UNIVERSITAT ZU LUBECK

From the Institute of Biochemistry
of the University of Liibeck
Director: Prof. Dr. Dr. h.c. Rolf Hilgenfeld

Structural and biochemical
characterization of chlamydial HtrA
proteases

Dissertation
for Fulfillment of
Requirements
for the Doctoral Degree
of the University of Liibeck
from the Department of Natural Sciences

Submitted by
Ulrike Fliigge
from Potsdam

Libeck 2019






First referee: PD Dr. rer. nat. Guido Hansen
Second referee: Prof. Dr. rer. nat. Thomas Peters
Date of oral examination: June 26", 2020

Approved for printing. Liibeck, July 7", 2020






11

Declaration

I declare that I have written this dissertation completely on my own. Furthermore, I
confirm that no other sources have been used than those specified in the dissertation
itself. This dissertation, in same or similar form, has not been submitted to any other

doctoral degree committee yet.

Liibeck,






Abstract

Protein quality control is essential for living cells to prevent accumulation of un- or mis-
folded proteins. Sophisticated mechanisms involving degradation and refolding have
evolved to maintain cellular homeostasis. The periplasmic space of gram-negative bac-
teria is characterized by a special oxidizing milieu with high temperature requirement
A (HtrA) proteins as key players in protein quality control. Several members of the
HtrA-protein family are directly associated with infectious diseases. They promote
bacterial survival under harsh conditions, bacterial invasion and processing of viru-
lence factors. Consequently, HtrA proteins represent potential targets for antibacterial
drug development.

In this thesis, the chlamydial HtrA protease from S. negevensis (HtrAg,) has been
structurally and biochemically characterized. The crystal structures of the HtrAg,
6- and 12-mer have been determined. HtrAg,, a homolog of DegP and Deg(Q from
E. coli, is composed of a chymotrypsin-like serine protease domain and two N-terminal
PDZ (post-synaptic density protein, disc large and zo-1 proteins) domains. PDZ do-
mains are modular protein-interaction domains which possess the ability to specifically
interact with the C-terminal residues of polypeptide chains. These domains enable
self-compartmentalizing of HtrAg, into an exceptional stable 6-mer in vitro. The pres-
ence of protease substrates induces the transformation into higher-order oligomers such
as 12- or 24-mers. The 6-mer crystal structure reveals an inactive proteolytic center
and is stabilized by extensive interactions of adjacent PDZ2 domains. Additional con-
tacts of the PDZ2 to the PDZ1* and protease® domains of opposite protomers form a
tightly interconnected cage which is fundamentally different from DegPg. 6-mers. The
structural integrity of the HtrAg, 12-mer is also provided by PDZ2 interactions with
the neighboring PDZ1* domain and suggests a conserved stabilization mechanism for
HtrAg, oligomers. The three-dimensional structure of the 12-mer displays a unique
architecture among prokaryotic higher-order HtrA proteins which is mostly attributed
to a different orientation and position of the PDZ2 domain. Two peptides are bound
in the PDZ1 domain and in the active site. The latter is reorganized compared to the

HtrAg, 6-mer and enables substrate binding and cleavage. Similar to other members
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of the HtrA-protein family, the proteolytic activity of HtrAg, is allosterically activated
by substrate binding.

HtrAg;, a virulence factor from C. trachomatis, promotes chlamydial survival in host
cells during infection. HtrA; was biochemically characterized to allow for a detailed
comparison to its homolog in S. negevensis. Interestingly, HtrA¢; forms many different
oligomeric forms, ranging from 3- to 12-mers with diverse biochemical properties, in
a concentration-dependent manner even in the absence of substrates. Whereas the
HtrAc¢ 6-mer features are comparable to the HtrAg, 6-mer, the 3-mer state shows
significant differences in e.g. oligomerization behaviour. As a consequence, HtrAg,
represents a suited model for the 6-mer oligomeric state but the complexity of the
HtrA¢y oligomer regulation mechanism still awaits characterization.

Whereas unfolded proteins promote proteolytic activity in HtrAg, and HtrAc;, the ma-
jor outer membrane protein (MOMP) from both chlamydial species prevents substrate
cleavage and has an inhibitory effect. The interaction between both proteins implies a
physiological relevance which has to be further elucidated in the future.

The results of this thesis reveal crystal structures exhibiting new architectures of
prokaryotic HtrA proteins. The three-dimensional models provide essential insights
into the stabilization of 6- and 12-mer assemblies in chlamydial HtrAs and thus, rep-

resent a structural framework for rational development of antichlamydial compounds.
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Zusammenfassung

Zelluldre Proteinqualitdtskontrolle verhindert die Akkumulation von fehl- oder unge-
falteten Proteinen und ist damit essentiell fiir das Uberleben der Zelle. Verschiede-
ne Abbau- und Riickfaltungsmechanismen haben sich entwickelt um die Homdoosta-
se der Zelle zu erhalten. Im periplasmatischen Raum von gramnegativen Bakterien
tragen HtrA (high temperature requirement A)-Proteine entscheidend zu einer effek-
tiven ATP-unabhéngigen Proteinqualitdtskontrolle bei. Mehrere Mitglieder der HtrA-
Proteinfamilie sind direkt mit bakteriellen Infektionskrankheiten assoziiert. Sie gewéhr-
leisten das bakterielle Uberleben, fordern den Eintritt in die Zelle und prozessieren
Virulenzfaktoren. Dementsprechend bietet die selektive Enzyminhibition von HtrA-
Proteinen eine vielversprechende Strategie zur Entwicklung antibakteriellen Medika-
mente.

Im Rahmen dieser Arbeit wurde die chlamydiale HtrA-Protease aus S. negevensis
(HtrAg,) mittels biochemischen Analysen und Réntgenkristallographie nidher unter-
sucht. HtrAg, ist ein Homolog zu den gut charakterisierten HtrA-Proteinen DegP und
DegQ aus F. coli und verfiigt iiber eine Chymotrypsin-artige Serinproteasedoméne und
zwei N-terminale PDZ-Doménen (PDZ1 und PDZ2). PDZ-Doménen vermitteln Wech-
selwirkungen zwischen Proteinen und haben eine charakteristische Substratbindungs-
stelle, die mit den C-terminalen Aminosiureresten von Polypeptidketten interagiert.
Diese Doménen ermoglichen Homooligomerisierung von HtrAg, und fithren dazu, dass
das Protein in vitro als stabiles 6-mer vorliegt. Die Anwesenheit von ungefalteten Pro-
teinen, die als Substrate fiir HtrA-Proteine dienen, induziert die Assemblierung von
12-mer-Komplexen. In dieser Arbeit wurden die dreidimensionalen Kristallstrukturen
von HtrAg, in 6- und 12-mer-Zustand erfolgreich bestimmt und die biochemischen Ei-
genschaften dieser Molekiile untersucht.

Das HtrAg, 6-mer verfiigt iiber ein inaktives proteolytisches Zentrum und wird durch
Wechselwirkungen benachbarter PDZ2-Doménen stabilisiert. Zuséatzliche Kontakte der
PDZ2-Doméane mit der PDZ1*- und Proteasedoméne* des angrenzenden Protomers
bilden einen eng miteinander verzahnten Komplex, welcher sich deutlich vom DegPy, 6-

mer unterscheidet. Die strukturelle Integritit des HtrAg, 12-mers wird ebenfalls durch
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Wechselwirkungen zwischen PDZ2- und benachbarter PDZ1*-Doméne gewéhrleistet
und weist auf einen konservierten Stabilisierungmechanismus fiir HtrAg,-Oligomere
hin. Die Orientierung und Position der PDZ2-Doménen variiert unter den prokaryoti-
schen HtrA 12-mer-Proteinen und fiihrt zu einer einzigartigen Domé&nenstruktur des
HtrAg, 12-mers. Im 12-mer sind Peptide in der PDZ1-Doméne und im katalytischen
Zentrum gebunden. Letzteres ist in diesem Zustand frei zugénglich und aktiv. Die Pro-
teaseaktivitdt von HtrAg, wird dhnlich wie bei anderen HtrA-Proteinen allosterisch
durch Substratbindung aktiviert.

Die homologe chlamydiale Protease aus C. trachomatis HtrA¢, wurde im Hinblick auf
Gemeinsamkeiten und Unterschiede mit HtrAg, biochemisch charakterisiert. HtrA
ist ein Virulenzfaktor, welcher essentiell fiir das Uberleben des Bakteriums innerhalb
der Wirtszelle ist. Im Gegensatz zu HtrAg, bildet HtrA¢; konzentrationsabhéngig ver-
schiedene oligomere Komplexe auch in Abwesenheit von Substrat. Die biochemischen
Eigenschaften unterscheiden sich, abhéngig von der vorliegenden oligomeren Form des
HtrAc;. Wahrend sich das HtrAg; 6-mer dhnlich verhilt wie das HtrAg, 6-mer, weisen
die Trimere signifikante Unterschiede auf. Demnach ist das HtrAg, 6-mer ein geeig-
netes Model fiir das HtrAg; 6-mer. Die komplexen Regulationsmechanismen, die die
Oligomerisierung des HtrA; steuern sind jedoch noch nicht vollstindig verstanden.
Wihrend ungefaltete Proteine die Geschwindigkeit der Proteaseaktivitit von HtrAg,
und HtrAq positiv beeinflussen, verhindert MOMP (major outer membrane protein)
die Substratspaltung und wirkt inhibierend. Diese Interaktionen zwischen MOMP und
HtrA-Proteinen weisen auf eine physiologische Bedeutung hin, welche in der Zukunft
genauer untersucht werden muss.

Die Ergebnisse dieser Arbeit umfassen die biochemische Charakterisierung von den
chlamydialen HtrA-Proteinen HtrAg, und HtrAc, die eine einzigartige Doménenar-
chitektur aufweisen, was anhand der Kristallstrukturen gezeigt werden konnte. Diese
liefern neue Einblicke in die Stabilisierungsmechanismen von 6- und 12-meren chlamy-
dialen HtrA-Proteinen und deren Funktionsweise, und kénnen folglich der rationalen

Entwicklung antichlamydialer Therapeutika dienen.
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1 Introduction 1

1 Introduction

1.1 Chlamydiae

The term «Chlamydia» was first used by Halberstaedter and Prowazek in 1907 (Hal-
berstadter & Prowazek, 1907). Both scientists were members of an expedition to
Java to study possible syphilis treatments. They used conjunctival scrapings of tra-
choma patients to infect orangutans which developed granulomas in their conjunctiva.
Microscopic analysis showed intracytoplasmic inclusions consisting of numerous small
particles. The scientists referred to these particles as «Chlamydozoay from the Greek
word for mantle (Pospischil, 2009). In 1932, Bedson and his co-worker Bland discov-
ered and described for the first time the intracellular biphasic life-cycle of Chlamydiae
(Bedson & Bland, 1932). On account of the small size, the infectious agent was called
«trachoma virusy (Wang, 1999) until newer cell culture methods enabled identification
of ribosomes and cell membranes, and thus, it was classified as a prokaryote. In 1971,
the taxonomic order Chlamydiales was established (Storz & Page, 1971).

