pauwels et al, 2006) and extensive biochemical and
bioinformatics analysis (El Khattabi et al., 2000; Pauwels et al.,
2012; Verma et al., 2020; Viegas et al., 2020) suggest that LipH-
bound LipA acquires a so-called “open state,” where its a-helix
5 is displaced as a “lid” aside to provide access to the catalytic site.
Thus, LipH has been described as a steric chaperone that ensures
correct positioning of the LipA lid domain, being a distinct
feature of the lipase maturation pathway.

In the absence of the chaperone LipH, the non-activated
LipA is prone to aggregation in the crowded bacterial
periplasm, which is followed by proteolytic degradation or
accumulation in inclusion bodies (Frenken et al., 1993). Alike,
aggregation and proteolysis challenge the biogenesis of
ubiquitous outer membrane proteins (OMPs), which, once
translocated from the cytoplasm, should cross the periplasm
prior to the integration into the outer membrane (Rollauer
etal,, 2015; De Geyter et al., 2016). To facilitate their targeting
and disaggregation, a range of ATP-independent chaperones
is present in the periplasm at micromolar concentrations
(Masuda et al, 2009; Tsirigotaki et al, 2017). Widely
conserved proteins SurA, Skp, and FkpA are the best-
studied chaperones, which serve as holdases and escort
client proteins to the outer membrane, while preventing
their premature folding or aggregation. Studies using the
model Gram-negative bacterium Escherichia coli have
shown that the concentration of these chaperones in the
periplasm may reach tens and hundreds of pM (Schmidt
2016; 2017). The
chaperones are further complemented by less-abundant

et al, Tsirigotaki et al., soluble
PpiD and YfgM proteins anchored at the inner membrane
and associated with the SecYEG translocon (Gotzke et al.,
2014; Sachelaru et al., 2014). Next to OMPs, the periplasmic
chaperones are also involved in biogenesis of several secretory
proteins (Purdy et al., 2007; Jarchow et al., 2008; Narayanan
et al,, 2011; Entzminger et al., 2012), but the mechanism of
these interactions has been barely investigated.

Here, we demonstrate that folding of LipA is challenged by
the high aggregation propensity of its lid domain, while a
mutation within this region as well as interactions with the
foldase LipH greatly stabilize the protein. When examining
interactions of LipA with the general periplasmic chaperones
of P. aeruginosa, we discover a potent anti-aggregation effect of
the chaperone Skp, while LipA:Skp interactions do not prevent
LipH-mediated activation of the lipase. Notably, the lipase
secretion in P. aeruginosa is nearly abolished when the skp
gene is knocked-out. The structural analysis of Skp reveals a
characteristic jellyfish-shaped trimeric assembly and suggests
extensive conformational dynamics. The hydrophobic central
cavity within the Skp trimer may expand to accommodate a LipA
molecule, although two bound copies of Skp trimer are required
to prevent LipA from aggregation. The results of in vitro and in

vivo experiments suggest that Skp is a crucial chaperone in the
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LipA biogenesis pathway that ensures client’s maturation and

secretion under challenging environmental conditions.

Materials and methods
Molecular cloning

The genes of P. aeruginosa PAO1 strain were identified using
Pseudomonas Genome database (www.pseudomonas.com).
Those included PA2862 (lipA), PA2863 (lipH), PA3262
(fkpA), PA3801 (yfgM), PA 1805 (ppiD), PA0594 (surA) and
PA3647 (skp/ompH/hlpA). The genomic DNA from P.
aeruginosa PAO1 served as a template for the amplification of
the genes of interest via PCR using the KOD Xtreme polymerase
(Novagen/Merck) and cloning primers containing the restriction
sites (Eurofins Genomics). The PCR products were isolated using
the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel).
Standard molecular cloning techniques were further employed to
insert the genes of interest into target vectors using restriction
nucleases (New England Biolabs). The amplified genes encoding
the full-length periplasmic chaperones were initially cloned into
the pET21a vector to contain C-terminal hexa-histidine tags. The
following combinations of the restriction sites were used for
cloning: BamHI/HindIIl for skp and surA, EcoRI/HindIIl for
yfgM and ppiD, and EcoRI/Sall for fkpA. The positions of signal
peptides and membrane-anchoring domains the
chaperones were identified using SignalP-5.0 and TMHMM
services, respectively (Krogh et al., 2001; Petersen et al., 2011).

within

For overexpression of the soluble proteins, the regions encoding
the N-terminal signal peptides and the membrane anchors were
removed via PCR and the plasmids were re-ligated. E. coli strain
DH5a (Thermo Fisher Scientific) served as a recipient strain for
cloning and plasmid multiplication. Plasmid DNA was isolated
using the
analysed by Sanger sequencing (Eurofins Genomics).

NucleoSpin.Plasmid.kit (Macherey-Nagel) and

Expression and purification of periplasmic
chaperones

The soluble chaperones were heterologously expressed in
E. coli BL21(DE3), and Skp was expressed in E. coli BL21(DE3)
pLysS. Overnight cultures were grown at 37°C upon shaking at
180 rpm and used for inoculation of pre-warmed LB medium.
Cells were grown at 37°C upon shaking at 180 rpm until reaching
ODgpo 0.6, and overexpression was induced with 0.5 mM
(IPTG;  Merck/Sigma-
Aldrich). After 2h of expression, the cells were harvested by
centrifugation at 6,000g for 15min, 4°C (rotor SLC-6000,
Sorvall/Thermo Fischer) and resuspended in 50 mM KCl,
1 mM DTT, 10% glycerol, 20 mM HEPES
pH 7.4 supplemented with protease inhibitors (cOmplete

isopropyl-p-D-thiogalactopyranoside
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Protease Inhibitor Cocktail, Roche). The cells were lysed by shear
force (M-110P cell disruptor, Microfluidics Inc.) and the debris
and membranes were removed by ultracentrifugation at
205,000 g for 1h at 4°C (rotor 45 Ti, Beckman Coulter). The
supernatants were applied to IMAC with Ni**-NTA-agarose
resin (Qiagen) in the presence of 5mM imidazole. After
binding and extensive wash with the resuspension buffer
containing 10 mM imidazole to remove weakly and non-
specifically bound proteins, the chaperones were eluted with
the buffer supplemented with 300 mM imidazole. The elution
fractions were concentrated and subjected to SEC using Superdex
200 Increase 10/300 GL column (Cytiva). Fractions containing
the chaperones were identified by SDS-PAGE, and the protein
concentrations were determined spectrophotometrically based
on calculated extinction coefficients at 280 nm: SurA
30940 M~ ecm™, FkpA 8940 M™' cm™', PpiD 24870 M™'cm™,
YfgM 8940 M'cm™ and Skp 5960 M7'cm™.
protein concentrations were adjusted to 50 uM and the

Monomer

aliquoted proteins were flash frozen and stored at —-80°C.
Before the experiments, the samples were thawed, centrifuged
at 100.000 g, 4°C for 1h to remove occasional aggregates and
applied for SEC to match buffering conditions required for the
conducted assays.

The lipase-specific foldase LipH lacking the TMD and
bearing the N-terminal hexa-histidine tag was expressed
heterologously as a soluble protein in E. coli BL21(DE3)
using plasmid pEHTHis19 (Hausmann et al, 2008).
LipH was purified by IMAC and subsequent SEC in
100 mM NaCl, 200 uM TCEP, 10% glycerol and 50 mM
Tris-HCl pH 8.0. Samples were flash-frozen and stored
at —80°C. Directly before experiments LipH samples were
thawed, centrifuged at 100.000 g, 4°C for 1 h and subject to
SEC in 100 mM NaCl, 10% glycerol and 20 mM Tris-HCI
pH 8.0 unless other buffers are specified.

Size exclusion chromatography combined
with multi-angle light scattering

SEC-MALS was employed to probe the oligomeric states of
the isolated chaperones of P. aeruginosa. The purified proteins
were concentrated to 2 mg/ml using centrifugal filters with
either 3 kDa or 30kDa cut-off (Amicon Ultra-0.5, Merck/
Millipore) and the samples were centrifuged at 100,000 g, 4°C
for 1h to remove occasional aggregates. Subsequently,
80-200 uL were injected on Superdex 200 Increase 10/
300 GL column (Cytiva) connected to miniDAWN TREOS
II light scattering device and Optilab-TrEX Ri-detector
(Wyatt Technology Corp.). FkpA, SurA and PpiD were
analysed in 50 mM KCl, 5 mM MgCl, and 20 mM HEPES-
KOH pH 7.4; YfgM in 5 mM glycine, 20 mM NaCl and 5 mM
Tris-HCI pH 8.5; Skp in 100 mM NaCl and 20 mM Tris-HCI
pH 8.0, and LipH in 100 mM NaCl, 200 uM TCEP and 50 mM
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Tris-HCl pH 8.0. The data analysis was performed with
ASTRA 7.3.2 software (Wyatt Technology Corp.).

Small-angle X-ray scattering

SAXS data on Skp chaperone was collected using Xeuss
2.0 Q-Xoom system from Xenocs, equipped with a
PILATUS3 R 300K detector (Dectris) and a GENIX 3D CU
Ultra Low Divergence X-ray beam delivery system. The chosen
sample-to-detector distance for the experiment was 0.55 m,
'. The
measurement was carried out at 15 °C with a protein

resulting in an achievable q-range of 0.05-6 nm

concentration of 1.20 mg/ml. Skp samples were injected into
the Low Noise Flow Cell (Xenocs) via autosampler. 24 frames
were collected with an exposure time of 10 minutes per frame
and the data was scaled to the absolute intensity against water.

All used programs for data processing were part of the
ATSAS software package, version 3.0.3 (Manalastas-Cantos
et al,, 2021). Primary data reduction was performed with the
program PRIMUS (Konarev et al, 2003). With the Guinier
approximation, the forward scattering 1(0) and the radius of
gyration (R,) were determined. The program GNOM (Svergun,
1992) was used to estimate the maximum particle dimension
(Dyax) with the pair-distribution function p(r). The ab initio
reconstitution of the protein structure by dummy residues with
P3 symmetry was performed using the GASBOR program
(Svergun et al,, 2001). The Skp trimer model was built using
the cloud-based AlphaFold 2 Multimer algorithm (Evans et al.,
2021; Jumper et al, 2021) and compared against the SAXS
scattering data using CRYSOL (Svergun et al, 1995). The
conformation
Optimisation Method (EOM) using the default parameters
(10000 models in the initial ensemble, native-like models,

analysis was performed using Ensemble

constant subtraction allowed) (Bernadé et al., 2007; Tria et al.,
2015).

Lipase isolation

The gene PA2862 encoding for the mature LipA was cloned
into pET22b plasmid via Ndel/BamHI restriction
(Hausmann et al, 2008) and the protein was expressed in
E. coli BL21(DE3). Briefly, the overnight culture with LB
ampicillin - (100 ug/ml) grown at 37°C upon shaking at
180 rpm was used to inoculate 100 ml LB media. Cells were
grown at 37°C upon shaking at 180 rpm till reaching ODyg 0.6.
LipA expression was induced by addition of 0.5 mM IPTG to the
culture and was conducted for 2 h at 37°C. Cells were harvested
by centrifugation at 4,000 g, 4°C for 15 min and resuspended in
50mM Tris-HCl pH 7.0, 5mM EDTA, 1mM TCEP,
supplemented with 10 ug/ml DNAse I and 50 ug/ml lysozyme

sites

(buffer IB). The suspension was incubated at 20°C for 15 min and
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vortexed briefly, and the cells were lysed via sonication
(ultrasonic homogenizer UP100H equipped with MS7 tip).
The inclusion bodies were sedimented by centrifugation at
15000 g, 4°C for 10 min and suspended in the buffer IB for
washing, followed by centrifugation. After repeating the
procedure twice, the pellet was washed with 50 mM Tris-HCI
pH 7.0. The inclusion bodies were dissolved in 8 M urea and
20mM Tris-HCl pH 7.25, and the insoluble material was
removed via a centrifugation step (21000 g, 10 min, 4°C). The
protein purity was assessed by SDS-PAGE and subsequent
staining (Quick Coomassie stain, Serva). LipA concentration
was determined spectrophotometrically (extinction coefficient
at 280 nm, &y = 27515M'cm™'). LipA was aliquoted in
reaction tubes (Low Protein Binding, Sarstedt), flash-frozen
and stored at -80°C.

Optionally, LipA was fluorescently labelled to increase the
detection efficiency in the sedimentation assay. LipA contains
two endogenous cysteines in positions 183 and 235, which were
targeted for site-specific fluorescent labelling. The urea-
denatured LipA was incubated in 25-fold molar excess of
fluorescein-5-maleimide (FM, Thermo Fisher Scientific) for
3h at the ambient temperature. After the incubation, LipA
was precipitated with 15% TCA for at least 1h on ice. The
precipitated proteins were sedimented via centrifugation at
21000 g, 4°C for 15min, and the supernatant was removed.
The pellets were washed with 0.5ml ice-cold acetone, and
then repeatedly sedimented via centrifugation at 21000 g, 4°C
for 10 min. After drying at 37°C, LipA-FM pellet was solubilised
in 8 M urea and 20 mM Tris-HCl pH 7.25. To remove the
remaining free dye, TCA precipitation and washing steps were
repeated twice. The labelling efficiency of ~150% was determined
spectrophotometrically based on the absorbance at 280 and
495nm and the molar extinction coefficients for LipA and
EM, respectively. LipA-FM was visualised on SDS-PAGE via
blue-light excitation and following Coomassie blue staining.

In vitro activity of the lipase

To measure the hydrolytic activity of LipA, equimolar
concentrations of the foldase LipH in TGCG buffer (5 mM
Tris pH 9, 5mM glycine, 1 mM CaCl,, 5% glycerol) and the
urea-denatured LipA (8 M urea and 20 mM Tris-HCI pH 7.25)
were mixed together at concentration 1 pM in TGCG buffer to
form lipase:foldase complexes in reaction tubes (Low Protein
Binding, Sarstedt). The complex formation was set for 15 min at
37°C. After the incubation, 10 pL of the sample were diluted 10-
fold with the TGCG buffer in 96-well plates. For the substrate
preparation, 10 mM para-nitrophenyl butyrate, ~1.76 pL,
(pPNPB, Merck/Sigma) were diluted from the stock solution in
1 ml acetonitrile. Immediately before starting the measurement,
the substrate solution was diluted 10-fold with 50 mM
triethanolamine pH 7.4 and mixed. Subsequently, 100 uL of
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the substrate solution was transferred to 96-well-plates with
the pre-assembled LipA:LipH complex, so each well contained
0.5 mM pNPB and 50 nM LipA:LipH complex. For the negative
control, LipA without LipH were treated the same as all other
samples. To measure the autohydrolysis of the substrate, both
LipA and LipH were omitted, but the corresponding buffers were
added to pNPB. The hydrolysis of pNPB to p-nitrophenolate and
butyric acid was determined by measuring the absorbance of the
liberated p-nitrophenolate at 410 nm over 3.5 h at 37°C on a plate
reader (Infinite 200 pro, TECAN). Samples were shaken for 5 s
prior to each measurement. The hydrolytic activity of LipA was
the hydrolysis based the
p-nitrophenolate absorbance (as previously described) and by
calculating the active LipA in U/mL in the linear range of the
reaction (first 15 min), with the estimated molar extinction

analysed by monitoring

coefficient of p-nitrophenolate at 410 nm under the applied
conditions of 12500 M~' cm™ (Filloux & Walker, 2014). The
light path length in the well was experimentally determined and
was of 0.53-0.55 cm upon applied conditions.

When indicated, the experiments were performed in the
presence of NaCl and calcium upon LipA:LipH assembly and
during the substrate hydrolysis measurements. Prior to the
experiments, LipH was transferred into 100 mM NaCl, 10%
glycerol and 20 mM Tris-HCl pH 8.0 by SEC, and the
composition of the buffer for LipA:LipH assembly, as well as
for hydrolysis measurements were adjusted. To study the effect of
the periplasmic chaperones (Skp, YfgM, FkpA, SurA, PpiD) on
the hydrolytic activity, the chaperones were transferred into
either the TGCG buffer or 100 mM NaCl, 10% glycerol (v/v)
and 20 mM Tris-HCI pH 8.0 by SEC. LipA and LipH were added
in concentrations of 1 uM to form the complex, while the
periplasmic chaperones were added in 5-fold molar excess.
The complex formation and hydrolysis measurements were
performed as described above. The activation of LipA by the
periplasmic chaperones was also determined by adding LipA to
the periplasmic chaperones at 1:5 M ratio in the absence of LipH.
To probe the effect of the periplasmic chaperones on LipA
aggregation prior to the activation, 1 pM LipA was incubated
with individual periplasmic chaperones for 15min at 37°C.
Afterwards, 1uM LipH was added to the mixtures and
incubated for 15min at 37°C. The measurements of pNBP
hydrolysis were performed as described above.

Light scattering assay of LipA aggregation

For the assay, either urea, TGCG buffer or 20 mM Tris-HCl
pH 8.0 supplemented with NaCl were filtered using 0.1 pm
syringe filters. 68.8 uL of each buffer was loaded in 96-well
plates with flat transparent bottom. The urea-denatured LipA
was diluted with the TGCG buffer from 150 uM stock solution to
1.6 uM, and 31.2 ul were added to 96-well microtiter plates, so the
final LipA concentration was 0.5uM. The residual urea
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concentration was approx. 25 mM. The samples were incubated
for 1 h at 37°C, while recording the optical density at 320 nm with
intervals of 30 s (Infinite M200 PRO plate reader, Tecan Trading
AG). For each condition, three technical replicates were
performed.

Sedimentation analysis of LipA
aggregation

LipA aggregation at various conditions was probed by
sedimentation assay. To improve the detection sensitivity and
so facilitate the experiment at low lipase concentrations, site-
specific fluorescent labelling of the lipase was introduced. The
endogenous cysteines at positions 183 and 235 were conjugated
with FM, as described above, so as little as 5 ng LipA-FM could be
detected via in-gel fluorescence imaging. The urea-denatured
LipA-FM was diluted with the TGCG buffer from 150 uM stock
solution to 1.6 uM and kept on ice protein in reaction tubes (Low
Protein Binding, Sarstedt). The chaperones were transferred to
1.5 ml polypropylene reaction tubes containing 20 mM Tris-HCl
pH 8.0 and varying NaCl concentrations, to achieve the specific
ionic strength indicated for each assay. The minimal ionic
strength conditions were probed when using the TGCG
buffer. 15.6 pL of LipA-FM were added to the tube and mixed
by pipetting, so the reactions contained 0.5 uM LipA-FM and
5 uM of individual chaperones in the total volume of 50 pl. For
the dimeric FkpA and trimeric Skp, the monomer concentrations
were 10 and 15 puM, respectively. The LipA-specific foldase
LipH was used in the equimolar ratio to the lipase (final
concentration 0.5 pM). The reaction tubes were incubated at
37°C for 15 min to promote LipA aggregation and the samples
were then centrifuged (21000 g, 15 min, 4°C) to sediment the
aggregates. To avoid disturbing the pellets, 40 ul of each
supernatant fraction were transferred to new 1.5 ml tubes. The
remaining material contained the pelleted LipA and 10 L of the
supernatant fraction. Both samples were precipitated by adding
100 ul of 20% TCA and incubating for 15 min on ice. The
precipitated proteins were pelleted upon centrifugation at
21000 g, 4°C for 10 min, TCA was removed, and the samples
were washed, as described above. Further, 15 pl of the reducing
SDS-PAGE sample buffer were used to wash the tube walls, 5 uL
of the sample were loaded on SDS-PAGE and in-gel fluorescence
was recorded. The signal was quantified by ImageQuant software
(Cytiva). The background was subtracted using the local average
algorithm. The signals of the supernatant (I,) represent the
soluble fraction of LipA and correspond to 80% of the total
soluble LipA. The value was used then to calculate the actual
signal intensities of the soluble (Iy), cor;) and aggregated (I gg, corr)
LipA, as:

Iotcorr = 1.25 % Iy

Iagg,curr = Iugg —=0.25 %[
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where I is the signal measured for the aggregated LipA and the
remaining 10 pL of the supernatant. The soluble fraction of LipA
was calculated as a ratio:

[sol. corr

Isol - Irzgg

Each assay was carried out in triplicates.

Amyloid-specific ThT fluorescence

Thioflavin T (ThT, Merck/Sigma-Aldrich) was dissolved
to the concentration of 100 pM in the buffer TGCG, and the
solution was kept on ice. Immediately prior to the experiment,
ThT was diluted with the TGCG buffer to 10 uM and mixed
with 0.5 uM urea-denatured LipA and 5 uM chaperones. For
the dimeric FkpA and trimeric Skp, the monomer
concentrations were 10 and 15 uM, respectively. The total
volume was set to 65 pl, where the residual urea concentration
was approx. 60 mM, and the reaction was carried out at 20°C
in reaction tubes (Low Protein Binding, Sarstedt). For the
control experiments, containing either the chaperones or
LipA, the reaction volume was adjusted to 65 pl with an
appropriate buffer. After incubation at 37°C for 15 min,
each reaction was transferred into a quartz cuvette for
measuring ThT  fluorescence at the fluorescence
spectrophotometer (Fluorolog 3, Horiba Scientific). The
excitation wavelength was set at 450 nm, and the emission
spectra were recorded from 467 to 520 nm. ThT fluorescence
intensity at 485 nm was used to evaluate and compare LipA
aggregation between samples. Each measurement was carried
out in independent triplicates.

Microscale thermophoresis

MST was used to monitor interactions of Skp from P.
aeruginosa with FM-labelled LipAg, 44g. LipAp 445 was diluted
to 100 nM in the TGCG buffer supplemented with 0.05%
Tween 20 and kept on ice protected from light. For the
MST measurement, 10 ul of 50 nM LipA were mixed with
Skp ranging from 2.3 nM to 18.5 uM in a 0.5 ml reaction tube
(Low Protein Binding, Sarstedt). LipA:Skp samples were
incubated for 15 min at 22°C in the dark, then loaded into
Premium-type capillaries and analysed in Monolith
NT.115 instrument (NanoTemper Technologies, Munich,
Germany). The MST power was set to 80% and the LED
power in the blue channel was set to 60%. The thermophoresis
was detected by the normalised fluorescence time traces for
30 s with 5s delay and 5s for recovery. The putative LipA
aggregation at the capillary surface was controlled by
recording the fluorescence intensity profiles of individual
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capillaries before and after the experiment (time difference
approx. 1 h). The data was evaluated by NT Analysis software
Each
sample was analysed twice, and the measurement were

(NanoTemper Technologies, Munich, Germany).

performed in independent triplicates.

Transmission electron microscopy

TEM was utilized to visualize the formation of LipA
aggregates. All buffers were filtered with 0.1 um syringe filters
(Whatman Puradisc). Denatured LipA was diluted to
300-500 uM in 8 M urea and 20 mM Tris-HCl pH 7.25 and
then further diluted to 3-5 uM in either 8 M urea and 20 mM
Tris-HCl pH 7.25, TGCG buffer or in 150 mM NaCl, 10%
glycerol and 20 mM Tris-HCI pH 8.0. Samples containing Skp
or LipH were prepared in 150 mM NaCl, 10% glycerol and
20 mM Tris-HCI pH 8.0 to promote lipase aggregation and
examine the anti-aggregating effect of the chaperones. LipA:
LipH samples contained 5pM LipA and 15uM LipH (molar
ratio 1:3) and LipA:Skp; samples contained 3 pM LipA and
15 uM Skp; (molar ratio 1:5). All samples were incubated for
15 min at 37°C and used for grid preparation on a carbon-coated
copper grid. 3 ul of sample were added on top of the grid
incubated for 1 min at the ambient temperature. Excess liquid
was removed using filter paper. For negative staining, the grid
was incubated in 2% uranyl acetate (solution in distilled water
pH 4.3) for 1 min in the dark. Afterwards, excess liquid was
removed. Grids were dried at the ambient temperature for at least
15 min prior TEM imaging. TEM images were acquired at the
Zeiss EM902 operating at 80keV using a slow-scan CCD-
Camera (Typ 7899 inside) controlled by the imaging software
ImageSP (SYSPROG, TRS) and prepared using the image
processing software “Fiji” (Schindelin et al., 2012).