1.1.1 Incidence and Taxonomy

Chlamydiae are obligate intracellular gram-negative bacteria with a wide host range.
Chlamydial and chlamydial-like infections have been described for humans, various bird
species, rodents, koala, cats, cattle, sheep, horses, amphibian, reptiles, amoebae and
arthropods (Vanrompay et al., 1993; Cislakova et al., 2004; Augustine, 1998; Regan
et al., 1979; Borel et al., 2006; Longbottom et al., 1998; Theegarten et al., 2008; Berger
et al., 1999; Soldati et al., 2004; Michel et al., 2005; Cislakova et al., 2004; Corsaro
& Greub, 2006). Zoonosis can occur sporadically for C. psittaci (Petrovay & Balla,
2008) and C. abortus (Baud & Greub, 2011) but the infections are usually caused by
human-to-human transmission.

A phylogenetic tree constructed from 16S and 23S rRNA sequences together with

protein sequences of 424 core proteins revealed five families of the Chlamydiales or-
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der: Chlamydiaceae, Parachlamydiaceae, Waddliaceae, Simkaniaceae and Criblamydi-
aceae (Pillonel et al., 2015). The latter four are mostly found in amoebae, however
Parachlamydiaceae, Waddliaceae and Simkaniaceae are proposed to be emerging hu-
man pathogens (Corsaro & Greub, 2006). Bacteria belonging to the Chlamydiaceae
family include animal and human pathogens which can be further classified in biovars

and serotypes.

Chlamydia trachomatis

— Chlamydia muridarum
Chlamydia abortus

Chlamydia psittaci Chlamydiaceae
Chlamydia caviae

- Chlamydia felis

| Chlamydia pneumoniae
Chlamydia pecorum

ISimkania negevensis Simkaniaceae
— Criblamydia sequanensis Criblamydiaceae

—— Estrella lausanensis
— Waddlia chondrophila Waddliaceae

Parachlamydia acanthamoebae

Candidatus Protochlamydia amoebophila Parachlamydiaceae
Protochlamydia naegleriophila

Figure 1.1: Phylogenetric tree of the Chlamydiales order based on 16S and 23S rRNA
sequence and averaged identity of core genes. The five families are highlighted in red.
Proteins of the blue bordered species are discussed in this study (modified from Pillonel
et al., 2015).

1.1.2 Epidemiology of Chlamydia

The Chlamydiaceae family includes the human pathogens C. trachomatis, C. pneumo-
niae and C. psittaci.

C. trachomatis is the most commonly diagnosed sexually transmitted pathogen which
leads to severe genital and ocular infections. Serotyping based on immunological anal-
ysis of the major outer membrane protein (MOMP)(Schaeffer & Henrich, 2008) of C.
trachomatis reveals more than 20 serovars (Wang & Grayston, 1991; Dean et al., 2000)

at present. Serovars A-C cause trachoma which can result in corneal opacity and blind-
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ness by various re-infections (Mabey et al., 2003). Serovars D-K are etiological agents
of oculo-genital infections. They usually are non-invasive (Schaeffer & Henrich, 2008)
which means the bacteria remain in the mucosal epithelial cells. The infection often
proceeds without symptoms and is thereby left untreated. For women, this can lead
to pelvic inflammatory disease, chronic pelvic pain, ectopic pregnancy and preterm de-
livery. Complications for men result in epididymitis (and possible infertility), Reiter’s
syndrome or proctitis (Weir, 2004).

The serovars L1-L3 cause systemic infections leading to lymphogranuloma venerum
(LGV). In Africa, South East Asia, South America, and the Caribbean (Thomson
et al., 2008) these serovars occur often and can lead to critical conditions like chronic
lymphangitis, genital elephantiasis and perirectal abscesses, anal fistulas and strictures
when untreated (O’Byrne et al., 2016). The incidence of LGV in industrialized coun-
tries is low and so far restricted to homosexual men (Thomson et al., 2008).

C. pneumoniae is a common etiological agent of respiratory and cardiovascular tract
infections. Besides bronchitis and pneumonia, it is linked to asthma, chronic obstruc-
tive pulmonary disease (COPD), atherosclerosis and even Alzheimer’s disease, as sev-
eral brain cell types serve as host cells for chlamydial infection (Belland et al., 2004;
Choroszy-Krol et al., 2014; Cosentini et al., 2008; Gérard et al., 2006).

The causative agent of human and avian psittacosis, C. psittaci, is transmitted to
humans by zoonosis. It leads to severe influenza-like symptoms accompanied by pneu-
monia and in severe cases by encephalitis (Harkinezhad et al., 2009). Studies reveal
that C. psittaci infection has been associated with ocular lymphoma (Ferreri et al.,
2004).

Simkania negevensis has been associated with pneumonia and bronchiolitis (Vouga
et al., 2017). Its importance as potential new human pathogen is still under discussion
as new studies show a low human prevalence (Vouga et al., 2018). However, further
evaluation of its implication may provide new insights into the biology of the Chlamy-

diales order.

1.1.3 Pathogenesis of C. trachomatis

A typical characteristic of Chlamydiae is a biphasic developmental cycle which they
undergo during infection. They convert between two morphologically and functionally
distinct forms: the highly infectious, metabolically inactive elementary bodies (EBs)
and the noninfectious metabolically active reticulate bodies (RBs) (Bastidas et al.,
2013). Using the example of C. trachomatis, the life cycle exhibits the following stages
(Cocchiaro & Valdivia, 2009): (I) attachment of EBs and internalization into the host
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cell; (II) transition from EBs to RBs; (III) parasitophorous vacoule (inclusion) remod-
elling and bacterial replication; (IV) inclusion growth and redifferentiation from RBs

to EBs and (V) EBs release from host cell and infection of new target cells.

(I) EB attachment and internalization (V) EB release and new infection
(0-2h) (cell lysis/ extrusion)
(48-72 h)

Inclusion

Chlamydia
life cycle

(1) Inclusion formation and EB transition to RB (IV) Inclusion expansion and

(2-12h) redifferentation from RB to EB
(24-40 h)

(11 Inclusion remodelling and RB replication
(12-18 h)

Figure 1.2: Life cycle of C. trachomatis. EBs penetrate epithel cells and after internal-
ization an inclusion is formed. EBs differentiate into RBs which immediately start with
replication. The inclusion expands and is remodelled by bacterial proteins. Between
18-24 hours postinternalization, RBs peak in numbers and start to transition back in
EBs. EBs exit the cell by lysis or extrusion and start a new infection cycle.(modified
from Bastidas et al., 2013)

Chlamydiae are able to invade most cultured cells suggesting multiple entry pathways
using ubiquitous receptors. Various bacterial adhesins like MOMP, OmcB and PmpD
(Su et al., 1996; Fadel & Eley, 2007; Swanson et al., 2009) have been proposed de-
pending on host-cell type and chlamydial species (Dautry-Varsat et al., 2005). As
possible host-cell receptors and ligands heparan sulfate, mannose receptor, mannose-
6-receptor, estrogen receptor and platelet-derived growth factor receptor have been

described (Cocchiaro & Valdivia, 2009). Attachment occurs in a two-step process in-
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volving initial reversible electrostatic interactions between glycans on the EBs and host
cell glycosaminoglycans (Menozzi et al., 2002), followed by irreversible binding to the
host-cell surface by specific receptors (Bastidas et al., 2013). Additionally, a protein
disulfide-isomerase (PDI) exposed on the host-cell surface is required for EBs bacterial
entry. The EB outer membrane consists of a mesh of cysteine-rich proteins which form
a disulfide cross-linked polymer layer providing osmotic stability and rigidity (Huang
et al., 2010). The bacterium binds to a receptor which is associated with a PDI and
the oxido-reductive function of the enzyme enables internalization into the host cell
(Abromaitis & Stephens, 2009). The exact mechanism of bacterial uptake remains elu-
sive as there are controversial studies by which strategy chlamydial species may enter
the cell (Dautry-Varsat et al., 2005).

EBs entry in nonphagocytic cells induces actin reorganization at the attachment site
via small GTPases (Carabeo et al., 2004, 2007). Other redundant mechanisms initiated
by Ct694/TmeA also seem to play a role during cytoskeleton remodelling but are still
under discussion (McKuen et al., 2017).

During internalization the stable disulfide-cross-linked protein layer of the EBs is re-
duced, followed by a decondensation of the nucleoid and initiation of bacterial tran-
scription. The differentiation from EBs to RBs takes place in the inclusion where RBs
replicate via binary fission (Cocchiaro & Valdivia, 2009).

The inclusion membrane initially resembles the host-cell plasma membrane. During the
course of the infection several components are replaced by bacterial proteins enabling
the transport of the inclusion to the Golgi apparatus via microtubules (Grieshaber
et al., 2003) and the interaction with numerous host-cell molecules. A subset of these
are Rab GTPases which are recruited to the inclusion and allow sphingomyelin and iron
acquisition by Golgi fragmentation and interference of the transferrin pathway (Rzomp
et al., 2003, 2006; Ouellette & Carabeo, 2010; Rejman Lipinski et al., 2009; Heuer et al.,
2009). Sphingomyelin is necessary for inclusion expansion and stability (Carabeo et al.,
2003). The uptake of nutrients is enabled via vesicular and non-vesicular transport by
interactions with transfer proteins (Derré et al., 2011; Elwell et al., 2011), multivesicu-
lar bodies (Beatty, 2006), lipid droplets (Kumar et al., 2006) and lysosomes (Ouellette
et al., 2011) facilitating bacterial replication.

In late stages of infection, the bacterial number increases drastically leading to inclusion
expansion until almost the whole cytoplasmic space is occupied. RBs redifferentiate to
EBs via an unknown mechanism and after 48-72 hours the EBs exit the host cell by
cell lysis or extrusion. Cell lysis is induced by cysteine proteases which disrupt the in-
clusion, followed by a calcium-signalling-dependent cell death. Exit by extrusion leaves
the host cell with a still intact bacterial vacuole and thereby maintains the infectious
state of the cell (Hybiske & Stephens, 2008).
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To maintain a replicative intracellular niche, Chlamydiae have evolved mechanisms to
evade the host-cell immune response by preventing apoptosis. The chlamydial protease-
like activating factor (CPAF) hinders formyl peptide receptor 2 (FPR2)-mediated ac-
tivation of polymorphonuclear leukocytes by cleavage of FPR2 (Rajeeve et al., 2018).
Additionally, CPAF is able to degrade antimicrobial peptides with antichlamydial ac-
tivity like LL-37 (Tang et al., 2015), and thereby ensures extracellular EB survival.
Messinger et al. (2015) described an inhibition of caspase-3-induced cell death for var-
ious chlamydial species. The inclusion membrane protein » Chlamydia promoter of
Survival« (CpoS) seems to be crucial for blocking pro-death signals (Sixt et al., 2017).
In addition to direct evasion processes from the host-cell immune response there is in
vitro evidence for a chlamydial resting state which is not replicative and not infectious
and thereby a form of persistence. Persistent forms of C. trachomatis are character-
ized by relatively small inclusions with morphologically altered RBs which are known
as abberant bodies induced by antibiotics, cytokines, nutrient-deprivation and other
stressors (Marsh et al., 2017; Hogan et al., 2004).