Analysis of LipA secretion in vivo

The genomic DNA of P. geruginosa PAO1 isolated with
the DNeasy blood and tissue kit (QIAGEN, Germany) was
used as the PCR template to amplify the lipA-lipH operon
using Phusion® DNA polymerase (Thermo Fisher Scientific,
Darmstadt, Germany). The pGUF-lipAH plasmid for gene
expression in P. aeruginosa was constructed by ligation of the
PCR product into the pGUF vector (Babic, 2022) at AflIl and
Smal restriction sites. Molecular cloning was conducted in
E. coli DH5a, and the plasmid assembly was confirmed by
Sanger sequencing (Eurofins Genomics). P. aeruginosa
PA14 wild-type and Askp strains (Klein et al, 2019)
transformed with pGUF (empty vector, EV) and pGUF-
lipAH were cultivated in triplicates in Erlenmeyer flasks in
10 ml autoinduction medium (Terrific Broth medium
containing 0.04% lactose (w/v) and 0.2% glucose (v/v))
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supplemented with 100 pg/ml tetracycline. Plates were
shaken at 600 rpm, volume 1.2 ml, for 24 h at 37°C. Cells
were harvested by centrifugation at 4,000 g, 4’C for 10 min
and the culture supernatants were filtered through 0.22 um
pore size cellulose acetate filter to remove the remaining cells.
The cell pellets and the culture supernatants were kept on ice
to prevent proteolysis. The supernatant concentrations were
adjusted based on absorbance at 280nm. 40 ul of the
mupernatnts were diluted to final volume of 80 ul with
TGCG buffer and further used for measuring the lipolytic
activity of the secreted enzymes. The measurements were
all
triplicates, thus 40 ul of sample were put in 96-well
microtiter plates, and 40 uL of 1 mM of pNPB were added
for measuring the esterase activity. The hydrolytic activity of
the secreted elastase LasB was determined using Abz-Ala-Gly-
(Echelon
Biosciences) (Zhu et al,, 2015). Supernatants were diluted
20-fold with 100 mM Tris-HCl pH 7.5 and 20 pl of each
supernatant was loaded in 96-well microtiter plates. Prior

conducted in technical duplicates for biological

Leu-Ala-p-nitro-benzyl-amide substrate

to measurement, 250 mM substrate solution in 50 mM Tris-
HCI pH 7.0, 2.5 mM CaCl,, 1% DMSO (v/v) was added to the
samples in volumes of 100 pl. The increase in fluorescence
(Aex = 340 nm, A.y, = 415 nm) was monitored for 30 min at
37°C. As a positive control, the substrate was incubated with
0.3 units of proteinase K (Thermo Scientific, PCR grade). To
measure the oxidase activity, the substrate solution (50 mM
Tris-HCl pH 7.4, 0.12 mM NADH, 0.2 mM DTT) was added
to the diluted supernatants in volumes of 100 pl per well prior
to measurement. E. coli DH5a cells lysed via sonication
(Sonotrode) were used as a positive control. The decrease
in absorbance at 340 nm due to the enzymatic conversion of
NADH to NAD* was measured for 2 h at 23°C.

For immunoblotting the secreted proteins from the
supernatant 5-fold
precipitation with trichloroacetic acid and suspension with
SDS-PAGE sample buffer (100 mM Tris-HCl pH 6.8, 4% (w/v)
SDS, 0.02% (w/v) bromophenol blue, 200 mM DTT, 20%
glycerol). Based on the absorbance measured at 280 nm,
equal amounts of samples were loaded on 15% SDS-PAGE
and then transferred to PVDF membrane (Cytiva) for 1 h at
4°C using a tank-blot system (Bio-Rad Laboratories).

fractions were concentrated by

Afterwards, the membrane was washed three times with
TBS buffer (20 mM Tris-HCl pH 8.0, 250 mM NaCl) upon
shaking at 20°C for 5 min. Blocking was conducted in TBS-T
buffer (20 mM Tris-HCI pH 8.0, 250 mM NaCl, 0.1% Tween-
20) supplemented with 10% skimmed milk for 1 h at 20°C. The
membrane was rinsed and washed three times at 20°C with
TBS-T followed by washing in TBS. Rabbit serum with
polyclonal antibodies raised against the purified LipA
(Speedy 28-Day program, Kaneka Eurogentec S.A.) were
added in 1:2,000 dilution in TBS-T with 2% BSA and
incubated overnight at 4°C. Afterwards, the membrane was
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LipA aggregation propensity is sensitive to the environment and the structure of the lid domain. (A) SDS-PAGE of the aggregated and soluble

LipA variants separated into the pellet (P) and the supernatant (SN) fractions, respectively, upon centrifugation. The concentrations of NaCl in the
buffer are indicated. For the in-gel fluorescence detection, the lipases were labelled with fluorescein-5-maleimide. (B) Quantification of the soluble
LipA at various conditions. The fraction of the soluble wild-type LipA and the mutant LipAr144¢ at various salt concentrations and, optionally, in

presence of LipH was calculated from SDS-PAGE (panel A). The assays were performed in technical triplicates, the mean values and SD are shown. (C)
Sequence-based prediction of LipA aggregation propensity by TANGO algorithm (Fernandez-Escamilla et al., 2004). Profiles for the p-aggregation
propensity scores of the wild-type LipA (red) and the mutant LipAr144¢ (grey) indicate the aggregation-prone regions within the polypeptide chain.
The aggregation propensity of the wild-type LipA is dominated by the a-helix 5 that forms the lid domain. (D) LipA aggregation is associated with the
formation of B-structured amyloid-like aggregates. The intensity of the amyloid-sensitive ThT fluorescence at 485 nm was measured in the presence
of either the wild-type LipA (red), the mutant LipAr1a4¢ (grey), or the dye alone (yellow). The assays were performed in technical triplicates, the mean

values and SD are shown

rinsed and washed three times at 20°C with TBS-T followed by
washing in TBS. Secondary antibodies conjugated with
horseradish peroxide (goat/anti-rabbit; Sigma A545) were
added in 1:20,000 dilution in TBS-T with 2% BSA and
incubated for 1h at 20°C. The membrane was rinsed and
washed three times at 20°C with TBS-T followed by washing in
TBS. The blot was developed with Westar C Ultra
2.0 chemiluminescent substrate (Cyanagen) and imaged on
Amersham Imager 680RGB (Cytiva).
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Results

LipA aggregation is mediated by the lid
domain

To investigate folding and activation of the lipase in vitro,
LipA lacking the N-terminal signal peptide was heterologously
overexpressed in E. coli. The overexpression resulted in
formation of inclusion bodies consisting nearly exclusively of
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LipA, and the protein was isolated in the urea-denatured state
(Figure 1B). The denatured LipA is a relevant mimetic of the
protein that enters the periplasm as an unfolded polypeptide
chain, and it was used for the further analysis. To examine
whether the recombinant protein may be refolded into its
functional form, LipA was diluted into the urea-free low-salt
TGCG buffer (5 mM Tris pH 9.0, 5 mM glycine, 1 mM CaCl, and
5% glycerol) and incubated in the presence of the foldase
chaperone LipH. The enzymatic activity of LipA was assessed
then via measuring the hydrolysis of a model substrate, para-
nitrophenyl-butyrate (pNPB): Accumulation of the product,
p-nitrophenolate, was followed colorimetrically until reaching
the signal saturation, and the activity of the lipase A was
quantified (Figures 1C,D). In the absence of LipH, the signal
remained at the level of the autohydrolysis of pNPB, so the
hydrolytic activity of LipA was not induced. Thus, the
recombinant LipA could be folded in vitro, and LipH was
required for activation of LipA.

Notably, if LipA was incubated in the urea-free buffer prior to
adding the foldase LipH, its hydrolytic activity was substantially
reduced, as the amount of p-nitrophenolate generated in the first
15 min of the reaction decreased three-fold (Figures 1C,D). We
speculated that the lipase underwent aggregation/misfolding in
the absence of the foldase LipH, causing the loss of activity.
Indeed, we observed a rapid increase in light scattering once the
lipase was incubated in absence of urea (Supplementary Figure
S1A), and approx. 50% of LipA could be sedimented upon mild
centrifugation at 21000 g (Figure 2A). The sedimentation was
enhanced upon increasing the ionic strength of the solution,
reaching 70% and 95% in the presence of 50 and 150 mM NaCl,
respectively (Figure 2B) and abundant large particles were
by
(Supplementary Figure S1B). The stoichiometric amount of

observed negative-stain electron microscopy
LipH stabilised the lipase, although the efficiency decreased at
elevated salt concentrations and the hydrolytic activity of the
lipase reduced (Figure 2B and Supplementary Figure S1C). Since
LipA:LipH binding is primarily driven by electrostatic
interactions (El Khattabi et al., 2000; Pauwels et al., 2006,
2012), the affinity of the complex was likely reduced at the
high ionic strength and LipA aggregation became a dominant
pathway even in the presence of the chaperone.

Based on its amino acid sequence, the a-helix 5 known as the
“lid domain” of LipA is predicted to be the primary aggregation-
prone region within the protein, with a high propensity to
misfold into P-strands (Figure 2C, red line) (Fernandez-
Escamilla et al, 2004). Previous studies on a homologous
lipase demonstrated that a point mutation Phe to Glu within
the lid domain diminished the aggregation propensity and
rendered an aggregation-resistant protein (Rashno et al,
2018). Based on the structure homology, we recognised an
within P
aeruginosa PAO1 LipA at position 144, where the point

identically ~ positioned phenylalanine residue

mutation to glutamate could suppress the lipase misfolding
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(Figure 2C, black line). To examine the effect of the mutation
on the lipase folding and activity, the mutant LipAg 44z was
overexpressed and isolated in its urea-denatured state. In the
presence of LipH, LipAp4r displayed the enzymatic activity,
indicating that the mutation did not hinder the chaperone-
mediated folding (Figures 1C,D). Indeed, the lid domain is
not involved in LipA:LipH contacts (Pauwels et al., 2006), and
the mutated residue is oriented toward the solvent and does not
belong to the moiety of the catalytic site (Figure 1A).

To examine whether LipApqp is indeed more resistant
against aggregation than the wild-type lipase, its solubility was
probed over a range of salt concentrations. The point mutation
had a notable effect on the protein stability: Nearly 50% of
LipAgy 44 remained soluble in the presence of 100 mM NaCl,
where the soluble fraction of the wild-type LipA did not exceed
15% (Figure 2B), and the activity of the refolded lipase mutant
was weakly affected by the ionic strength (Supplementary Figure
S1C). As the aggregated lipase tends to form B-sheet-rich
structures and amyloids (Rashno et al, 2018), we further
propensity for the wild-type LipA and
LipAr,4g mutant. To do so, we measured the fluorescence

examined this

intensity of the dye thioflavin T (ThT), which fluorescence
increases manifold upon binding to B-strands characteristic to
amyloids (Biancalana & Koide, 2010). Once the dye was added to
the wild-type lipase in the TGCG buffer supplemented with
20mM NaCl, its fluorescence intensity increased 10-fold,
suggesting that B-stranded structures were formed even at the
low salt concentration (Figure 2D and Supplementary
Figure 1D). In contrast, the ThT fluorescence was only
modestly affected in the presence of LipAgs4r, increasing 3-
fold above the signal of free ThT, in agreement with the reduced
aggregation of the mutant.

As both the mutation within the lid domain of LipA and the
LipA:LipH assembly favoured the soluble state of the lipase, we
questioned whether both cases involve the same stabilisation
mechanism. To address this, the solubility of the wild-type LipA
and LipAr4g in the presence of the foldase was compared
(Figure 2B). Strikingly, the solubility of the mutant LipAp g
was further enhanced by LipH: At elevated salt concentrations,
the fraction of the soluble LipAg; 445 exceeded approx. two-fold
that of the wild-type LipA, so even at 250 mM NaCl the major
fraction of LipAr;44e:LipH remained soluble. Conclusively, the
effects of the mutation within the lid domain and the lipase:
foldase binding were additive, and distinct mechanisms must
have contributed to the lipase stabilisation.

Characterisation of periplasmic
chaperones of P. aeruginosa

The extensive aggregation of the wild-type LipA observed

already at moderate salt concentrations is a potential challenge
for its timely interactions with the stabilising foldase LipH,

frontiersin.org



Papadopoulos et al.

10.3389/fmolb.2022.1026724

A B
NI S
Membrane-anchored Soluble kDa RO & \'QQ\
180
130
N B ¢ 100 - -
TMD SP 55[ =
40 e _—
- i 35 =
TMD SP -
T™MD SP
100 AA 10
C " PpiD  LipH YfgM " FkpA,  Skp; SurA
80
2 2
R Leo =z & Z
< = < =
€ 0.5 Lio = E 0.5 =
<] S & 5
c S c 2
20
0.0 T T T T T T 0 0.0 T T T T T 0
10 1" 12 13 14 15 16 17 10 1 12 13 14 15 16
volume (ml) volume (ml)
FIGURE 3

Periplasmic chaperones of P. aeruginosa PAOL. (A) Schematic overview of the periplasmic chaperones of P. aeruginosa PAOL. The predicted
transmembrane domains (TMD, black-dotted) and the signal peptides (SP, black-ruled) were removed to express the soluble chaperones. Scale bar:
100 amino acid residues (AA). (B) SDS-PAGE of the isolated periplasmic chaperones of P. aeruginosa. (C) SEC-MALS analysis of the periplasmic
chaperones to determine the oligomeric states in solution. Solid traces represent the absorbance at 280 nm, and dashed traces indicate the
molecular weights (y-axis on the right) calculated from the light scattering. The analysis reveals dimers of FkpA (FkpA,) and trimers of Skp (Skpz), while

SurA, YfgM, PpiD and LipH are monomeric in solution.

especially under high-salinity conditions within cystic fibrosis
patients’ sputum (Grandjean Lapierre et al., 2017). As highly
abundant periplasmic chaperones may facilitate folding and
secretion of several recombinant proteins, including a
recombinantly expressed lipase of Burkholderia (Purdy et al,
2007; Jarchow et al., 2008; Narayanan et al., 2011; Entzminger
etal, 2012; Dwyer et al., 2014), we speculated that the chaperones
of P. aeruginosa may recognize LipA and protect it from
aggregation prior interactions with the specific foldase LipH.
To characterize LipA:chaperone interactions in a well-
defined in vitro system, the primary soluble chaperones Skp,
FkpA and SurA lacking their signal peptides (Figure 3A), as well
as the periplasmic domains of YfgM and PpiD of P. aeruginosa
PAO1 were heterologously expressed and purified from E. coli.
The apparent molecular weights of the chaperones observed in
SDS-PAGE agreed with the values calculated for individual
protomers (18 kDa for Skp, 20kDa for YfgM, 27 kDa for
FkpA, 47 kDa for SurA and 67 kDa for PpiD; Figure 3B). To
scrutinise the oligomeric states of the isolated chaperones, their
native masses were determined by size exclusion
chromatography combined with multi-angle light scattering

analysis (SEC-MALS, Figure 3C). The experiment revealed
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monomers of SurA (determined molecular weight of 49.6 +
0.6 kDa), dimers of FkpA (532 + 0.9 kDa; FkpA,), and
trimers of Skp (58.6 + 0.7 kDa; Skps), in agreement with the
known structures of homologs from E. coli (Bitto & McKay, 2002;
Saul et al, 2004; Walton & Sousa, 2004). The periplasmic
domains of both YfgM and PpiD were found to be
monomers, with molecular masses of 22.2 + 0.4kDa and
722 *
domain of LipH appears to be monomeric in solution
(determined molecular weight 39.4 + 0.3 kDa). The attempts
to analyse the molecular mass of either wild-type LipA or
LipAg 44 Were not successful, as the hydrophobic protein was
possibly interacting with the column matrix and could not be

0.2kDa, respectively. The periplasmic chaperone

eluted with aqueous buffers.

The chaperone Skp prevents LipA from
aggregation

The propensity of the individual chaperones to prevent LipA

aggregation was first evaluated by the sedimentation analysis. To
mimic the natural abundance of SurA, FkpA, and Skps in the
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The periplasmic chaperone Skp rescues LipA from aggregation. (A) LipA solubility in the presence of the periplasmic chaperones. The
aggregated and soluble LipA fractions are separated in pellet (P) and supernatant (SN) fractions in the sedimentation assay and visualized on SDS-
PAGE via in-gel fluorescence. The supplemented chaperones are indicated. Bovine serum albumin (BSA) was used as a negative control. LipA in
absence of chaperones is indicated as “Ref.". (B) Quantification of the soluble LipA in the presence of the periplasmic chaperones from SDS-
PAGE (panel A). The assays were performed in technical triplicates, the mean values and SD are shown. (C) The periplasmic chaperones suppress
formation of LipA B-structured aggregates. ThT fluorescence was recorded for the wild-type LipAin the presence of the periplasmic chaperones, and
the fluorescence measured for the chaperones alone was subtracted. The assays were performed in technical triplicates, the mean values and SD are
shown. (D) LipA aggregation in presence and absence of LipH (LipA:LipH) or Skp (LipA:Skps) visualized via negative-stain TEM. Scale bars are
indicated. The relatively low contrast repeatedly observed in LipA:Skps samples was attributed to the high concentration of the chaperone (45 uM of

bacterial periplasm, as described for the model organism E. coli
(Schmidet et al., 2016; Tsirigotaki et al., 2017), and to ensure the
uniform lipase:chaperone molar ratio of 1:10, 0.5 uM LipA and
5 uM of chaperones were used in the experiments, corresponding
to 10uM of FkpA and 15uM Skp monomers. The salt
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concentration was set to 150 mM NaCl, which closely matches
the salinity of the sputum environment (Grandjean Lapierre
et al, 2017). In the absence of the chaperones, only 10% of LipA
was found in the soluble form, and the value increased
moderately in the presence of either SurA or FkpA, (solubility
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mutant LipAg144 with LipH and periplasmic chaperones in 50 mM NaCl, 1 mM CaCl,, 10% glycerol (v/v) and 20 mM Tris-HCl pH 8.0. The assays were
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of 15% and 29%, respectively; Figures 4A,B). In contrast, Skp;
demonstrated prominent stabilisation of LipA, as the soluble
fraction reached 66%. In the presence of the lipase-specific
foldase LipH, more than 80% LipA was found soluble (LipA:
LipH molar ratio 1:1).

The membrane-anchored proteins PpiD and YfgM are the
recently described chaperones associated with the SecYEG
translocon of E. coli (Matern et al., 2010; Gotzke et al., 2014).
Being proximal to the translocon, the peptidyl prolyl isomerase
PpiD and the tetratricopeptide repeat-containing protein YfgM
of P. aeruginosa may interact with LipA at the early stage of its
translocation into the periplasm and mediate the handover to the
membrane-anchored LipH. Similar to the soluble chaperones
above, the potential effects of the periplasmic domains of PpiD
and YfgM on LipA aggregation were investigated. YfgM did not
stabilize LipA, as the soluble fraction remained below 20%
(Figures 4A.B). This lack of the holdase activity is in
agreement with earlier experiments, where luciferase and the
precursor of OmpC were tested as putative YfgM clients (Gotzke
etal,, 2014). In the presence of PpiD, the soluble fraction of LipA
increased up to 34%, which matched closely the value measured
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for another peptidyl prolyl isomerase, FkpA,. Overall, the

sedimentation identified the non-specific soluble

chaperone Skp as a potent stabilising factor of the lipase.
Next, we questioned whether the chaperones might be

assay

capable of preventing the assembly of B-sheet-rich aggregates
of LipA. To probe this putative effect, ThT fluorescence was
measured for LipA in the presence of individual chaperones and
corrected to the values of the chaperones alone (Supplementary
Figure 52). Although most of the chaperones had moderate to
low effect on LipA solubility in the sedimentation assay
(Figure 4B), they all could reduce the ThT fluorescence at
least by 40%, as compared to LipA alone or LipA in the
presence of bovine serum albumin (BSA) (Figure 4C). These
values reflect the partial ability of chaperones to prevent
formation of B-sheet-rich aggregates by LipA. Notably, the
most prominent effect was observed again for Skps, as the p-
sheet-specific ThT signal in the presence of the chaperone was
reduced by approx. 75%. Similar low ThT fluorescence intensity
was recorded in the presence of LipH.

Finally, negative-stain electron microscopy was used to
visualize LipA aggregation. At the elevated ionic strength and
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in the absence of urea, LipA readily formed micrometer-sized

aggregates, commonly assembled in larger clusters
(Supplementary Figure S1B and Figure 4D). The sample
morphology was altered when either LipH or Skp; were
added at the molar ratios of 1:3 and 1:5, respectively, so
could be

observed, suggesting reduced aggregation propensity. Thus,

only sub-micrometer featureless particles
we concluded that both Skp and LipH offer protection from
the assembly of aggregates, despite different mechanisms of

interaction with the lipase.

The periplasmic chaperones modulate the
activation of LipA

The interactions of the periplasmic chaperones with LipA
and their anti-aggregation effects may affect the functionality
of the lipase, e.g., by directly altering its folding pathways and/
or by competing with the specific foldase LipH. None of the
general periplasmic chaperones alone rendered the active
lipase, as no enzymatic hydrolysis of pNPB was observed in
the absence of LipH (Figure 5A). To examine the potential
competition between the chaperones, we focused on the LipH-
mediated activation of LipA in the presence of the general
periplasmic chaperones, as it occurs in living cells. The wild-
type LipA was pre-incubated either alone or in presence of 5-
fold excess of Skps, YfgM, FkpA,, SurA or PpiD under
conditions of elevated ionic strength (100 mM NaCl, 1 mM
CaCl, and 20 mM Tris-HCI pH 8.0) sufficient to induce the
lipase aggregation. After the pre-incubation phase, the foldase
LipH was added to activate LipA, and the resulting hydrolytic
activity against pNPB was determined (Figure 5B). The
conditions of the pre-incubation phase had an evident
influence on LipA functionality: Once LipA was incubated
without chaperones, its activity was suppressed to a large
extent (blue bars in Figure 5A vs Figure 5B), in agreement with
the documented aggregation of the lipase. The pre-incubation
in the presence of SurA, FkpA,, YfgM or PpiD chaperones
either did not enhance or even further decreased LipA activity
(Figure 5B). Differently though, pre-incubation of LipA with
Skps resulted in prominent stimulation of the substrate
hydrolysis, in agreement with the anti-aggregation effect of
the chaperone.

The reduced LipA activity in the presence of FkpA,, SurA,
YfgM or PpiD correlated with their poor propensity to prevent
LipA aggregation, but also suggested the interference with the
LipH-mediated activation, potentially by competing for the
lipase binding. To examine this scenario, both, the general
chaperones and LipH, were added to LipA simultaneously at
the LipA:LipH:chaperone molar ratio of 1:1:5, so the lipase
activity was dependent on the folding/aggregation balance and
the competition between the chaperones for the lipase. In the
presence of either SurA, FkpA,, YfgM or PpiD, the activity of
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Deletion of skp gene in P. aeruginosa abolishes LipA
secretion. (A) The functionality of P. aeruginosa T2SS is not
affected by deletion of skp gene. Hydrolysis of Abz-Ala-Gly-
Leu-Ala-p-nitro-benzyl-amide substrate by T2SS-
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ee mediaandin cells of P

aeruginosa strains PA14 and PA14 Askp carrying the empty
vector (EV, pGUF) and LipA-LipH expression vector, as

described. (B) Western blot against

the secreted LipA in P,

aeruginosa. Wild-type PA14 and skp null-mutant (PA14 Askp)
strains were transformed with either an empty vector ("EV”) or
a plasmid encoding for lipA-lipH operon (“LipA-LipH")
Recombinantly expressed and purified LipA was used as a
reference (left lane). The complete western blot is provided in

Suppl. Figure 3A. (C) Lipolytic activit

y against pNPB measured

in the extracellular media of P. aeruginosa PA14 strains

described in the panel E
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LipA dropped by 30-50% (Figure 5C), while only minor,
below 10% inhibition of substrate hydrolysis was observed
for LipA:LipH:Skp; sample. Finally, to scrutinise the effect of
the chaperone competition, the assay was conducted using the
aggregation-resistant LipAj: 44 mutant (Figure 5D). When
either SurA, FkpA,, YfgM or PpiD were present in addition to
LipH, the lipase activity reduced by 20-30%, so we concluded
that the chaperones interfered with the LipH:LipA assembly.
The effect of Skp; on LipH-mediated activation was minimal,
so the chaperone allowed efficient LipH:LipA interactions,
while being capable of preventing LipA aggregation.

We questioned then whether the observed favourable effect
of Skp; on LipA solubility and activation also contributes to the
lipase biogenesis in vivo. To examine this possibility, we analysed
LipA secretion in the highly virulent P. aeruginosa strain PA14,
where skp/hlpA gene was optionally knocked out (Klein et al.,
2019). In contrast to the deletion of the essential surA gene,
knock-out of skp does not have impact on the outer membrane
integrity and so may have minor pleiotropic effect in cells (Klein
etal., 2019). To verify that the skp deletion did not affect the T2SS
assembly, we examined the activity of the elastase LasB, another
secretory enzyme that utilizes the T2SS route. No significant
change in hydrolysis of a model substrate was observed between
various samples (Figure 6A), so we concluded that the absence of
Skp chaperone was not detrimental for T2SS integrity and
functionality. However, detection of the secreted lipase in the
cell-free culture supernatant by immunoblotting revealed a
drastic decrease in the amount of LipA upon deletion of Skp
(Figure 6B and Supplementary Figure S3A). In agreement with
the abolished secretion of LipA, the primary lipase of P.
aeruginosa (Figure 6C), the total esterase activity measured for
the cell-free media decreased approx. 2-fold, and the remaining
activity could be related to other enzymes, such as the lipase LipC
(Rosenau et al,, 2010). Since only the mature form of LipA was
detected in the western blot, and no oxidase activity was
measured in the media for any of the samples (Supplementary
Figure S3B), significant cell lysis could be excluded from
consideration, so the differences in LipA abundance and the
lipolytic activity must have originated from the altered secretion
levels, likely dependent on LipA:Skp; interactions.

Trimeric Skp of P. aeruginosa acquires
multiple conformations in solution

With the interest in the potent effect of Skp on LipA folding and
secretion, we set out to shed more light on the functional mechanism
of the chaperone. The well-studied Skp homolog from E. coli (EcSkps)
forms a “jellyfish™like trimer that resembles the arrangement of
prefoldin-type chaperones of mitochondria and archaea (Korndorfer
et al,, 2004; Walton & Sousa, 2004). Each protomer consists of the
distinct “head” and “arm” domains. The “head” domain of EcSkps; is
predominantly formed by B-sheets which drive the oligomerization,
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and the “arm” domain is a helical section forming a hairpin extension.
The client-binding pocket between the “arm” domains is constituted
by all three protomers. The crystal structures and small-angle X-ray
scattering  (SAXS) experiments predicted a broad range of
conformations for the EcSkp trimer in its apo-state in solution,
where three major states termed “closed”, “intermediate” and
“open” were described (Holdbrook et al., 2017).