1.1.4 Pathogenesis of S. negevensis

S. negevensis is an obligate intracellular pathogen replicating in amoebae, human ep-
ithel cells and makrophages and has been associated with infectious of the respiratory
tract of humans. With 2.5 Mbp, the genome is at least two times larger than that
of other Chlamydiae (Kahane et al., 2002). The life cycle is comparable to C. tra-
chomatis with a significantly longer infection duration of 5 — 12 days (Kahane et al.,
2002). Instead of a spherical vacuole, S. negevensis forms a continuous membrane
system spanning the host cell and forming extensive contact to the endoplasmic retic-
ulum (ER) (Herweg et al., 2016). For nutrient acquisition the retrograde transport
pathway from the Golgi apparatus to the ER seems to play a crucial role (Herweg
et al., 2016). In late infection stages mitochondrial fragmentation has been observed
(Kozjak-Pavlovic et al., 2017) but its function for the bacterium remains elusive.

Interestingly, S. negevensis infected cells exhibit a strong resistance to apoptosis which
could serve as pathogenic strategy to promote its long-term relationship within the host
cell (Karunakaran et al., 2011). Additionally, the bacterium has no visible cytotoxicity
and does not induce cell lysis to the same extend as other members of the Chlamydi-
ales order (Vouga et al., 2017). Consequently, S. negevensis is able to persistent for a
prolonged time in infected cells. Further investigations of its exact survival mechanism
and pathogenicity in humans are required to provide new insights into the biology of

the Chlamydiales order.
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1.2 High-temperature requirement protein A (HtrA)

Intracellular pathogens as Chlamydia developed a sophisticated system of protein-
quality control to promote bacterial survival under harsh conditions as elevated temper-
atures, low pH, osmotic or oxidative stress which lead to protein aggregation (Skorko-
Glonek et al., 1999). Mis- or unfolded proteins represent a serious hazard for the
bacterium and to prevent cell death the gene expression of so called heat-shock pro-
teins (HSP) are upregulated. One important HSP family are the HtrA proteins. They
were first identified in E. coli as indispensable survival factors at temperatures above
42 °C. Bacteria carrying an insertion mutation in their htrA gene did not grow at
elevated temperatures (Lipinska et al., 1988). Further studies revealed a null mutant
which failed to degrade proteins in the periplasmic space and was accordingly named
the degP mutant (Strauch et al., 1989). The periplasmic space exhibits special condi-
tions like ATP-absence and an oxidizing milieu. Thereby it is dependent on an own
protein-quality control system uncoupled from the one in the cytoplasm. HtrA pro-
teins serve as essential ATP-independent protein-quality control factors which ensure
cell viability under stress conditions by exhibiting proteolytic and chaperone activity
(Clausen et al., 2002). This ability promotes survival of pathogenic bacteria and as a

result establishes HtrA as important virulence factor (Ingmer & Brendsted, 2009).

HtrA proteins harbor a serine-protease domain with a highly conserved chymotrypsin
fold and a catalytic triade of His-Asp-Ser and at least one C-terminal PDZ domain
(post-synaptic density protein, disc large and zo-1 proteins) (Morais Cabral et al.,
1996; Doyle et al., 1996; Pallen & Ponting, 1997). PDZ domains are the most common
protein-protein interaction modules, built of 80-100 amino-acid residues and special-
ized for binding the C-terminus of target proteins (Jelen et al., 2003). The protease
domain consists of two lobes, each forms a six-stranded [-barrel and the proteolytic
cleft is positioned in between. Substrate binding at the active site is mediated via
[-sheet augmentation (Perona & Craik, 1995). There are eight surface loops which are
labeled according to the trypsin protease nomenclature: L1-L3 and LA-LE (Perona &
Craik, 1995). The L1 loop harbors the oxyanion hole whereas the L2 loop in active
protease forms the S1 specificity pocket. The L3, LA and LD loops are regulatory
loops transmitting signals and thereby activating the protease. The roles of the LB
and LE loop are not yet clearly identified (Krojer et al., 2008b). Protease activity is
promoted when the N-terminal signal peptide is cleaved (Lipinska et al., 1988).

A multitude of HtrA proteases in various species has been detected including those of
microorganisms, fungi, plants, frogs, birds, fish and mammals (Clausen et al., 2011).

In E. coli, there are three well-studied HtrA proteins which serve as model proteins



8 1 Introduction

and are further highlighted in the following subsections: DegP, Deg(Q) and DegS. They
exhibit a high amino-acid sequence identity in their protease domain, but whereas
DegP and Deg(Q contain two PDZ domains, DegS harbors only one. A distinguishing
feature of DegP and DegQ) is the length of their LA loop, also called Q-linker as many
Gln residues are found in DegP. With 40 amino-acid residues, the Q-linker of DegP
encompasses twice the size of the Q-linker of DegQ (Kim & Kim, 2005).

1.2.1 DegS - protease in ¥ stress response pathways

Stress-response pathways sensing misfolded proteins in one cellular compartment and
transducing signals to another compartment prevent dangerous protein aggregation. In
E. coli there is an extracytoplasmic stress response which is induced by high amounts
of unfolded proteins in the cell envelope, especially by unfolded outer membrane porins
(OMPs) (Alba et al., 2002). Under stress conditions transcription factor o is acti-
vated and associates with the RNA polymerase to increase gene expression of envelope-
localized chaperones, proteases and proteins for lipopolysaccharide (LLPS) synthesis and
transport (Rhodius et al., 2006; Dartigalongue et al., 2001). RseA and RseB are neg-
ative regulators of 0¥ encoded together with the rpoE (of gene) in a single operon
(Alba et al., 2002). RseA is an inner-membrane protein with one transmembrane do-
main, an N-terminal cytoplasmic and a C-terminal periplasmic domain (De Las Penas
et al., 1997). In the absence of a stress signal, RseA interacts tightly with o on the
cytoplasmic site and with RseB in periplasmic space. Proteolytic cleavage of RseA
by DegS induces the signal transduction which leads to o release. Under non-stress
conditions, DegS exhibits an inactive resting state and additionally, the stress response
is inhibited by masking the RseA cleavage site by RseB binding (Chaba et al., 2011;
Kim, 2015).

The crystal structure of DegS (Wilken et al., 2004), PDB entry:1SOT) reveals a ho-
motrimer with a funnel-like shape exposing fully accessible proteolytic sites (Fig. 1.3).
To prevent uncontrolled RseA processing, the activation of DegS is tightly regulated.
The ligand-free DegS structure displays the inactive state, exhibiting a blocked oxyan-
ion hole and S1 binding pocket. The PDZ domain stabilizes the inactive protease
domain conformation by interactions with the 1.3 loop. Unfolded OMP initiates DegS
activation by binding to the PDZ binding pocket via an C-terminal YXF motif. This
leads to a rearrangement of the L3 loop by 15 A. The amino-acid residues at the X po-
sition of the substrate (P2) interacts directly with T184 from the L3 loop inducing the

conformational change. Subsequently, the LD* loop from the neighboring monomer
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DegQ

Figure 1.3: Allosteric activation cascade of E.coli-HtrA proteins. a) Crystal structures
of DegS, DegP and Deg(Q in their proteolytic inactive state. In DegS and DegQ the
L2 loop is too flexible to be traced whereas in DegP parts of the L3 loop are missing.
One monomer with its adjacent protease domain (»Prot«) is depicted. b) Crystal
structures of DegS, DegP and Deg() in their proteolytic active state. In DegS, a bound
substrate in the PDZ binding cleft interacts directly with the regulatory L3 loop which
is reoriented. This rearrangement leads to changes in the LD* loop of the adjacent
monomer which in turn influences orientation of L2 and L1* loops. Blockade of the
oxyanion hole is abolished and the S1 specificity pocket is correctly formed. In DegP
and DegQ the signal transduction is initiated by re-orientation of helix a6 (PDZ1)
which interacts with the L3 loop. Afterwards the signal is transmitted via LD* loop
to L1* and L2 loop similar to DegS.

(the asterisk marks elements from the adjacent protomer in the trimer) changes its
position and influences remodelling of the 1.2 and L1* loops thereby unblocking the

oxyanion hole and the S1 specificity pocket. In contrast to other serine proteases, the
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activation of DegS is a reversible process (Wilken et al., 2004).

DegS activation is the critical step in triggering the o stress response. Additionally
the interaction between RseB and RseA has to be disrupted. Studies showed that an
increased level of LPS or LPS fragment leads to dissociation of RseB exposing the
RseA cleavage site (Lima et al., 2013). After RseA cleavage by DegS, the cytoplasmic
RseA domain bound to o¥ is released by RseP cleavage (Akiyama et al., 2004). This
complex is further processed by cytoplasmic ATP-dependent proteases generating free

of (Flynn et al., 2004) and thus activating gene expression.

1.2.2 DegP - a self-compartmentalizing protease

In early biochemical studies defining proteases in E. coli, DegP was initially identified
as protease Do, a serine protease with an unusually large molecular weight of 300-500
kDa (Swamy et al., 1983). The degP gene is upregulated by DegS-mediated o acti-
vation of transcription (Strauch et al., 1989) or by the Cpx stress response pathway
induced by protein folding stress in the periplasm of E. coli (Danese et al., 1995).

As an important factor for protein-quality control, DegP is responsible for maintaining
periplasmic protein homeostasis by degrading un- or misfolded proteins and thereby
preventing lethal aggregation. Studies also reported chaperone activity (Spiess et al.,
1999) and a role in OMP biogenesis, as DegP binds to folded OMPs but does not
degrade them (Krojer et al., 2008b). Current studies question the chaperone function
in living cells and assume that the main function of DegP is to cleave unfolded proteins
(Chang, 2016).

A special feature of DegP is the ability to form higher-order oligomers consisting of 6,
12, 15, 18 or 24 monomeric subunits (Krojer et al., 2008b; Jiang et al., 2008; Shen et al.,
2009). The first crystal structure of DegP revealed a distorted 6-mer with two inter-
locked homotrimers arranged in a face-to-face manner (Fig. 1.4). Interactions between
both 3-mers are mediated via LA loops which protrude pillar-like into the opposite
3-mer and interact with the L1* and L2* loop preventing formation of the S1 speci-
ficity pocket and blocking the entrance to the proteolytic site. The active proteolytic
centers are located at the inner wall of the particle. DegP harbors two PDZ domains.
Their overall fold resembles other PDZ domains but with an additional $-sheet and an
a-helix which seem to be unique to PDZ domains of the HtrA family. Pores between
protease and PDZ domains allow access into the cage-like particle. Consequently, the
PDZ domains have the function of gate keepers (Krojer et al., 2002). The pore size lim-
its the substrate entry and thus, regulates indirectly the proteolytic activity (Clausen

et al., 2002). The self-association of DegP which leads to segregated compartments
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DegSgc DegPgc 6-mer

L

DegP| s 12-mer

DegPgc 12-mer

DegPgc 24-mer I

Figure 1.4: Three-dimensional crystal structures of prokaryotic HtrA proteins. The
proteins are depicted in surface representation with the protease domain in green,
PDZ1 in orange and PDZ2 domains in blue. The sizes of the molecules are not shown
in scale in respect to each other.

with proteolytic active centers are properties of a self-compartmentalizing protease.
Similar to DegS, substrate binding induces conformational changes which involve the
L3, LD* L1 and L2 loops (s. Fig.1.3). Additionally, the LA loop plays a regulatory

role and inhibits proteolytic activity until reorientation of the PDZ1 domain extracts
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it from the active site (Krojer et al., 2008b). Upon substrate binding, DegP assem-
bles into higher order oligomers (12-/24-mers) (Krojer et al., 2008b). The cage size
is adaptable depending on substrate size and concentration. Thus, small peptides in-
duce 12-mer assembly whereas larger substrates such as bovine serum albumin (BSA)
lead to the formation of 24-mers in vitro (Krojer et al., 2008b; Iwanczyk et al., 2011).
For [-casein, denatured lysozyme and denatured BSA, an encapsulation of substrate
could be observed before cleavage (Krojer et al., 2008b; Jiang et al., 2008). Similar to
6-mers, 12- and 24-mers also consist of trimeric building blocks and resemble highly
symmetrical hollow spheres with an outer diameter of 160 and 195 A, respectively
(Krojer et al., 2008b; Kim et al., 2011). In contrast to earlier models which assumed a
6-meric resting state and a 12/24-meric activation state, cage assembly is not a prereq-

PS210A are capable

uisite for proteolytic activity. Proteolytic inactive variants like Deg
of forming higher order oligomers, and mutants ensuring exclusively trimer formation
(DegPY*14) exhibit significant protease activity (Kim & Sauer, 2012). Nevertheless,
the 12-meric state binds substrate peptides more tightly and cleaves more efficiently
(Kim & Sauer, 2012). Allosteric binding of peptides shows a cooperative binding effect
and drastically increases protease activity (Merdanovic et al., 2010). A strong activator
of protease activity and oligomerization is the heptapeptide DPMFKLV which binds
to DegP with high affinity (Kp = 5 uM). The protease cleaves preferably residues with
small hydrophobic side chains such as valine, alanine, isoleucine and threonine in P1
(Kolmar et al., 1996; Krojer et al., 2008a).

The oligomerization of DegP is a reversible process (Krojer et al., 2008b) which is a
unique feature of HtrA proteases. The exact mechanism of oligomerization is still under
investigation. Studies reported PDZ-PDZ interactions to be important for higher-order

PAPDPZ2 yvariants resemble DegS and form trimers only. More spe-

oligomerization. Deg
cific mutations with truncated PDZ2 domains revealed the significance of the last eight
C-terminal residues for stabilizing higher-order oligomers. The DegP2%1%-448 variant as-
sembles into hexameric state but no conversion into 12- or 24-mer could be observed
(Jiang et al., 2008). Additionally, the LA loop has a stabilizing role in 6-mer assem-
bly. It interacts with the LA* and the L1* loop of the opposite protomer and thereby
preserves the integrity of the HtrA oligomer. Furthermore, contacts to L2* loop and
PDZ1 domain have been described and disruption of these lead to increased proteolytic
activity. It was also proposed that the LA loop interacts with the regulatory L3 loop

but until now there are no valid results confirming this theory (Figaj et al., 2014).

Interestingly, DegP shows the ability to bind liposomes. Structural investigations reveal
positively charged clusters of Arg and Lys originating from PDZ1 and PDZ2 domains

displaying candidate sites for membrane attachment (Krojer et al., 2008b). Via electron
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microscopic studies bowl-shaped structures of DegP with 4-, 5- and 6-fold symmetry
associated with lipid membranes could be identified. The self-assembly is independent
of substrate binding and exhibit higher proteolytic activity than soluble DegP (Shen
et al., 2009).

1.2.3 DegQ - a periplasmic DegP homolog

1.2.3.1 DegQ from E. coli

Deg(Q) is another periplasmic HtrA protein with chaperone and protease activity. It
resembles DegP in sequence (amino-acid sequence identity ~ 60 % in E. coli) and
domain organization (Wrase et al., 2011; Waller & Sauer, 1996; Kolmar et al., 1996).
As described above, the biggest difference between both proteins is the length of the
LA-loop. In contrast to E. coli, many prokaryotes only encode one HtrA protein which
is usually a Deg(Q homologue emphasizing its importance for protein quality control in
the periplasmic space of these species (Kim & Kim, 2005).

In E. coli, it has been observed that Deg() complements DegP under certain conditions
(Waller & Sauer, 1996), as it has a similar substrate specificity (Kolmar et al., 1996).
Substrate binding also induces the formation of 12- and 24-meric cage-like particles
(Sawa et al., 2011) which are the proteolytic active form. The nature of the resting
state is still under discussion. Whereas one group showed a 6-meric resting state (Malet
et al., 2012) another group described a trimer (Bai et al., 2011). Similar to the other
HtrA proteins, DegQ) is activated by an allosteric activation cascade initiated by sub-
strate binding to the PDZ1 domain, influencing the L3 loop which in turn transmits
the signal via LD* to L1* and L2* loops (Sawa et al., 2011), rendering the protease
active (Fig. 1.3).

A special feature of DegQ is its pH sensitivity. In acidic pH (pH 4.5 — 6) proteolytic
substrate cleavage is most efficient with an optimum at pH 5.5. This is corroborated
by the fact, that the oligomeric state at pH 5.5 is mainly 12-meric whereas at higher
pH smaller oligomers predominate. Additional studies showed that this feature enables
cell survival and growth in an environment with lower pH (Sawa et al., 2011).

It is assumed that Deg(Q) exhibits a more prominent chaperone activity than DegP.
In electromocroscopic studies it could be shown that lysozyme molecules which were
added in an unstructured, reduced state bound to the DegQ 12-mer and are located
within the cage-like particle. As the bound molecules are in state which is close to
the native folded state of lysozyme this is strong evidence for the refolding capacity

of DegQ. As ordered parts of the LA loop are directed towards the lysozyme, a new
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substrate binding function for this loop has been proposed (Malet et al., 2012). The
overall geometry of the 12-mer and 24-mer DegQ) cage-like particle diverges from DegP
crystal structures in terms of PDZ1 and 2 domains (Malet et al., 2012).

1.2.3.2 DegQ from Legionella

Interestingly, there are two additional prokaryotic DegQs with known crystal struc-
tures. DegQ from Legionella fallonii (Lf) and Legionella pneumophila (Lp) resemble
each other but show clear differences to the architecture and function of the DegQg. 12-
mer (Wrase et al., 2011; Schubert et al., 2015). Legionella are interacellular parasites
of free-living protozoa usually found in fresh water. L. pneumophila is the causative
agent of Legionnaires’ disease, a severe pneumonia with a high fatality rate (Fields
et al., 2002). DegQr/rp shows a trimeric resting state which assembles into 12- or
24-mers upon substrate binding. Proteolytic activity is dependent on cage assembly.
Engineered protein variants with impaired ability to form high-order oligomers show
no cleavage capacity (e.g. DegQri®TP?2, DegQri*“? a variant lacking the last 9 C-

QAPPZ2 variant is still able to form

terminal residues). Interestingly in E. coli, the Deg
12-mers upon substrate binding and exhibits proteolytic activity (Sawa et al., 2011;
Malet et al., 2012). In this case, 12-mer integrity is provided by PDZ1 interactions
(Sawa et al., 2011).

For Legionella, proteolytic activity was measured by the release of a fluorogenic re-
porter 7-amino-4-methylcoumarin (AMC) coupled to a substrate peptide (DPMFKLV).
It shows, that cleavage efficiency is very low. Allosteric binding of [-casein or suit-
able peptide substrates dramatically increases proteolytic activity in a dose-dependent
manner (Schubert et al., 2015). Thus, the proteolytic activity is modulated by the

presence of substrates.

1.2.4 HtrAc

In C. trachomatis there is only one HtrA homologue, HtrA¢; which is expressed con-
stitutively throughout the developmental cycle from approximately 8 hours after in-
fection to its highest level between 24-40 hours (Huston et al., 2008). As the htrA
gene of C. trachomatis can complement the heat stress phenotype in E. coli hirA-,
similar functions as DegPg. in heat shock response have been proposed (Huston et al.,

2008). Supporting this assumption, studies in chlamydial-infected human HEp-2 cell
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showed an increased HtrAc; level under heat stress (Huston et al., 2008). Additionally,
HtrAc; is detected in high amounts during penicillin-induced persistence, presumably
to maintain extracytoplasmic protein functionality required for ongoing viability (Hus-
ton et al., 2008).

Biochemical studies reveal HtrAq; as a serine protease with proposed chaperone func-
tion similar to other HtrA proteins (Huston et al., 2007). Addition of the unique
HtrAc; protease inhibitor JO146 during the replicative phase of C. trachomatis re-
sulted in diminished inclusion size and inability to form viable EB. During heat stress
the inhibitor was completely lethal (Gloeckl et al., 2013). This implies an essential role
for HtrAg; in Chlamydiae survival in host cells.

HtrAc; is proteolytically active over a wide pH range from 6 to 10 with an optimum
at pH 6.5 (Huston et al., 2007). It forms 6-mers which assemble into higher-order
oligomers upon binding of unfolded substrate (Huston et al., 2011). Similar to other
HtrA proteins, an allosteric activation cascade is proposed which could in parts be
confirmed by mutational analysis. Mutations in the PDZ1-binding cleft (HtrAc,“30%)
leave the protein unable to perform proteolytic cleavage and higher-order oligomer as-
sembly (Huston et al., 2011). Substitution of highly conserved arginines R224 (L3-LD*
interactions) and R362 (PDZ1-L3 interactions) by alanine and leucine, respectively,
abolishes proteolytic activity completely (Marsh et al., 2013).

HtrAc; cleaves after small hydrophobic residues like isoleucine, alanine and valine and
clearly prefers isoleucine at the P1 position. Additionally, the preference of a large
positively charged residue at P3 (I{/R) may indicate the formation of a salt bridge in
substrate binding (Huston et al., 2011).