Mature Skp of P. aeruginosa shares 22% sequence identity with
EcSkp and contains three unique proline residues per protomer,
including two prolines in the predicted “head” domain and one in
each helical “arm”, which may alter the flexibility of the chaperone
(Supplementary  Figure S4). Thus, we employed SAXS to
experimentally assess the conformational ensemble of P.
aeruginosa Skp in solution (Figure 7A, Supplementary Figures
S5A-D and Supplementary Table S1). In agreement with SEC-
MALS data (Figure 3), Skp was found to be a trimer. The
characteristic “jellyfish™-like shape with the “head” and “arm”
domains of the trimer could be recognized in the ab initio
reconstitution of the oligomer structure using the GASBOR
program (Svergun et al, 2001) (¢ = 1.016) (Figures 7A,B). A
structural model of P. aeruginosa Skp; built by AlphaFold
2 algorithm (Evans et al,, 2021; Jumper et al, 2021) could be fitted
into the experimental SAXS envelope (Figure 6B). However, the
measured radius of gyration (R,) of 3.50 nm for the averaged SAXS
data is slightly higher than R, of 3.32 nm calculated via CRYSOL for
the modelled structure (x* = 1.28) (Svergun et al., 1995), so Skp; of P.
aeruginosa adopts a more open conformation.

The SAXS data also revealed some flexibility in Skp; of P.
aeruginosa, as previously observed for the EcSkp; homolog
(Holdbrook et al, 2017). To characterize this conformational
space, Ensemble Optimization Method (EOM) was applied
(Bernadé et al., 2007; Tria et al,, 2015). EOM generates a pool of
sequence- and structure-based models (RANCH models; Figure 7C
and Supplementary Figures S5E, S5F), and the implemented genetic
algorithm GAJOE (Genetic Algorithm Judging Optimisation of
Ensembles) selects an ensemble until an optimal fit to the
experimental SAXS curve is reached. The selected models describe
best the experimental SAXS data, and likely represent the most
frequent conformations of the studied protein (Figure 7B). To
model the Skp; dynamics by EOM, the “head” domain within the
trimer was fixed and the helical “arms” were allowed moving to fit the
SAXS data. As a result, the selected ensemble matched the
experimental SAXS curves with x* = 0954 (Figure 6A, EOM
models). The distribution of the models showed two primary
states, resembling those reported for EcSkp; (Holdbrook et al,
2017): The “compact” state with R, of 342nm and maximal
dimensions (D) of 9.73 nm, which accounts up to 62% of the
population, and the “open” state (R, = 4.14 nm, Do = 13.63 nm;
12% occupancy) (Figure 7D). While the dimensions of the open state
were nearly identical for both Skp; homologs, the compact state of
Skp; of P. aeruginosa was wider than the “intermediate” conformation
of EcSkps (R, of 3.42 vs. 3.2 nm), and no “closed” state was observed
for Skps of P. aeruginosa. Nevertheless, the ability of Skps of both
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Rg=3.42 nm
EOM compact state

Rg=4.14 nm
EOM open state

P. aeruginosa Skp forms a flexible trimer in solution. (A) Experimental SAXS data curve is shown in grey dots with error bars. The intensity (log /) is
displayed as a function of the momentum transfer (s). The intensity patterns of Skpz; models derived from GASBOR (blue), AlphaFold (green), and EOM
(red) algorithms are overlaid. (B) The experimental SAXS envelope of P. aeruginosa Skp (grey mesh) calculated using GASBOR algorithm reflects the
trimeric structure of the chaperone. The structural model of Skps is superimposed with the SAXS envelope, with each protomer coloured
individually (red, green, blue). The "head" and “arm” structural domains of Skp are indicated. The scale bar is shown on the side. (C) The distribution of
Skps conformations differing by their gyration radii (R) calculated by EOM (blue). The original RANCH pool based on 10000 random models is shown
in grey. (D) Representative conformations of P. aeruginosa Skps calculated by EOM in the compact (Rg of 3.42 nm, D, of 9.73 nm; fraction ~0.62)

and the open (Rq of 4.14 nm, Dp,ax of 13.63 nm; fraction ~0.12) states.

E. coli and P. aeruginosa to undergo a large conformational change
from a compact to a widely open state suggests that the proteins follow
the same functional dynamics.

Two copies of Skpz are required to
stabilize soluble LipA via apolar contacts

The documented clients of Skp in the bacterial periplasm
span a broad range of molecular masses, from 19 to 89 kDa, and
they belong to various classes, both membrane-associated and
globular proteins (Qu et al., 2007; Schiffrin et al., 2016). Though
the stimulatory effect of Skp; on secretion of a heterologous
bacterial lipase has been previously demonstrated, it remained
obscure whether the stimulation was indeed a result of direct
client:chaperone interactions (Narayanan et al, 2011). Our
biochemical and in vivo data substantiates the view that Skp;
is a potent chaperone that prevents the lipase aggregation in P.
aeruginosa, and here we set out to characterize LipA:Skp;
interactions in detail.

Firstly, we questioned whether the interaction of P.
aeruginosa Skps with LipA is indeed of hydrophobic nature,
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as each of the “arms” within the Skp trimer has an apolar side
(Figure 8A) that may bind unfolded and/or misfolded clients. As
shown for the LipA:LipH complex, elevated ionic strength of the
aqueous solution severely destabilizes the hydrophilic binding
interface, so the released LipA irreversibly aggregates (Figure 2B).
Hydrophobic interactions, in contrast, should be insensitive to
the ionic strength and may facilitate the chaperoning at high salt
concentrations. The solubility of the wild-type LipA in the
presence of Skps at the molar ratio 1:10 was examined over a
range of NaCl concentrations via the sedimentation assay
(Figure 8B). Different to LipA alone and LipA in the presence
of LipH, no decay in the soluble fraction was observed when Skp;
was present. At the highest examined concentration of 250 mM
NaCl, Skps ensured the lipase solubility of approx. 70%, while the
chaperone-free LipA was nearly completely aggregated, and only
30% of LipA was found soluble in the presence of LipH. This
observation implied that the lipase is recognized via non-polar
contacts, likely associated with the unfolded state.

Next, we set out to determine the binding affinity of Skp to
LipA. Earlier studies of Skp interactions with its most abundant
clients, OMPs, provided the affinity estimates at low-nanomolar
to low-micromolar scales for OMP:Skp; complexes formed at 1:
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Characterisation of LipA:Skps interactions. (A) Surface hydrophobicity plot of P. aeruginosa Skps. The hydrophobic groove along the “arm”
domain is indicated. Polar/charged residues are shown in blue, apolar in orange. One subunit within the Skp trimer is shown as a transparent ribbon
for clarity. (B) Skp supports the solubility of LipA over a broad range of ionic strength. The soluble fraction of the wild-type LipA in presence of Skp
(light blue) was determined from SDS-PAGE after the sedimentation assay at various salt concentrations. The assays were performed in
technical triplicates, the mean values and SD are shown. Salt-dependent aggregation of LipA alone and LipA in presence of LipH are indicated in red
and dark blue, respectively, and correspond to those in Figure 2B. (C) LipA:Skps interactions manifest biphasic behaviour. Microscale thermophoresis
of LipAg144¢:Skp interactions was performed using fluorescently labelled LipAg144¢ and Skp titrations (monomers concentration indicated). The high-
affinity interaction at 20 nM Skp may be assigned to LipA binding a single chaperone trimer, followed by recruitment of the second chaperone with a
lower affinity. The assay was performed in technical triplicates, the mean values and SD are shown. (D) SEC-MALS of the LipAgj44¢:Skps complex and
Skps alone. Normalized UV absorbance of LipAgi144e:Skps (solid black line) and Skps (dotted black line), and the corresponding molecular weights are
indicated. Below: SDS-PAGE of the LipAri44¢:Skps eluate. (E) Solubility of the lipase is dependent of the LipA:Skps ratio. The soluble fraction of the
wild-type LipA was determined from SDS-PAGE after the sedimentation assay at various LipA:Skps ratios. The assays were performed in technical

triplicates, the mean values and SD are shown.

1 and 1:2 stoichiometry, respectively (Qu et al., 2007; Schiffrin
et al, 2016; Mas et al., 2020; Pan et al, 2020), while the
interactions with soluble proteins have not been addressed.
For the analysis here, we employed microscale thermophoresis
(MST) and used the aggregation-resistant mutant LipAp4qr as
the fluorescently labelled component. LipAy; 44:-FM was mixed
with Skp ranging from 4.5 nM to 37 pM (concentration of Skp
monomers), and the MST response of LipAr4e-FM, ie., its
mobility within the micrometer-sized temperature gradient, was
analysed. Strikingly, LipAp 44z manifested a bimodal MST
response upon increasing the Skp concentration that appeared
as a V-shaped plot with a transition at approx. 300 nM Skp,
(100 nM Skps) (Figure 8C). The data suggested two distinct
modes of binding to the chaperone, where individual Kp’s
were ~20nM and 2uM, and the values were in a good
agreement with values measured for OMP:Skp; interactions
where either one or two Skp timers were involved (Qu et al,
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2007; Schiffrin et al., 2016; Pan et al., 2020). Thus, we proposed
that once Skp is present at micro-molar concentration, LipA may
bind two chaperones simultaneously.

The LipA:Skp affinity measured in the MST experiments
suggested that two copies of Skp trimer were recruited to stabilize
the soluble lipase in the assays, described above (Figures 4, 5;
monomeric Skp of 15uM). To test the stoichiometry of the
complex experimentally, SEC-MALS analysis was performed on
LipAr; 44r:Skp mixture (molar ratio 1:3; Figure 8D). The elution
peak demonstrated a prominent shift in comparison to Skp;
alone, and the estimated molecular mass of 139 kDa approached
closely the calculated mass of the complex LipA:2*Skps
(148 kDa). SDS-PAGE confirmed presence of both the
chaperone and the lipase in the peak fractions, and the
densitometry analysis of the corresponding bands suggested
the excess of Skp (estimated LipA:Skp; ratio 1:3). The
remaining free LipA fraction was likely bound to the column
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resin, as we observed previously. Thus, we concluded that the
relatively small protein LipA provided sufficient surface area for
binding two copies of the trimeric Skp. To test, whether this
stoichiometry was beneficial for the solubility of the lipase, we
used the aggregation-prone wild-type LipA in the sedimentation
assay where the LipA:Skp; ratio was varied (Figure 8E). At the
molar ratios of 1:10 and 1:3, above 70% of LipA could be rescued
from aggregation by Skps. Strikingly, the rescued fraction of LipA
dropped dramatically when the ratio was reduced to 1:1
(monomeric Skp 1.5 uM), suggesting that a single Skp trimer
was not capable of rescuing the client from aggregation/
misfolding. An independent titration experiment was also
performed to compare the anti-aggregase activity of Skp; with
other periplasmic chaperones (Supplementary Figure S6). In all
three examined ratios Skp; appeared as the most potent
chaperone, although its propensity to rescue LipA was notably
dependent on the concentration. Although the concentration of
Skps in P. aeruginosa is unknown to date, it seems plausible that
it is sufficiently high to ensure binding of LipA within the
consolidated cavity of two Skp trimers. Further folding and
activation of the lipase should depend on the hand-over and
high-affinity specific interactions with the foldase LipH.

Discussion

The protein fold is determined by its primary amino acid
sequence, but the pathways followed by the polypeptide chain
towards the functional structure commonly involve the
assistance of chemical and proteinaceous chaperones. The
chaperones steer their client dynamics along the energy
landscape, facilitate the local and global folding/unfolding
events, prevent off-pathway intermediates, and serve to
disaggregate occasional misfolded structures (Hartl et al,
2011; Stull et al., 2018). The role of chaperones is of particular
importance under stress factors, such as elevated temperature, or
challenging environments, such as bacterial periplasm, where the
protein folding should proceed under broadly varying
conditions. Here, we demonstrate that the non-specific
periplasmic chaperone Skp of the pathogenic bacterium P.
aeruginosa efficiently protects the secretory lipase LipA from
aggregation and suppresses its assembly into [-sheet-rich
structures. The structural analysis of trimeric Skp in solution
by SAXS reveals an ensemble of co-existing states. The
interaction analysis of the LipA:Skp; complex suggests that
either one and two copies of Skp trimers may bind the lipase
via hydrophobic interactions, but two copies are required for
stabilizing the aggregation-prone protein. As the deletion of the
skp gene in P. aeruginosa correlates with the reduced LipA
secretion, we suggest that Skp is a crucial factor in the lipase
biogenesis pathway.