Like for DegP and other HtrAs (Shigella flexneri, Purdy et al., 2007) interactions with
OMPs have been reported for HtrA g, (Sklar et al., 2007; Huston et al., 2011). Chlamy-
dial OMPs such as MOMP and the polymorphic membrane protein C (PmpC) exhibit
a C-terminal sequence which stimulates the proteolytic activity of HtrAc, (Huston
et al., 2011). Studies with MBP-MOMP fusion proteins, either full-length or degraded
to peptides, revealed a dramatic increase in proteolytic activation. The intact MBP-
MOMP fusion protein has been shown to induce oligomerization whereas the peptides
did not (Huston et al., 2011). These are first indications for the importance of HtrAc;
interactions with MOMP in witro.

Since HtrAc; is essential for chlamydial survival in cells, it represents a novel ther-
apeutic target for antichlamydial therapy. During the replication cycle it is located
in periplasmic space of C. trachomatis. Additionally, secretion into the host cell cyto-
plasm has been reported (Wu et al., 2011), suggesting a role in manipulation of host-cell

signaling. However, host-cell targets of HtrAc; are still unknown.
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1.2.5 HtrAs as virulence factors

For a long time, the role of bacterial HtrAs in pathogenesis has been primarily at-
tributed to survival under stress conditions during infection. Current studies reveal
that HtrA proteins are also directly involved in pathogen-host interaction as they are
released into the environment by mostly unknown pathways (Backert et al., 2018).
Species-dependent, prokaryotic HtrAs are located either membrane-bound to the bac-
terial cell wall (Bacillus anthracis (Sela-Abramovich et al., 2009); C. pneumoniae,
(Montigiani et al., 2002)) or in the periplasm (most gram-negativ HtrAs). One pro-
posed secretion mechanism is the incorporation of HtrAs in outer-membrane vesicles
(OMV) (Bartolini et al., 2013). The production of OMVs is often associated with
envelope stress as a mechanism to discard harmful waste (McBroom & Kuehn, 2007)
suggesting a contribution of HtrAs in this process.

Extracellular and cytoplasmic HtrAs can directly target host cell or bacterial proteins
to promote virulence. One mode of action is the disruption of the epithel barrier by
cleaving proteins involved in adherens junctions and tight junctions. HtrAs from E.
coli, H. pylori, Proteus mirabilis, Salmonella enterica, Shigella flexneri, Campylobacter
jejuni, Borrelia burgdorferi and Yersinia enterocolitica have been reported to cleave
E-cadherin and thereby facilitate bacterial invasion (Hoy et al., 2010, 2012; Russell &
Johnson, 2013; Russell et al., 2013; Boehm et al., 2012; Abfalter et al., 2016). Ad-
ditionally, cleavage of structural components like occludin (H. pylori, C. jejuni), and
claudin-8 (H. pylori) might intensify this effect (Tegtmeyer et al., 2017; Elmi et al.,
2016). Surface-exposed HtrAs can also degrade extracellular matrix proteins like fi-
bronectin, aggrecan and proteoyglycans to increase invasiveness (Russell & Johnson,
2013; Russell et al., 2013; Tegtmeyer et al., 2017).

Processing of bacterial virulence factors for example for surface presentation of adhesins
(S. flexneri) or regulation of secretion of virulence proteins (B. anthracis) (Purdy et al.,
2007; Chitlaru et al., 2011) is also associated with HtrA proteases.

Due to their pathogenic function, HtrA proteins are regarded as new potential targets
for antibacterial therapeutics. The first lead compounds that were tested are based
on typical active site serin inhibitors and targeted the catalytic center of DegPg.. A
chloromethyl ketone was attached to a substrate imitating peptide which successfully
inhibits proteolytic activity but with a rather low specificity (Hauske et al., 2009). For
inhibition of the proteolytic activity of HtrAc;, a similar approach was followed modi-
fying a tripeptid V-P-V or A-P-V with a reactive phosphonate that irreversibly binds
serine. With JO146 and JCP83, two effective inhibitors were obtained with no obvious
cell toxicity and a specificity for chlamydial HtrA proteins only (Gloeckl et al., 2013;
Lawrence et al., 2016).
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For H. pylori, a nonpeptidic rhodamine derivative scaffold was identified as effective
active site inhibitor (Hoy et al., 2010). Another compound targeting H. pylori HtrA
was generated which binds the putative allosteric site and could thereby completely
inhibit proteolytic activity towards E-cadherin in vitro (Perna et al., 2014), showing a

novel approach for HtrA inhibition.

1.3 MOMP of C. trachomatis

Gram-negative bacteria contain two lipid bilayer membranes confining the periplasmic
space. Whereas the cytoplasmic membrane shows an even distribution of phospholipids
among the inner and outer leaflet, the outer membrane is highly asymmetric, containing
phospholipids in the inner leaflet and LPS exposed to the cell surface. The outer mem-
brane is a permeability barrier enabling nutrient import via integral outer-membrane
proteins (OMP). In contrast to other membrane proteins, OMPs form (-barrels com-
posed of antiparallel amphipathic S-strands (Koebnik et al., 2000) with a hydrophobic
surface and a polar interior. These [-barrel structures are very stable and highly re-
sistant to proteases. OMPs are synthesized in the cytoplasm as a precursor with an
N-terminal signal sequence mediating inner membrane transport via the Sec system.
In E. coli, three chaperones, Skp, SurA and DegP, have been reported to be involved
in OMP transport through the periplasmic space to the Bam folding complex (Tom-
massen, 2010).

In C. trachomatis, the outer-membrane [S-barrel data base (OMPdb) (Tsirigos et al.,
2011) identified 13 outer-membrane [S-barrels, with the most abundant one, MOMP,
contributing to almost 60 % of the total chlamydial protein mass (Hepler et al., 2018).
MOMP is a 40 kDa cysteine rich ion channel (Hughes et al., 2001) encoded by the ompA
gene with a very unique amino-acid sequence. An extensive intermolecular network is
formed via disulfide bonds with other cysteine-rich proteins, probably as substitute for
the missing peptidoglycan layer increasing structural integrity of the outer membrane
(Yen et al., 2005). In RBs disulfide bonds are reduced allowing higher flexibility and
an increase in diameter to facilitate replication (Elwell et al., 2011).

Due to the high abundance and accessibility of MOMP, it has been a focus of subunit
vaccine development for many years (Pal et al., 2001, 2005; Kari et al., 2009; Pos-
ton et al., 2017). However, the recombinant production of MOMP is difficult due to
several complications such as solubility issues, incorrect folding and low yield. One
approach to gain immunogenicity is the use of MOMP peptides as koala vaccination

which shows first successful triggering of an immune response towards Chlamydia peco-
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rum infections (Nyari et al., 2018). Other studies investigated variable domains (VD)
of MOMP containing B- and T-cell epitopes and revealed promising results by produc-
tion of neutralizing antibodies in mice (Olsen et al., 2015). Vaccination with fusion
protein containing VD4 of MOMP in cationic liposomes ensures partial protection in
minipigs and mice by inducing a robust antibody response (Bgje et al., 2016). Current

investigations are centered on a vaccine for Phase 1 testing.

1.4 Objectives

Despite their high sequence homology the HtrA protein family shows a surprising vari-
ety in function and structure. Most prokaryotic HtrA proteins are involved in periplas-
mic protein quality control and thereby enabling cell survival in harsh environment.
However, several prokaryotic members are directly associated with infectious diseases.
Their pathogenicity has been attributed primarily to maintenance of bacterial fitness.
Current studies also reveal direct involvement in pathogen-host interactions as in some
species HtrA proteins have been shown to be released into cytoplasm or extracellular
space (Backert et al., 2018). They can promote bacterial invasion by disruption of the
epithel barrier (Hoy et al., 2010; Russell & Johnson, 2013; Boehm et al., 2012; Abfalter
et al., 2016) and degradation of extracellular matrix proteins (Russell et al., 2013; Tegt-
meyer et al., 2017) or process and regulate secretion of virulence factors (Purdy et al.,
2007; Chitlaru et al., 2011). Consequently, HtrA proteins represent a new potential
target for antibacterial treatment.

The groundwork for HtrA protein research was laid by extensive studies of DegP, DegQ
and DegS from FE. coli which serve as model proteins for many prokaryotic HtrA pro-
teins. Recent studies covering various HtrA proteins from different species reveal the
diversity in structure and function and show that they do not conform in all aspects
to the F. coli models. There are fundamental features which are found in most HtrA
proteins with two PDZ domains such as their ability to form higher-order oligomers.
However, the mechanism and initiation of oligomerization are still not well understood

and await characterization.

In C. trachomatis, the causative agent of the most prevalent sexually transmitted in-
fection world wide, HtrA; has been identified as virulence factor essential for bacterial
survival. The protease has been associated with heat-stress response and chlamydial
persistence, and a role in RB-to-EB-transition and OMP assembly has been discussed,
too (Marsh et al., 2017). However, in vivo substrates of HtrA¢; and the corresponding

cellular mechanisms which could promote pathogenicity are still under investigation.



1 Introduction 19

The aim of this study was the structural and biochemical characterization of chlamydial
HtrA proteins. HtrAc; and the close relative HtrAg, from S. negevensis, a potential
new human pathogen associated with pneumonia and bronchiolitis (Vouga et al., 2017),
have been investigated. As there are no three-dimensional models of chlamydial HtrA
proteins available so far, the main focus was the crystallization and determination
of high-resolution three-dimensional structures. These structural data might help to
understand the species-specific properties and are thereby a valuable prerequisite for ra-
tional drug design. Additionally, the structures are analyzed with focus on new insights
into the mechanism of oligomerization and stabilization of higher-order oligomers.

To gain insights into the physiological role of chlamydial HtrA proteins, the interaction
with MOMP has been characterized. As chlamydial MOMPs are in focus of vaccina-
tion research for many years, their interaction with HtrA proteins may shed light on

new approaches to attack chlamydial cells.
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2 Material and Methods

2.1 Material

2.1.1 Equipment

Instrument

Manufacturer

AKTA FPLC

AKTAprime plus

Agarose gel electrophoresis chamber Mini-
Sub cell GT

BRANDplates®, PureGrade™

Centrifugal filters Amicon® Ultra-4, 10 K
Centrifugal filters Amicon® Ultra-15, 10 K
Centrifugal filters Amicon® Ultra-15, 30 K
Centrifuge Avanti J-26 XP

Centrifuge Biofuge 13

Centrifuge Optima 1.-90K Ultracentrifuge
Centrifuge Sigma 3-18K

Crystallization plates Cryschem™S Plate
Crystallization plates Intelli plate 96-2
Crystallization Robot Crystal Phoeniz
Eppendorf pCuvette® G1.0

EPS 3002

EPS 3501 XL

FLx800™

French® Pressure Cell Press
HiLoad ™ Superdex™?200 pg
HisTrap™HP 5 mL

GE Healthcare, Freiburg
GE Healthcare, Freiburg
BioRad, Munich

Brand, Wertheim

Merck, Darmstadt

Merck, Darmstadt

Merck, Darmstadt
Beckman-Coulter, Krefeld
Heraeus Instr., Hamburg
Beckman-Coulter, Krefeld
Sigma, Gottingen
Hampton Research, USA
Art Robbins Instr., USA
Art Robbins Instr., USA
Eppendorf, Hamburg

Life Technologies, USA
Amersham Biosciences, UK
BioTek, Bad Friedrichshall
Thermo IEC, USA

GE Healthcare, Freiburg
GE Healthcare, Freiburg
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Instrument

Manufacturer

Hoefer SE 250 Mini-Vertical Gel Elec-
trophoresis Units
Incubation shaker Aqua-Shaker

Incubation shaker Innova4230
Laboklav 55-195

Magnet stirrer MR 2002

MBPTrap HP

Microscope SZX12

Reax top Vortex Mixer

TGradient Thermocycler

Peristaltic pump EconoPump

Scales 1419

Scales 572

Scales TP-3101

Shaking Incubator 3032

Sonifier W-250 D

Superdex 200 10/300 GL
Spectrophotometer BioPhotometer plus
Spectrophotometer BioPhotometer D30
Spectrophotometer Cary 50 conc
StepOne Real-Time PCR System
Techne® Dri-Block® heater DB 3D
Thermomixer 1.5 mL comfort
Ultracel® 10kDa Ultrafiltration Discs (25
mm)

Ultracel® 10kDa Ultrafiltration Discs (44.5
mm)

UV transilluminator

Vacuum pump

Amersham, UK

A. Kiihne AG, Switzerland
NewBrunswick Sci., USA
SHP Steriltechnik,
Schloss/Satuelle

Heidolph Instr., Schwabach
GE Healthcare

Olympus, Hamburg
Heidolph, Schwabach
Biometra, Gottingen
BioRad, Munich

Satorius, Gottingen

Detzel

Kern, Balingen

Denver Instr., Gottingen
GFL, Burgwedel

Branson Ultrasonics, USA
GE Healthcare
Eppendorf, Hamburg
Eppendorf, Hamburg
Varian, USA

Applied Biosystems (AB), USA
Sigma, Gottingen
Eppendorf, Hamburg
Merck, Darmstadt

Merck, Darmstadt

biostep®, Burkhardtsdorf
Brand, Wertheim
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2.1.2 Chemicals

Chemical Manufacturer
AccuPrime™ Pfz Invitrogen, USA
Agar Agar Standard Grade Gerbu, Heidelberg
Alcohol Dehydrogenase (ADH) Sigma-Aldrich, Seelze
Ampicillin Sodium Salt Gerbu, Heidelberg
APS Serva, Heidelberg
Bacto Peptone BD, Belgium

Bacto Yeast Extract BD, Belgium
Biozyme LE Agarose Biozym, Oldendorf
Blue dextran Sigma-Aldrich, Seelze
Bromphenol blue Sigma-Aldrich, Seelze
BSA-Type H1 Gerbu, Heidelberg
Cytochrome c Sigma-Aldrich, Seelze

cOmpleteTablets EDTA-free Protease in- Roche, Mannheim
hibitor, EASY Pack

D(+)-Glucose Monohydrate Merck, Darmstadt
D(+)-Maltose Monohydrate Merck, Darmstadt

Dodecyl Maltoside (DDM) Gerbu, Heidelberg
Dodecylsulfate-Na-salt Serva, Heidelberg

Dimethyl sulfoxide Merck, Darmstadt
di-Sodium hydrogen phosphate dihydrate Merck, Darmstadt

DTT High purity Gerbu, Heidelberg
EDTA-Disodium Gerbu, Heidelberg

Ethanol ROTIPURAN® p.a. Roth, Karlsruhe
Ethidiumbromide Roth, Karlsruhe

10x Fast Digest Buffer ThermoScientific, Darmstadt
10x Fast Digest Green Buffer ThermoScientific, Darmstadt
FastDigest Dpnl # FD1703 ThermoScientific, Darmstadt
FastDigest Sall # FD0664 ThermoScientific, Darmstadt
FastDigest BamHI # FD0054 ThermoScientific, Darmstadt
Ferritin Pharmacia, Sweden
GeneJET Gel Extraction Kit # K0691 ThermoScientific, Darmstadt

GenelJet Plasmid Miniprep Kit # K0503 ThermoScientific, Darmstadt
GeneRuler™ 1 kb DNA Ladder # SM0311  ThermoScientific, Darmstadt
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Chemical

Manufacturer

GeneRuler™ 100 bp
SM0241

Glycerol, 99.5 %
Guanidinium hydrochloride, minimum 99 %
HEPES PUFFERAN® > 99.5 % p.a.
Hydrochloric acid (HCI) 37%

Imidazole

IPTG-b, Biotechnical Grade

Izit Crystal Dye

Kanamycin sulfate

DNA Ladder #

L-Arginine base

Lithium chloride

Lysozyme

MES

Magnesium formate

NativeMark™ Unstained Protein Standard
N-Dodecyl-N,N-dimethylammonio-3-
propane sulfonate (SB-12)
N-Lauroylsarcosine sodium salt

Nickel(IT) chloride hexahydrate

Octyl B-D-glucopyranoside (OG)
Ovalbumin

PageRuler™Unstained Protein Ladder #
26614

Poly(ethylene glycol) (PEG) 3350
Potassium citrate tribasic monohydrate
Rapid DNA Ligation Kit # K1423
Rotiphorese® Gel 30 (37; 5:1)

Sodium acetate trihydrate (NaAc)

Sodium chloride, p.a., ACS, ISO

Sodium citrate tribasic dihydrate

Sodium dihydrogen phosphate monohydrate
Sodium formate

Sodium hydroxide (NaOH)

Sodium potassium tartrate tetrahydrate
ACS reagent, 99 %

ThermoScientific, Darmstadt

Gerbu, Heidelberg
Sigma-Aldrich, Seelze
Roth, Karlsruhe
Merck, Darmstadt
Merck, Darmstadt
Gerbu, Heidelberg
Hampton Research, USA
Gerbu, Heidelberg
Serva, Heidelberg
Roth, Karlsruhe
Sigma-Aldrich, Seelze
Gerbu, Heidelberg
Sigma-Aldrich, Seelze
ThermoScientific
Sigma-Aldrich, Seelze

Sigma-Aldrich, Seelze
Merck, Darmstadt
Sigma-Aldrich
Gerbu, Heidelberg

ThermoScientific, Darmstadt

Sigma-Aldrich, Seelze
Sigma-Aldrich, Seelze
ThermoScientific, Darmstadt
Roth, Karlsruhe
Roth, Karlsruhe
Roth, Karlsruhe
Sigma-Aldrich, Seelze
Merck, Darmstadt
Sigma-Aldrich, Seelze
Roth, Karlsruhe
Sigma-Aldrich, Seelze
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Chemical

Manufacturer

Sodium thiocyanate

SYPRO® Orange Protein Gel Stain
TEMED

Triton X-100
Tris(2-carboxyethyl)phosphine
ride (TCEP)
Tris(hydroxymethyl)aminomethane-HCI
(Tris)

Urea

2x YT Broth

hydrochlo-

Peptides
DPMFKLV-AMC
DPMFKLA-AMC
DPMFKLV

Crystallization Screens
Additive Screen
Index™1-96

PACT premier™

PEG /Ion Screen™ 1& 2

Structure Screen™ 1& 2

Sigma-Aldrich, Seelze
Sigma-Aldrich, Seelze
Serva, Heidelberg
Fluka, Switzerland
Sigma-Aldrich, Seelze

Gerbu, Heidelberg

Gerbu, Heidelberg
Roth, Karlsruhe

Hampton Research, USA
Hampton Research, USA
Molecular Dimensions, UK
Hampton Research, USA

Molecular Dimensions, UK

2.1.3 Bacteria cells and DNA constructs

Bacteria geno type function
DHb« fhuA2 lacAU169 phoA gInV44 $80’ lacZAM15 plasmid
gyrA96 recAl relAl endAl thi-1 hsdR17 preparation
Ku98 (Harnasch degP::kan treA::spec AmalF3 AphoA (Pvull) expression
et al., 2004) phoR araD139 A(ara-leu)7697 AlacX74 galE
galK thi rpsL F’ lacI%pro)
BL21Gold B F- dem+ Hte ompT hsdS(rB mB) gal A(DE3)  expression

endA Tet'
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Table 2.1: Primers for cloning and mutagenesis. All primers were produced by MWG
Eurofins. Restriction site and mutated areas are shown in bold, stop codon is red. For
some construct one primer only is shown as the corresponding primer is the wild type
one.(f:forward, r:reverse)

Contructs Primer (5’-3°)

HtrAg, GGGGATCCATGGGGAAAATTCCCGCGGCC
rrGGGTCGACTTATTTCGTCGTTTTTAACGA

HtrAg, S230A f:CCAGGAAATGCGGGTGGCCCCTTAGTTGATCTAG
ATGGAAAC
r:GGGGCCACCCGCATTTCCTGGGTTTATCGCTGCATC

HtrAg, F218A f:CTCGAAGACGCGCTTCAGACTGATGCAGCG
rrAGTCTGAAGCGCGTCTTCGAGGTCGGTGATTTG

HtrAg, F218Y f:CTCGAAGACTATCTTCAGACTGATGCAGCG
r’AGTCTGAAGATAGTCTTCGAGGTCGGTGATTTG

HtrAg, Q290A  £GGTGTTTCACTTGCGCCGATTGATCGG
r:CCGATCAATCGGCGCAAGTGAAACACC

HtrAg, FA77TA rr'GGGTCGACTTATTTCGTCGTTTTTAACGAGTA
CGCCCGCAC

HtrAg, 2610026 GGAGGAGCACCCCAACCTCAACTTAGTC
r:GGGGTGCTCCTCCATCTGAAACCCC

HtrAg,269-100/36  £GGAGGAGGACCTCAACTTAGTC
r:’TCCTCCTCCTGAAACCCCTTC

HtrAcy t:GGGGATCCATGTCGCCAATGCTAGGCTAT
rrGGGTCGACCTACTCGTCTGATTTCAAGAC

HtrAe, S247A fAATCCTGGGAATGCAGGCGGTCCA
r:CAATGGACCGCCTGCATTCCCAGGATT

HtrAc,"AN34 £:GCGGGATCCCTTGCAGTATCCTCAGGAGATC

MOMPyg, EATGGATCCTTGTATAACGGCAATCCAAG
NATGTCGACTTACTAGAACTTCACTTCGCC
MOMP ¢ EATGGATCCCTGCCTGTGGGGAATCCTGC

rATGTCGACTTAGAAGCGGAATTGTGC
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2.2 Methods

2.2.1 Cloning

Genomic DNA of C. trachomatis and S. negevensis was used as DNA template. Gene
amplification was done by polymerase chain reaction (PCR) using corresponding primer
pairs (stock concentration: 100 uM, s.Tab.2.1) and AccuPrime™ Pfy DNA Polymerase
(Thermo Scientific) according to product information sheet. The PCR product was
purified by the GeneJET gel extraction kit (Thermo Scientific) and cleaved by Sall
for 30 min at 37 °C. BamHI was added and the solution was further incubated for
another 15 min. The target DNA construct was purified by preparative agarose gel
electrophoresis (0.8 % agarose gel, 70V for 45-60 min) and GeneJET gel extraction kit
(Thermo Scientific). DNA fragments were inserted in the corresponding vector with
rapid DNA ligation kit (Thermo Scientific). For constructs with N-terminal His-tag,
the pQE30 vector was used. Cloning of target genes for recombinant proteins with N-
terminal MBP-tag was done with the pMAL-c2x vector (NEB). Both vectors carry the
ampicillin-resistance gene. Restriction-enzyme cleavage and purification of the vector
was done as described for the PCR product but with doubled incubation time (Sall 1
h, BamHI 30 min).