Folding of the lipase LipA takes place in the periplasm, where
the protein is transiently localized and interacts with the
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specialized chaperone LipH. The chaperone serves for correct
positioning of the lid domain of LipA, thus rendering the active
enzyme prior its further secretion via T2SS (Rosenau et al., 2004;
Pauwels et al., 2006). The non-activated lipase tends to acquire
loosely folded intermediate states, which are accessible for
proteases and prone to aggregation (Frenken et al, 1993;
Rashno et al., 2017). The chaperone-dependent folding is not
common among bacterial lipases, and it might be related to the
particular structure of the lid domain (Khan et al, 2017). In
agreement with the earlier findings of Chiti and co-workers
(Rashno et al.,, 2017, 2018), our data show that the lid domain
greatly contributes to LipA aggregation and misfolding into -
stranded structures, thus interfering with the protein biogenesis.
As the assembly of the LipA:LipH complex rescues LipA from
aggregation to a large extent, two distinct functions can be
assigned to LipH, namely stabilization and activation of the
client lipase. Speculatively, the chaperone might initially serve
to stabilize the lipase in its folded state and hand it over to T2SS,
and through the course of the evolution it has gained the
propensity to activate the lipase via steric re-positioning of the
lid domain.

Several challenges can be envisioned for productive LipA:
LipH interactions in the living cell. Firstly, the expression levels of
the foldase are substantially lower than those of LipA, so each
LipH molecule should carry out multiple chaperoning cycles
upon binding nascent lipases, refining the structure and releasing
them for further secretion (Rosenau et al., 2004). Secondly, the
accessibility of the membrane-anchored foldase for its client may
be limited, especially in the crowded periplasmic environment.
Finally, the high ionic strength encountered in the sputum of
cystic fibrosis patients (Kirchner et al., 2012; Grandjean Lapierre
et al,, 2017) strongly promotes the aggregation of LipA and may
also the LipA:
LipH interface. Thus, accessory factors, such as non-specific

inhibit the electrostatic interactions at
but ubiquitous periplasmic chaperones may be beneficial for
biogenesis of the intrinsically unstable lipase. Here, we elucidate
that Skps, a conditionally essential protein in P. aeruginosa (Lee
etal,, 2015), is a potent holdase for LipA that efficiently maintains
the soluble state of the lipase, blocks the assembly of B-structured
aggregates, and ensures secretion of the functional lipase in vivo.
Notably, even 10-fold excess of Skp; did not inhibit LipA
activation and thus allowed LipA:LipH interactions, so we
described the chaperone as a factor in LipA biogenesis that
steers folding pathways by preventing aggregation events.

Up to date, the vast majority of insights on Skp functioning
have been gained from studies on the chaperone from E. coli.
Differently from other periplasmic chaperones, Skp targets its
clients based on the hydrophobicity exposed in the unfolded/
misfolded structures rather than a specific sequence motif or
conformations of proline residues (Burmann et al, 2013;
Schiffrin et al., 2016). The periplasmic concentration of EcSkp
may reach hundreds of uM (Tsirigotaki et al., 2017), and the
chaperone extensively interacts with unfolded OMPs (Denoncin
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Chaperone-assisted folding of LipA in the periplasm. After the initial translocation via SecYEG complex into the periplasm, the aggregation-
prone LipA may be directly picked up by the foldase LipH, acquire the native, enzymatically active structure (indicated as a red star) and be transferred
to the type Il secretion machinery (T2SS). Alternatively, LipA may interact with the abundant trimeric chaperone Skpsz that prevents LipA from
aggregation, when a complex at 1:2 stoichiometry is formed. Upon its release, LipA may bind LipH and proceed along the folding/secretion
pathway. A single copy of Skps does not ensure the holdase function and does not rescue LipA from aggregation.

et al., 2012; Schiffrin et al., 2016; Pan et al., 2020). Although no
OMP essentially depends on Skp in the presence of SurA
2012; He & Hiller, 2018),
moonlighting activities have been suggested exclusively for

(Denoncin et al,, other
Skp. Recently, the chaperone has been described as an adaptor
protein that delivers the misfolded OMP LamB to the periplasmic
protease DegP (Combs & Silhavy, 2022). Skp is a potent
disaggregase of OmpC and OmpX (Li et al., 2018; Chamachi
et al, 2022) and it also demonstrates the holdase and
disaggregase activity towards several soluble proteins (Purdy
et al., 2007; Wagner et al, 2009; Entzminger et al, 2012).
Heterologous expression and secretion of a lipase from
Burkholderia in E. coli could be improved by 36% upon co-
expression of Skp, but not SurA (Narayanan et al., 2011). The
limited increase in the secretion efficiency may be related to the
intrinsically high concentration of Skp in E. coli periplasm, while
deletion of Skp abolishes LipA secretion, as it is presented in our
work. Biochemical analysis suggests that Skp-mediated solubility
of the lipase is a decisive factor for the efficient biogenesis of the
enzyme.

While the functional insights on Skp of P. aeruginosa are
sparse (Klein et al., 2019), the chaperone appears to be essential
for the survival of bacteria in the sputum media, where the salt
concentration exceeds 100 mM (Lee et al., 2015). The chaperone
has been detected in multiple proteomics studies (Peng et al.,
2005; Rao et al., 2011; Park et al., 2014, 2015; Carruthers et al.,
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2020), which revealed that the abundance of Skp changes upon
switching from the planktonic to the biofilm state, and upon
antibiotic treatment. Structural analysis on Skp; of P. aeruginosa
presented here suggests that its architecture and dynamics
resemble those of EcSkps, despite the low sequence similarity
and presence of multiple proline residues. P. aeruginosa Skp
exists as an assembled trimer in solution, and its conformational
plasticity and the hydrophobic interior fulfil the requirements for
being a promiscuous non-specific holdase chaperone. The SAXS
data describe the transient outward motion of the “arm” domains
that ensures opening of the interior cavity of the Skp trimer. The
aggregation-prone folding intermediates of LipA are likely to be
recognized by Skps, kept in the protective hydrophobic cavity
and then handed over to LipH for activation.

The biphasic LipA:Skp; binding with affinities of ~20 nM
and 2puM is in remarkable agreement with the chaperone
interactions with OMPs, where binding of either one or two
copies of Skps has been described (Qu et al., 2007; Schiffrin et al.,
2016; Mas et al., 2020; Pan et al., 2020). The close match between
the Skps affinities to different classes of clients is likely due to
non-specific hydrophobicity-based interactions. Unexpectedly
though, the relatively small protein LipA is able to recruit two
trimers of Skp. The exposed hydrophobic areas must be
sufficiently large to form the extensive binding interface;
however, the relatively low affinity for the second Skps
suggests limited exposure of the lipase beyond the primary
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LipA.Skp; complex. The high affinity of a single Skp; to LipA is
comparable to that of the LipA:LipH complex (Pauwels et al.,
2006; Viegas et al., 2020), raising a question about the interplay of
these chaperones on the lipase activation pathway. We may
speculate that interactions of unfolded LipA with Skp; are
associated with rapid capture and release events, while the
sterically and electrostatically tuned complex of LipA:LipH is
characterized by a low dissociation rate (Viegas et al., 2020). Ata
large excess of Skps, likely present in the periplasm, a nascent
LipA molecule multiple
dissociation events with monomers and dimers of Skp; before

experiences rapid association/
acquiring its specific fold, required for binding to the foldase
LipH. The release of the lipase from LipH may be triggered via
interactions with components of T2SS. The putative model of
LipA interactions and pathways in the periplasm, derived from
in vitro and in vivo analysis, is illustrated by Figure 9.

Our data provide first evidence for interactions of P. aeruginosa
LipA with the general and highly abundant periplasmic chaperone
Skp that result in stabilization of the lipase. It remains to be shown at
what stage along the biogenesis pathway LipA requires the
of Skp, and whether the
interactions are beneficial under particular conditions, such as
elevated ionic strengths. Future experiments in the native
environment of P. aeruginosa combined with in vitro analysis
will account for the membrane-anchored LipH and its putative

involvement chaperone:client

competition with Skp for the nascent LipA, as well as the handover
of LipA to the T2SS machinery and potential involvement of Skp at
that stage.
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5.3.2 Structural characterization of prominent periplasmic chaperones

Since the periplasmic chaperones FkpA, SurA, Skp, YfgM and PpiD indicate interactions with the lipase
A of P. aeruginosa PAO1, further investigations to characterize those proteins were aimed. The proteins
were previously purified and characterized by biochemical and biophysical methods (Papadopoulos et
al.,2022). SAXS analysis of the periplasmic chaperones indicated the shape and oligomeric state of the
proteins in solution (Figure 5.2), matching with recent data (Papadopoulos et al., 2022). Additionally,
the crystal structure of Skp of P. aeruginosa PAO1 was resolved at a resolution of 2.7 A and represents
the protomer of the natively trimeric protein (Figure 5.2, B). Superimposition of the homology model
and the resolved crystal structure of Skp indicates a nearly perfect overlap with an RMSD value of 1.145,
pointing to the a high accuracy of the structural prediction modeling that was utilized for previous

investigations (Figure 5.2, C) and used in recent investigations (Papadopoulos et al., 2022).

A SAXS of prominent periplasmic chaperones of P. aeruginosa PAO1

FkpA, SurA Skps YfgM PpiD

C Superimposition of Skp protomers

Figure 5. 2: Structural analysis of prominent periplasmic chaperones of P. aeruginosa PAO1

A: The SAXS envelope structure of the periplasmic chaperones FkpAz (dimer), SurA and Skps (trimer), YfgM and
PpiD. The data for Skp derives from recent research (Papadopoulos et al., 2022). B: Crystal structure of Skp
protomer at 2.7 A resolution. C: Superimposition of crystal structure and homology model (grey) of Skp protomer.

N- and C-terminus are indicated in the figure.
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5.4 Discussion

Little is known about the periplasmic chaperones of Pseudomonas aeruginosa, thus a first attempt to
investigate those proteins was their structural characterization. The present discussion focuses on
structural features and biochemical aspects of the prominent periplasmic chaperones FkpA, SurA, YfgM
and PpiD. The structural analysis by SAXS conducted on the periplasmic chaperones revealed their
oligomeric state in solution and suggested high similarity to their homologs of E. coli (Stull, Betton and
Bardwell, 2018). For FkpA, the determined dimeric structure matches the previously published
structural information of P. aeruginosa FkpA (Huang et al., 2021), this information could be used for
further interaction studies with secretory proteins which promote the pathogenicity of Pseudomonas.
So far, no structure is known for SurA of P. aeruginosa, but the AlphaFold prediction matches with the
crystal structure of E. coli and fits well with the obtained SAXS structure (Bitto and McKay, 2002). The
periplasmic chaperone SurA, as well as further peptidyl-prolyl isomerases are crucial for survival and/or
virulence of bacterial pathogens (Stull, Betton and Bardwell, 2018; Figaj et al., 2022). In P. aeruginosa,
SurA is involved in virulence, while deprivation of SurA enhances the susceptibility to antibiotics (Klein

et al., 2019).

The membrane-bound chaperones YfgM and PpiD represent ancillary subunits of the bacterial
translocon and are involved in protein translocation (Gotzke et al., 2014; Sachelaru et al., 2014). It was
proposed that YfgM mediates the handover of translocated clients to the periplasmic chaperone network
(Gotzke et al., 2014, 2015). The lack of structural information on YfgM might be due to the highly
flexible structure of the protein which consists of tetratricopeptide repeats (TPRs) that are to find in
proteins with high potential for protein:protein interactions and can be related to bacterial virulence
(Zeytuni and Zarivach, 2012; Cerveny et al., 2013). The SAXS data acquired for the soluble YfgM,
lacking its TMD, indeed imply a highly flexible protein. As mutational studies indicated that the
physiological function of YfgM overlaps with those of SurA and Skp, it is of interest to track the
interactions with further virulence-determinants as it was conducted with LipA (Gotzke et al., 2014;
Papadopoulos ef al., 2022). Multiple proteins were down-regulated in yfgM-depletion E. coli strain as
quantified by proteomics, including the stress-responsive periplasmic chaperone HdeB (Gotzke et al.,
2015). Thus, YfgM represents a potent candidate for additional interaction studies with putative

virulence and resistance determinative secretory proteins in gram-negative bacterial pathogens.