After ligation, E. coli DH5« cells were transformed with plasmid DNA and positive
clones were selected by ampicillin resistance. All constructs were confirmed by sequenc-
ing before use (MWG Eurofins).

2.2.2 Mutagenesis

Amino-acid substitutions were performed by using the QuikChange I Site-directed
mutagenesis kit (Agilent Technologies). For contructs with low success rate, a site-
directed mutagenesis approach with two PCR cycles and two primer pairs was used.
Two primers contain the desired mutation (X1 (rev), X2 (fwd)) whereas the other
two are the usual forward and reverse primer (F, R) for the DNA construct. In the
first PCR cycle two different approaches were set up, one with primer pair F+X1, the
other with X2+R. Both PCR products were purified by agarose gel eletrophoresis and
GeneJET gel extraction kit (Thermo Scientific). For the second PCR, 50 ng of each
fragment was used as new template and together with primer pair F-+R the construct
was amplified. After anew purification by agarose gel electrophoresis and GeneJET gel

extraction kit (Thermo Scientific) the restriction digest, ligation and transformation
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was done as previously described.

2.2.3 Recombinant protein production

For recombinant protein production, competent cells were transformed with target
construct and a few colonies were picked for over-night culture. 100 mL pre-culture of
1XTY medium containing 100 pg/mL ampicillin was used. For Ku98 cell the addition
of 34 pug/mL kanamycin was necessary. The main culture (2 L, 2xTY medium,100
pg/mL ampicillin, 34 pg/mL kanamycin (Ku98)) was inoculated with 1:200 of the
pre-culture. At an ODggo of 0.6-0.8, gene expression was induced by 1 mM IPTG.
Optimized production conditions for the different target proteins are listed in Tab.2.2.
Cell harvest was done at 4°C by centrifugation for 10 min 7000 x g in Beckman Coulter
Avanti J-26XP. Cell pellet was frozen in -80 °C.

Table 2.2: Optimized conditions for recombinant protein production.

Contruct compentent cells T(°C) time (h)
HtrAg, and variants Ku98 22 16
HtrAq; and variants Ku98 22 16
MOMPs, BL21Gold 30 4
MOMPg,-MBP BL21Gold 20 16
MOMP ¢ BL21Gold 30 4
MOMP-MBP BL21Gold 20 16

2.2.4 Purification

2.2.4.1 Cell lysis for purification of soluble proteins

The cell pellet was thawed in lysis buffer on ice and the cells were disrupted by two
rounds of sonication. The first step lasted 5 min with 5 s pulse on (amplitude ~ 40%)
and 10-15 s pulse off. After mixing the cell suspension, a second sonication step of
3 min with an amplitude of 45% was conducted. Separation of supernatant and cell
debris was done by ultracentrifugation for 1 h at 120000 x g, 4°C. After filtration (pore
size 0.45 pm), the sample was ready for loading on the desired column for protein

purification.
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2.2.4.2 Cell lysis and membrane preparation for insoluble proteins

The cell pellet was thawed in lysis buffer and the cells were disrupted by a high-pressure
homogenizer (3x 1500 psi). Removal of undisrupted cells was done by centrifugation for
30 min at 5500 x g (4°C). The supernatant was further separated by ultracentrigation
for 1.5 h at 135000 x g, 4°C. After homogenization of the pellet, a subsequent wash
step with lysis buffer containing 0.5 % Triton X-100 (incubation time: 1-2 h) followed
by another ultracentrifugation removed the bacterial inner membrane. The pellet was

homogenized in storage buffer for further use.

2.2.4.3 Membrane solubilization by detergents

For extraction of membrane proteins MOMPg, and MOMP¢;, the membrane was sol-
ubilized using a buffer containing 1% sarkosyl and 10 mM DTT (incubation time: 1-2
h, RT, gentle stirring). After ultracentrifugation for 1.5 h at 135000 x g (4 °C) and
filtration of the supernatant (pore size 0.45 um), the sample was ready for protein

purification.

2.2.4.4 Histidine-tagged protein purification

Most recombinant proteins in this study carry a N-terminal Histidine(His)-tag and were
purified by immobilized metal ion affinity chromatography (IMAC). 5 mL HisTrap™ (GE
Healthcare) columns were thoroughly washed with at least 10 column volumes (CV)
of water and equilibrated in buffer A (10 CV). Protein samples were loaded onto the
column by a peristaltic pump with 1 mL/min. After a subsequent rinsing with 10 CV
of buffer A, a 2-4% buffer B wash step was included before the protein was eluted by
an imidazole gradient. Fractions were loaded on 15% polyacrylamide gels and pooled

according to the result.

2.2.4.5 Maltose-binding protein-tagged protein purification

Solubility of hydrophobic membrane proteins can be increased by generating fusion
proteins with maltose-binding protein (MBP). This fusion protein is then extracted by
amylose affinity chromatography (AmyAC).

The MBPTrap™column was equilibrated in buffer A before the supernatant was

loaded with 0.5 mL/min onto the column. After a subsequent wash with buffer A,
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the target protein was eluted by adding 10 mL buffer B containing 50 mM maltose.
Before re-use, the column is cleaned using 5 mL 0.5M NaOH. Fractions were loaded on

15% polyacrylamide gels and pooled according to the result.

2.2.4.6 Size-exclusion chromatography (SEC)

2.2.4.7 Preparative SEC

For preparative gel-filtration, a 120 mL column (Superdex 200, GE Healthcare) was
rinsed with water and equilibrated on running buffer. The protein sample was con-
centrated by centrifugal filter units (Merck) to a volume of 2.5-3 mL and loaded on
the column via a 5-mL-loop. Fractions were collected, analyzed by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and pooled for further use.

2.2.4.8 Analytical SEC

Analytical gel-filtration was performed with a 25 mL column (Superdex 200 10/300
GL, GE Healthcare) exhibiting a resolution range of 10-600 kDa. The column was
equilibrated with running buffer. The maximum sample volume was 500 pL.. To analyze
the molecular weight (MW) of the target protein, a calibration curve was obtained using
standard proteins (Tab.2.3). Blue dextran was used to mark the void volume of the
column. As the elution volume was dependent on pH and salt concentration of the

running buffer separate calibration runs were performed for each buffer used (Fig.2.1).

Table 2.3: Standard proteins for calibration of the analytic gel-filtration column.

protein MW
(kDa)

Cytochrome C 12.5
Ovalbumin 45
BSA (monomer) 67
BSA (dimer) 134
ADH 150
Ferritin 440
Blue dextran 2000
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Figure 2.1: Calibration curves of Superdex 200 10/300. A calibration curve contain-
ing BSA, ADH and Ferritin was done for acidic and basic buffers with different salt
concentrations.

2.2.4.9 lon exchange chromatography

Ion exchange chromatography was performed as second purification step to remove
impurities that could not be separated by preparative SEC. For HtrAg,, a cation ex-
change (CatIEx) was done. Pooled fractions after affinity chromatography were dia-
lyzed over-night (4°C) against 5 I. 50 mM sodium phosphate pH 5.3, 100 mM NaCl
(low-salt buffer) and loaded on HiTrap™SP column (GE Healthcare). After a washing
step with low-salt buffer, the protein was eluted by a NaCl gradient (high-salt buffer:
50 mM sodium phosphate pH 5.3, 1 M NaCl).

MOMPg,-MBP was further purified by anion exchange chromatography (Anlex). The
protein sample after Dextrin affinity chromatography was diluted to a buffer composi-
tion of 20 mM Tris pH 8, 50 mM NaCl. A HiTrap™Q (GE Healthcare) column was
used. After sample loading and a thorough washing step with low-salt buffer (20 mM
Tris pH 8, 50 mM NaCl), the target protein was eluted by a NaCl gradient (high-salt
buffer: 20 mM Tris pH 8, 1 M NaCl).

Table 2.4: Optimized conditions for recombinant protein purification.

Target Purification Buffer A Buffer B
protein step
HtrAg, 1 IMAC 20 mM Hepes pH 8, 500 20 mM Hepes pH &, 500

mM NaCl, 10 mM Imi- mM NaCl, 500 mM Im-

dazole idazole
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Target Purification Buffer A Buffer B
protein step
CatlEx 50 mM sodium phos- 50 mM sodium phos-
phate pH 5.3, 100 mM phate pH 5.3, 1 M NaCl
NaCl
SEC 20 mM Tris pH 7, 150
mM NaCl
HtrAg,° IMAC 20 mM Hepes pH 8, 500 20 mM Hepes pH &, 500
mM NaCl, 10 mM Imi- mM NaCl, 500 mM Im-
dazole idazole
Dialysis 20 mM NaAc 4.5, 150
mM NaCl
HtrAg, IMAC 20 mM Hepes pH 8, 500 20 mM Hepes pH 8, 500
F218A/ mM NaCl, 10 mM Imi- mM NaCl, 500 mM Im-
F218Y/ dazole idazole
F477A
SEC 20 mM NaAc 4.5, 150
mM NaCl
HtrAg, IMAC 20 mM Hepes pH 8, 500 20 mM Hepes pH 8, 500
Q290A mM NaCl, 10 mM Imi- mM NaCl, 500 mM Im-
dazole idazole
SEC 20 mM Tris 8.5, 500
mM NaCl
HtrAg;/ IMAC 50 mM sodium phos- 50 mM sodium phos-
HtrAc phate pH 8.5, 500 mM phate pH 8.5, 500 mM
NaCl, 10 mM Imidazole NaCl, 500 mM Imida-
zole
SEC 20 mM NaAc 4.5,150
mM NaCl, 1 mM DTT
HtrAc IMAC 50 mM sodium phos- 50 mM sodium phos-
AN34 phate pH 8, 500 mM phate pH 8, 500 mM
NaCl, 10 mM Imidazole NaCl, 500 mM Imida-
zole
SEC 20 mM Tris pH 7, 150