For PpiD similar observations were made by SAXS, whereby the data indicates a flexible behavior of
the protein soluble domain. The protein contains three periplasmic domains and a TMD located close to
the translocon SecYEG (Weininger ef al., 2010). So far, only the structure of the second periplasmic
domain, which is a parvulin-like domain of PpiD, has been solved for the chaperone from E. coli
(Weininger et al., 2010). The parvulin-like domain of PpiD resembles a prolyl isomerase (PPlase)
domain that is not active and is structurally related to a domain within SurA structure (Weininger et al.,

2010). The chaperone domains of the protein are mostly helical which could represent suitable sites for
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protein:protein interactions. PpiD functions as a translocation mediator and can partially substitute for
SurA or Skp function (Fiirst et al., 2018; Stull, Betton and Bardwell, 2018). Upon translocation it is
suggested that PpiD promotes the clearance of the translocon from the transported substrate, thus

increasing the translocation efficiency (Fiirst et al., 2018).

The interaction studies of LipA with the prominent periplasmic chaperones of P. aeruginosa PAO1
showed that Skp is capable of preventing the misfolding of the LipA in vitro and suggested its crucial
role for lipase secretion (Papadopoulos ef al., 2022). The major discussion about the results obtained on
LipA:Skp interactions is to find within the published research article (Papadopoulos et al., 2022).
Additional studies indicate that Skp-like proteins play an important role in bacterial virulence (Figaj et
al.,2022). The solved crystal structure of Skp protomer of P. aeruginosa PAO1 resembles the structural
information known for Skp homolog of E. coli (Walton and Sousa, 2004), and the SAXS structure

indicates the trimeric protein in solution and in its functional state (Papadopoulos et al., 2022).

Periplasmic chaperones can substitute for each other function, thus further investigations with the set of
already characterized prominent periplasmic chaperones of P. aeruginosa PAO1 and various secretory
substrates would be of interest. Especially secretory proteins which are involved in promoting virulence
and support pathogenicity of Pseudomonas are interesting for further interaction studies with

periplasmic chaperones.
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6 Conclusion

Life-threatening bacterial infections are a high risk for common human health. Identifying and
determining the processes which convey the gain of bacterial pathogenicity is crucial to prevent and
treat bacterial infections. Among other bacterial traits, the secretion of proteins which act as virulence
factors and mediate pathogenicity is of major importance upon bacterial infection. Elucidating and
understanding the processes which guide the biogenesis of a secretory virulence factor could help to
develop novel therapeutic treatments against bacterial pathogens. The biogenesis of the major secretory
lipase (LipA) of Pseudomonas aeruginosa can serve as an example in aim to elucidate the export
pathways of virulence factors. LipA covers a stunning way from the place of its synthesis to the place
of action. The lipase is synthesized and released into the cytoplasm, transported through the general
secretory (Sec) pathway across the inner membrane to the periplasm where it gets folded by a lipase-

specific foldase prior being secreted to the extracellular space by T2SS.

The Sec-dependent translocation of LipA is an important initial step upon the lipase biogenesis and
crucial for understanding the export of the protein. As the preproteins are targeted to the Sec machinery
for post-translational translocation in unfolded state, the isolated proLipA was unfolded by high molar
concentration of urea and applied for in vitro transport analysis through the newly reconstituted Sec
system of P. aeruginosa PAOI1. Although tremendous efforts were made to enhance the transport
efficiency of proLipA in vitro, the transport remained low and was not in a comparable range with the
reference substrate proOmpA of E. coli. The high aggregation propensity of the lipase and an instant
folding into intermediate folding states combined with less efficient targeting by SecB and other
cytoplasmic chaperones suggestively cause the low transport efficiency of proLipA upon in vitro Sec
transport. The creation of a more stable mutant of the lipase, as well as single-cysteine variant did not
promote the transport efficiency. Additional efforts, including the exchange of the signal peptide for
more efficient targeting as well as truncation of the protein did not increase the transport efficiency as
well. Further substrates originating from Pseudomonas and utilized for Sec-dependent translocation
in vitro also indicated low transport efficiencies, far off the efficiency observed for proOmpA. These
results point out that more nuanced substrates are required to classify the Sec-dependent protein
translocation in vitro. So far, preliminary observations indicated moderate transport for proFapC which
is the only substrate so far reaching approximately 10 % of efficiency in vitro (in collaboration
with M. Busch). Although the Sec system is highly conserved between gram-negative bacteria,
especially when comparing P. aeruginosa and E. coli, the varying demands of the different species
might correlate with the requirements for the setup of the in vitro Sec-transport of different
Pseudomonas substrates. In addition, the Sec systems of both P. aeruginosa and E. coli showed equal
transport efficiency for proOmpA when IMVs were utilized for the transport reaction, while the
reconstituted translocons indicated varying efficiency in dependence to the lipid composition of the

liposomes. These results highlight the varying requirements of the Sec system for each species and
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should be investigated further in aim to find the most optimized conditions that are required for each

system.

The second crucial step upon the lipase biogenesis is the protein folding and maturation in the bacterial
periplasm. The lipase requires its cognate lipase-specific foldase for folding into its active state. Until
yet, investigations of the foldase-mediated lipase folding have been conducted by using the soluble
chaperone domain of the foldase. In vivo the full-length foldase is a membrane-anchored protein with
its chaperone domain facing towards the periplasmic space. The isolation and reconstitution of the full-
length foldase was achieved and indicated the functionality of the chaperone in membrane systems. The
successful isolation of polymer-extracted near native nanodiscs (NDs) and the MSP-based assembly of
NDs with the reconstituted foldase form the basis for investigations of the lipase:foldase interactions at
the membrane interface. The detergent-solubilized and reconstituted foldase can be utilized to track
lipase:foldase binding by further biophysical methods, e.g. surface plasmon resonance in presence of a
model membrane. Furthermore, the co-expression of the foldase LipH and the translocon SecYEG,
optionally followed by isolation of those proteins from the bacterial membrane by polymer-based
extraction offers a great opportunity to conduct further biochemical and biophysical studies which may

elucidate whether the foldase is involved upon lipase translocation and/or interacts with the translocon.

Release of the lipase from the foldase might require the recognition of emerging lipase from
translocation step to displace the folded and maturated protein from LipH as well as further interactions
with the T2SS. Indeed, interaction studies with the soluble domain of LipH and N- and C-terminal
truncations of LipA indicate that the N-terminus is important for recognition by the foldase, while large
truncation of the C-terminal part does not affect binding. These results indicate that the foldase might
recognize the lipase at an early translocation step. Whether further proteins, besides the suggested T2SS
components, are involved in releasing the folded substrate needs further to be investigated. Interaction
studies of the lipase and prominent periplasmic chaperones indicated that the trimeric periplasmic
chaperone Skp prevents misfolding of the lipase in vitro and plays a crucial role for the secretion of the
lipase in vivo (Papadopoulos et al., 2022). The further characterization of putative interaction partners
of the lipase or vice versa of further virulence factors that likely interact with prominent periplasmic
chaperones can help to elucidate the secretion process of such proteins. For the lipase, the current
overexpression system and the observations made during the present investigations can serve as basis
for further studies on the lipase transport, folding and maturation. The lipase:foldase system of
P. aeruginosa PAOL is a peculiar system that brings multiple pitfalls with it. The high aggregation
potential of the lipase, the unknown targeting procedure, the suggested fast intermediate folding, the
requirement for chaperone-mediated folding and the possibility to follow off-pathway routes when not
timely secreted, make that system very challenging for experimental work. The creation of a stable lipase
mutant that does not suffer from aggregation as much as the wild type allowed for investigations of the
aggregational behavior of the lipase. The reconstitution of the Pseudomonas Sec system in its fully

functional state allows for investigation of the Sec-dependent protein translocation of multiple substrates
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and is of special interest for those which are involved in virulence. The isolation of functional full-length
foldase allows to track the folding and maturation of the lipase in the membrane environment. And the
determination of further periplasmic chaperones as putative interaction partners enables to identify
possible routes of the lipase, as was shown for Skp which prevents misfolding and supports secretion of
LipA. A great opportunity to study the process of lipase biogenesis might rely on the recent advantages

of cryotomography on bacterial cells, although the limitation of resolution might be challenging.

Taken together, the presented research forms the basis for further detailed analysis on the lipase
biogenesis, enabling i) to study its Sec-dependent transport in vitro, ii) to investigate folding and
maturation by the full-length foldase in the membrane environment, and iii) to determine further putative
interactions with periplasmic proteins which might be involved in prevention of off-pathway routes and

secretion not only of the lipase, but also of other virulence factors.
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8 Appendix

8.1 List of Abbreviations

Abbreviation Definition

A

A Angstrom

A Absorbance

ATP Adenosine triphosphate

ADP Adenosine diphosphate

B

BAM B-barrel assembly machinery
Bp Base pair

B. glumae Burkholderia glumae

C

CaCl, Calcium chloride

CDS Coding sequence

CL Cardiolipin

cMC Critical micellar concentration
Cryo-EM Cryo electron microscopy

cv Column volume

Cy6 Cymal-6

C4-HSL N-butyryl-L-homoserine lactone
D

DDM n-Dodecyl-B-D-maltopyranoside
DIBMA diisobutylene-maleic acid

DM n-Decyl-B-D-maltopyranoside
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DTT 1,4-dithiothreitol

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
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DOPG

E. coli
EDTA
e.g
EHD
EK
EM

Fcl4

G

g

g
GSP

gDNA
GdnHcl

Hepes

IMAC
IMVs
IPTG

KCl
Kp

kDa

KOH

1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)

Escherichia coli
Ethylenediaminetetraacetic acid
“exempli gratia” — for example
Extended helical domain

Bovine enterokinase light chain

Electron microscopy

Fos-Choline-14

g-force, gravitational force equivalent: ~9.8 m/s?
gram, unit of mass

“General Secretory pathway”

Genomic DNA

Guanidine hydrochloride

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Inner membrane
Immobilized metal ion affinity chromatography
Inner membrane vesicles

Isopropyl B-D-1-thiogalactopyranoside

Potassium chloride

Dissociation constant

kilo Dalton (= 1000 Dalton), Dalton (Da or u) is unified atomic
mass unit, 1 Da = ~1.66x10?" kg

Potassium hydroxide
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LB
Ligase
LMNG
LPS

MALS
Mbp
MCS
MD
Hg
mg
MgCl,
Mg(OAc),
min

pl

ml
uM
mM
pum

MQ

N

n.d.

NaCl

NaOH
Ni?*-NTA resin

nm

0]))
0G
oM
OMP

Lysogeny broth
T4 DNA Ligase
Lauryl Maltose Neopentyl Glycol

Lipopolysaccharides

Multi angle light scattering
Million base pairs
Multiple cloning site
Mini domain
microgram
milligram
Magnesium chloride
Magnesium acetate
min

microliter

milliliter
micromolar
millimolar
micrometer

“Milli-Q”, deionized water

Not determined

Sodium chloride

Sodium hydroxide
nickel-nitrilotriacetic acid agarose resin

nanometer

Optical density
n-Octyl-B-D-glucopyranoside
Outer membrane

Outer membrane protein
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P
P. aeruginosa
PAGE

PelB

PG

PMF

PMSF

PNK

PP

PCR

PDB

Phyre

PPlase

PQS

p-NPB

RNC
RT

SAXS
SB
SDS
SEC
Sec
SN
SP
SPR
SRP

Tat
TBS
TBS-T

Pseudomonas aeruginosa
Polyacrylamide gel electrophoresis
Periplasmic pectate lyase
Phosphatidyl-glycerol

Proton motive force
Phenylmethylsulfonyl fluoride

T4 Polynucleotide kinase
Periplasm

Polymerase chain reaction

Protein database

Protein homology/analogy recognition engine
Peptidyl-prolyl isomerase
2-heptyl-3-hydroxy-4-quinolone
p-Nitrophenyl butyrate

Ribosome nascent chain

“Room temperature”, ambient temperature of the laboratory

Small angle X-ray scattering

Sample loading Buffer for SDS-PAGE
Sodium dodecyl sulfate

Size exclusion chromatography
Secretory pathway

Supernatant

Signal peptide

Surface plasmon resonance

Signal recognition particle

Twin arginine translocation pathway
Tris buffered saline

Tris buffered saline with Tween 20
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TCEP Tris-(2-carboxymethyl)-phosphine

TEV Protease Tobacco etch virus protease

TF Trigger factor

Tris Tris (hydroxymethyl)aminoethane

TOCL Tetraoleoyl cardiolipin, 18:1 Cardiolipin,
1',3'-bis[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol

T1SS Type | secretion system

T2SS Type Il secretion system

T3SS Type lll secretion system

T4SS Type IV secretion system

T5SS Type V secretion system

T6SS Type VI secretion system

T7SS Type VIl secretion system

T8SS Type VIl secretion system

SecYEG Translocon

U

Unified atomic mass unit

u(orDa),1u="~1.66x10%g

\'

VD Variable domain
W

w/v weight per volume
#

2HF Two helix finger

3C Protease

Human Rhinovirus Typ14 Protease (HRV-3C)

3-oxo0-C12-HSL N-3-oxo-dodecanyl-L-homoserine lactone

°C Degree Celsius, unit of temperature

Commonly known abbreviations have not been included to the list of abbreviations.
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Amino Acid Three letter code One letter code

Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine lle I

Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophane Trp w
Tyrosine Tyr Y
Valine Val Vv
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8.6 Bacterial strains and plasmids

Table 1: List of bacterial strains

Strain

Genotype

Reference

E. coli DH5a
E. coli BL21 (DE3)

Rosetta™ (DE3)
pLysS

E. coli C41 (DE3)

P. aeruginosa
PAO1

P. aeruginosa
PA14

P. aeruginosa
PA14 Askp
(PA14=17170)

F- ®80/acZAM15 A (lacZYA-argF) U169 recA1 endA1 hsdR17

(rK—, mK+) phoA supE44 A— thi-1 gyrA96 relA1

E. coli str. B F- ompT gal dcm lon hsdSs (rs=ms~) A (DE3)
[lacl lacUV5-T7p07 ind1 sam7 nin5]) [malB*]k-12 (AS)

E. coli str. F- ompT gal dcm lon hsdSs (rs=ms~) A (DE3)
[lacl lacUV5-T7p07 ind1 sam7 nin5]) [malB*]k-12 (AS)

pLysSRARE[T7p20 ileX argU thrU tyrU glyT thrT argW metT

leuW proL orip15a] (CmR)

E. coli str. F- ompT gal decm hsdSg (rs=ms~) A (DE3)
[lacl lacUV5-T7p07 ind1 sam7 nin5)) [malB*]k-12 (AS)

wild type

wild type, DSM No.: 19882

In-frame hipA (skp)-deletion mutant of PA14

(Hanahan, 1983)

(Studier and
Moffatt, 1986)
Novagen

(Miroux and
Walker, 1996)
(Holloway,
Krishnapillai and
Morgan, 1979)
DSMZ
Braunschweig
(Klein et al., 2019)

Table 2: Lists of Plasmids

The following plasmids were utilized for the research purposes of the present thesis.
Commercially available, obtained by reference, and de novo created constructs are listed.

Name Genotype Reference
pBBR1MCS3 Tc" rep mob lacZa Pj,c P17 pBBR1 oriV (Kovach et al., 1995)
pET19b Amp" lacl® P17 ColE1 Novagen
pET21a Amp" lacl® P17 ColE1 Novagen
pET22b Amp" lacl® P17 ColE1 Novagen
pET24 Amp'" lacl® Pr; ColE1, no RBS Novagen
pET24a Amp" lacl® Pr; ColE1 Novagen
pET28b Kan" lacl® Pr7 ColE1 Novagen
pETDuetl Amp" lacl® Py7 ColE1 Novagen
pGUF Tc" lacl® rep mob lacZa P17 P, pBBR1 oriV Afl Il Hisg Termys (Babic, 2022)
pTrc99a Amp" lacl? Py pBR322 Pharmacia
PRSET A Amp’ Py ColE1 Invitrogen
pRSF1b Kan" lacl® Pr7 RSF1030 Novagen
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pEM268

pAT1
pAT2
pAT3
pAT4
pAT5
pAT6
pAT7
pATS8
pAT9

pAT10
pAT11
pAT12
pAT13
pAT14
pAT15
pAT16
pAT17
pAT18
pAT19
pAT20
pAT21
pAT22
pAT23
pAT24
pAT25
pPAT26
pAT27
pAT28
pAT29
pAT30
pAT31
pAT32

pTrc99a (Amp" lacl? Py pBR322), E. coli secY, secE, secG,
encoding for His;o-3C upstream secY

pTrc99a, N-terminal His10-3C, PA4243 (secY), E. coli secEG
pTrc99a His10-PaSecYE-EcSecG
pTrc99a_His10_PaSecYEG

pTrc99a_PaSecA

pTrc99a_PaSecA-His

pRSFDuetl_PaSecB

pRSFDuetl_His8-PaSecB

pTrc99a His10_LipH-FL

pET19b pET19b_His10_LipHATMD (pEHTHis19)

pBBR1 His10_LipH-FL
pTrc99a His10_LipH-FL_S48A
pTrc99a His10_LipH-FL_S48P
pET21a_T7_pLipAA251_His6
pET21a_T7_pLipAA251
pBAD_pLipAA251
pTrc99a_pLipAA251
pTrc99a_pLipA_His6
pBBR1_pLipA_His6
pBBR1_OmpA-SS-LipAA251
pRSET_A_pLipA_His6
pET21a_T7_PaTIG
pET21a_PaFkpA_His6
pET21a_PaFkpA-SS_His6
pET21a_PaSkp_His6
pET21a_PaSkp-SS_His6
pET21a_PaSurA_His6
pET21a_PaSurA-SS_His6
pET21a_PaYfgM_His6
pET21a_PaYfgMATMD_His6
pET21a_PaYfgMATMD_C2_His6
pET21a_PaYfgMATMD_C179_His6

pET21a_PaPpiD-His6
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This work
This work
This work
This work
This work
This work
This work
This work

S. Hausmann
(Hausmann et al.,
2008)

This work

This work
This work
This work
This work
A. Kedrov
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work



pAT33
pAT34
pAT35
pAT36
pAT37
pAT38
pAT39
pAT40
pAT41
pAT42
pAT43
pAT44
pAT45
pAT46
pAT47
pAT48
pAT49
pAT50
pAT51
pAT52
pAT53
pAT54
pAT55
pAT56
pAT57
pAT58
pAT59
pAT60
pAT61
pAT62
pAT63
pAT64
pAT65
pAT66
pAT67
pAT68

pBBR1_His10_PaSecYEG
pET21a_PaPpiDATMD-His6
pET21a_pLipA_CO
pETDuetl_His10_PaSecYEG
pET21a_T7_PaSecA_His6
pTrc99a_mixSS1_LipAA251
pTrc99a_mixSS2_LipAA251
pTrc99a_mixSS3_LipAA251
pRSF_His8_ PaSecB_W69A
pET21a_PaPpiDATMD-His6
pET21a_His6_PaTIG_His6_G364C
pRSF_LipH-FL_S48P
pRSF_His8_PaSecB_W69Y
pET19b_His10_LipHATMDAVD
pET19b_His10_LipHATMDAMD?2
pET21a_OmpA-His6
pET21a_His6_PaSkp-SS_His6
pET21a_His6_OprG-SS
pET21a_AT7_OprG-SS
pET21a_OprF-SS_His6
pET21a_OprF-SS
pET21a_AT7_OprF-SS
pRSFDuetl_His8_LipH-FL_S48P
pRSFDuetl_His8_LipH-FL
pRSFDuetl_LipH-FL
pRSFDuetl_His8_LipH_FL_S48A
pRSFDuetl_LipH-FL_S48A
pET21a_OmpA
pET21a_AT7_OmpA
pET21a_Ndel_TIG_Xhol
pET21a_pLipA_CO_LipA50
pUC18 plLipC

pET21a_PaSecA-His6

pTrc99a_His10_3C_PaYEG_His10_3C_LipH-FL (GA)

pET21a_PaTIG-His6_T149C

pET21a_PaTIG-His6_T216C

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work



pAT69
pAT70
pAT71
pAT72

pAT73
pAT74
pAT75
pAT76
pAT77
pAT78
pAT79
pAT80
pAT81
pAT82
pAT83
pAT84
pAT85
pPAT86
pAT87
pPAT88
pAT89
pAT90
pATI1
pAT92
pAT93
pAT94
pAT95
pAT96
pAT97
pAT98
pAT99

pAT100
pAT101
pAT102
pAT103
pAT104

pGUF_PaFkpA
pTrc99a_pOprG_C210
pTrc99A_pOprG_T1441_C210

pET22b_LipA-SS_S1M

pTrc99a_pOprG_C210_COSS
pET21a_PaSkp-SS
pET21a_His6_PaSkp-SS
pET21a_AT7_PaSecA-3C_His
pET21a_AT7_pLipA_CO_LipAS50
pET21a_plLipC
pET21a_pLipA_CO_6xHis
pET21a_AT7_pLipA_CO_6xHis
PET22b_LipA-SS_S1IM_F144E
pET21a_AT7_plLipA_CO_6xHis_space
pET21a_AT7_pLipA_CO
pET21a_AT7_pLipA_CO_6xHis_F144E
pET21a_AT7_pLipA_CO_F144E
pET21a_AT7_plLipC

pET21a_LipC

pET21a_pOprG_COSS
pTrc99a_PaSecYEG
pTrc99a_His6_EK_PaSecYEG
pET21a_XcpP-FL_His6
pET21a_AT7_XcpP-FL_His6
pET21a_XcpPATMDANterm_His6
pGUF_PaSkp
pET28b_His6-XcpPATMDANterm
pET28b_His6_3C_XcpPATMDANterm
pET24 LipH-FL_3C_His6
pET21a_AT7_pLipA_CO_C209S, equals C183S in mature lipase

pET21a_AT7_pLipA_CO_C209S_F144E, equals C183S in mature
lipase
pET21a_AT7_pLipC_C209S, equals C183S in mature lipase

pET24a_LipH-FL_3C_His6
pBAD_His_3C_CsaA
pET28a_His_Th_CsaA

pET28a_His_Th_AT7_CsaA
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This work
This work
This work

S. Hausmann
(Hausmann, 2008)
This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work

This work
This work
This work
This work

This work



pAT105
pAT106
pAT107
pAT108
pAT109
pAT110
pAT111
pAT112
pAT113
pAT114
pAT115
pAT116
pAT117
pAT118
pAT119
pAT120
pAT121
pAT122
pAT123
pAT124
pAT125
pAT126
pAT127
pAT128
pAT129
pAT130
pAT131
pAT132
pAT133
pAT134
pAT135
pAT136
pAT137
pAT138
pAT139
pAT140

pET21a_PaSkp-SS_S54C
pET21a_PaSkp-SS_S57C
pET21a_PaSkp-SS_S60C
pTrc99a_His6_EK_PaSecYEG_His10_3C_LipH-FL
pTrc99a_His6_EK_PaSecYEG_SecE_S118C
pTrc99a_His6_EK_PaSecYEG_SecY_Q299C
pTrc99a_His6_EK_PaSecYEG_SecY_S146C
pTrc99a_His6_EK_PaSecYEG_F281Y
pTrc99a_His6_EK_PaSecYEG_F281Y_I403N
pBAD_His_3C_Skp-SS
pET28b_His6_TK_Skp-SS
pET22_pelBSS_LipA
pET22_pelBSS_LipA_F144E
pET21a_AT7_pFapC_A251T-His
pET28b_pFapC_G2_A252T
pET21a_AT7_t-g-pFapC
pET28b_pFapC_mixSS-1_A253T
pET21a_pPhoA_PAO1
pET21a_pPhoA_PAO1_T240I-His
pETtg_pPhoA_PAO1
pETtg_pPhoA_PAO1_R245C-His
pET21a_AT7_pLipA_CO_d6xHis_d251
pET21a_AT7_pLipA_CO_F144E_d6xHis_d251
pET21a_AT7_pLipA_CO_d6xHis_d31-64_F144E_L201P
pET22_pelBSS_LipA_F144E_d251
pET22_pelBSS_LipA_F144E_d232
pET22b_pelBSS_Skp_Cys_Hisb
pET21a_AT7_PaSkp-His6
pET21a_AT7_pOprF

pET21a_pOprF
pET21_AT7_OmpA-SS_PaSkp_Cys_D139V
pET21a_PapPhoA_COSS_GAP
pET21a_PapPhoA_COSS
pET21a_PapPhoA_COSS_A166S
pET21a_AT7_PapPhoA

pET28b_pFapC_mixSS1_A253T_C329S
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This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work



pAT141
pAT142

pAT143
pAT144
pAT145
pAT146
pAT147
pAT148
pAT149
pAT150
pAT151
pAT152
pAT153
pAT154
pAT155
pAT156
pAT157

pAT158

pTrc99a_OmpASS_LipAA251_ (pKAD162)

pTrc99a_His10_3C_PaSecYEG_SecYcysless_
(pKAD165)
pET28b_pFapC_mixSS1_A253T_His6

pET24a_pFapC_Stag2
pET22b_LipA-SS_S1M_F144E_Cterm_Dell

pET22b_LipA-SS_S1M_F144E_Cterm_Del2

pET22b_LipA-SS_S1IM_A126T_F144E_Cterm_Del3

pET22b_LipA-SS_S1M_F144E_Cterm_Del4
pET22b_LipA-SS_S1M_F144E_Cterm_Del5
pET22b_LipA-SS_S1M_F144E_Cterm_Del6
pGUF_His6_EK_PaSecYEG
PET22b_LipA-SS_S1IM_F144E_AY8
pET22b_LipA-SS_S1M_F144E_AM16
PET22b_LipA-SS_S1IM_F144E_AF29
PET22b_LipA-SS_S1M_F144E_AD38
pET21a_AT7_OmpASS-LipAF144E

pGUF_LipA

pGUF_LipAH
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