mM NaCl
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Target Purification Buffer A Buffer B
protein step
MOMPg,-1 AmyAC 20 mM Tris pH 8, 200 20 mM Tris pH 8§,
MBP mM NaCl, 1 mM EDTA 200 mM NaCl, 1 mM
EDTA, 50 mM Maltose
2 AnlEx 20 mM Tris pH 8 20 mM Tris pH 8, 1 M
NaCl
MOMPyg, 1 IMAC 20 mM Hepes pH 7, 500 20 mM Hepes pH 7, 500
mM NaCl, 5 % Glyc- mM NaCl, 500 mM Im-
erol, 1% Sarkosyl idazole, 5 % Glycerol,
0.2% DDM
MOMP¢;-1 AmyAC 20 mM Tris pH 7.4, 200 20 mM Tris pH 7.4,
MBP mM NaCl, 1 mM EDTA 200 mM NaCl, 1 mM
EDTA, 50 mM Maltose
2 AnlEx 20 mM Tris pH 8 20 mM Tris pH 8, 1 M
NaCl
MOMP¢; 1 IMAC 20 mM Hepes pH 7, 500 20 mM Hepes pH 7, 500

mM NaCl, 1% Sarkosyl

mM NaCl, 500 mM Im-
idazole, 1.5% OG

2.2.4.10 Protein purification under denaturing conditions

HtrAg,, HtrAcy and corresponding variants have been purified under denaturing con-
ditions. Usually the first purification step, the IMAC was the same as before. The
exception is the HtrAc;*AN34 variant, were 6 M urea is already added to buffer A and
B to increase protein yield. The eluted target protein was then denatured by addition
of 8 M urea to a final concentration of at least 5-6 M urea. To improve purity, a
preparative SEC with running buffer containing 6 M urea was conducted. The pooled
fraction were dropwise added to 400 mL ice-cold refolding buffer (100 mM Hepes pH
8, 400 mM Arginine, 1 mM EDTA, 30 % Glycerol (w/v)) and incubated under gentle
stirring over-night at 4 °C. The sample was concentrated to a volume of ~ 100 mL and
dialyzed against storage buffer. For HtrAg,” the storage buffer was 20 mM Tris pH 7,
150 mM NaCl whereas for all the other refolded proteins were stored in 20 mM NaAc

4.5, 150 mM NaClL
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2.2.4.11 Protein concentration determination

The protein concentration was determined by UV absorption at 280 nm and the the-
oretical absorption coefficient given by ExPASy ProtParam (Gasteiger et al., 2005)

using the Lambert-Beer law.

Table 2.5: MW and theoretical absorption coefficient determined by ExPASy Prot-
Param.

protein MWl_mer(kDa) AO.l% protein MWl-mer (kDa) Ag_l%
HtrAg, 51.376 0.426  HtrAc, 53.671 0.380
HtrAg,° 51.231 0.427  HtrAg” 53.655 0.38
HtrAg,F218A 51.171 0.428  HtrAc,"AN34 51.074 0.37
HtrAg,F218Y 51.263 0.456  MOMPg, 28.619 1.534
HtrAg,Q290A 51.190 0.428 MOMPg,-MBP 70.828 1.556
HtrAg,F477A 51.171 0.428 MOMPg, 41.803 1.349
MOMPc-MOMP  83.883 1.463

2.2.5 Protein characterization

2.2.5.1 SDS-PAGE

Protein identification and evaluation of purity was done by SDS-PAGE analysis. Sam-
ples were denatured by adding 6x loading dye and heating to 95 °C for 2 min. For most
experiments 15 % separating gels were casted with a 5% stacking gel. The electrophore-
sis was performed at a constant current of 25 mA for 1 h 15 min. Running buffer
composition was prepared according to Hoefer manual for SE250 gel electrophoresis

units.

Table 2.6: Buffer composition for SDS-PAGE analysis.
Buffer component 6x Loading dye 4x stacking buffer 4x separating buffer

Tris 0.35 M (pH 6.8) 0.5 M (pH 6.8) 1.5 M (pH 8.8)
SDS 0.35 M 0.4 % 0.4 %

Glycerol 30 %(v/v)

DTT 0.6 M

Bromphenol Blue 0.175 mM 0.035 mM
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Table 2.7: Gel casting instruction for 15% separating polyacrylamide gels with 5%
stacking gels.

Compound Volume Compound Volume
15 % separating gel 5 % stacking gel

4x separating buffer 2.5 mL  4x stacking buffer 1.5 mL
Acrylamide/Bis-acrylamide (30%) 5 mL Acrylamide/Bis-acrylamide (30%) 1 mL
APS (10 %) 100 uL.  APS (10 %) 50 uL
Temed 8 APS (10 %) 100 pL

2.2.5.2 Native PAGE

Electrophoretic mobility of proteins in the absence of SDS depends on the charge, pH
and folding of native proteins. In this study 10 % gels were casted with the same
composition as previously described without SDS. Running buffer consists of 25 mM
Tris-HCl and 192 mM glycine. Electrophoresis was performed at 4 °C and 120 V for 7
h.

2.2.6 Dynamic light scattering

Monodispersity of protein samples was determined by dynamic light scattering (DLS).
Samples were centrifuged for 5 min at highest speed. 20 uLi of the sample were trans-
ferred into a DLS cuvette. 3x 10 measurements (10 s) were performed to determine

the hydrodynamic radius.

2.2.7 Circular Dichroism

Circular dichroism (CD) is a method to analyze secondary structure composition and
protein folding. Measurements were done at the Jasco-715 CD photometer in a CD
cuvette with a diameter of 0.1 cm (Hellma Analytics). Samples were analyzed in 10 mM
sodium phosphate buffer pH 8 and ~ 200 uL. were used for measurements. CD spectra
were measured with parameters as given in Tab.2.8 at a constant temperature over a
wavelength range of 195-260 nm or at a constant wavelength over a specific temperature
range. The baseline of the instrument was measured for each setting by using the
according buffer for the experiment. For melting temperature (T,) determination, the
temperature was increased 1 °C/min and the data was analyzed by equation 2.1. ©,,,,

is the averaged value of the starting plateau whereas ©,,;, is the average of the ending
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plateau.

For analysis of the CD spectra, the baseline was subtracted and the raw data converted
to mean residue ellipticity by equation 2.2. An important value for this equation was
the mean residue weight (MRW) which was calculated from MW and the number of
amino acids in the target protein. The secondary structure composition was calculated
by the online software K2D3 (Louis-Jeune et al., 2011).

MRW = — MW(Da)
6_6 No.aminoacids — 1
0= 2~ Omaz (2.1)
Omin — Omaz o), = Ox MRW x0.1em (2.2)
AT c(mg/mL) '

Table 2.8: Instrument settings of Jasco J-715 for CD spectra measurement (wavelength
scan).

Parameter

sensitivity standard 100 mdeg

start wavelength 260 nm
end wavelength 195 nm
data pitch 0.1 nm
Scanning mode continous
Scanning speed 20
response 8s

band width 1 nm
accumulation 3

2.2.8 Thermal shift assay

Thermal shift assay (TSA) is a biochemical method to measure protein stability and
folding at different temperatures. SYPRO® Orange Protein Gel Stain (Sigma-Aldrich)
was used at 2x concentration for measurements. 49 ul. of the target protein sample
was transferred in a 48-well plate and mixed with 1 puL of 100x dye. The samples were
measured at the StepOne Real-Time PCR System (AB) using the ROX dye filter. The

starting temperature was 25 °C, increasing continuously to 95 °C.

2.2.9 Fluorescence-based protein activity assay

To determine proteolytic activity and ensure enzyme functionality, a fluorescence-based

assay was used. Substrates are marked by C-terminal 7-amino-4-methylcoumarin
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(AMC). Free AMC is excited at 360 nm and emits at 460 nm. The measurements
were done in 96-well plates using the FLx800™ Multi-Detection Microplate Reader
(BioTek). The enzyme activity was usually determined at 37 °C over a time of 35
min in reaction buffer (50 mM Tris pH 8 with 150 mM NaCl). For measurement of
the temperature dependency, the temperature was continuously increased starting at
20 °C. The thermostat of the instrument was able to heat up to 50 °C. For higher
temperatures, the protein was pre-incubated at a thermomixer for 30 min and after
substrate addition, the AMC release was measured at 50 °C. The relative activity was
retrieved from the slope of fluorescence variation per unit (relative fluorescence units
(RFU)) of time (ARFU/s) and was converted to free AMC release per second by a
calibration curve of free AMC in assay buffer (0 - 1.5 mM free AMC, s. Fig. 2.2). The
correlation factor for RFU to AMC conversion was 5.651. That means, the release of
1 nM free AMC corresponds to a signal of 5.651 RFU.

Optimization of protein and substrate concentration lead to a use of 5 uM protein and

50 uM substrate in a sample volume of 60 pL.
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Figure 2.2: a) Calibration curve for RFU/free AMC correlation coefficient determina-
tion. The regression line exhibits a slope of 5.651 with an R? of 0.99. b) Detergent test
of HtrAg, (light grey) and HtrA¢; (dark grey). (C: Control)

To investigate interactions between MOMPs and HtrA proteins, it was necessary to
use detergents in the proteolytic assay. Preliminary test with different detergents were
performed in order to find one which ensures the solubility of MOMP and protease
activity of HtrAg, and HtrA¢; (Tab. 2.2b). HtrAg, was very robust and showed sub-

strate cleavage at various detergents. However, MOMPg, was soluble only in 0.1%
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DDM. HtrAcg:’s proteolytic activity is dramatically influenced by detergent addition
and a very low fluorescence signal was measured. As a result, the substrate concen-
tration was increased to 150 uM which increased the signal-to-noise ratio significantly.
The reaction buffer for the enzyme assay of HtrAc; was supplemented with 1% OG to
ensure the solubility of MOMP .

2.2.10 Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) measurements allow the determination of the gy-
ration radius (Rg), the maximal particle dimension (D) and the particle volume
(Porod volume (PV)) which are used to analyze the molecular weight and the parti-
cle shape of a molecule. To generate appropriate samples for SAXS measurements,
monodispersity has to be ensured. This was done by DLS and analytical SEC. Before
and after every sample measurements, the sample buffer was measured to monitor the
signal-to-noise ratio of the instrument. The sample buffer had to have exactly the same
composition as the analyzed sample without protein. Samples were measured at the
beamline P12 (EMBL, DESY Hamburg). Settings are shown in Tab.2.9.

Table 2.9: SAXS settings for diffraction data collection.

Parameter

A 1.241 nm

Exposure time 0.045 s

Temperature 20 °C

Sample volume 20 pl

Detector Pilatus 2M Pixel Detector

Initial processing of diffraction data was done with PRIMUS (Konarev et al., 2003).
Extrapolation of I(0) enables molecular weight determination (s. equation2.3) by com-
parison to I(0) of a standard protein (Std) with known concentration, e. g. BSA or

glucose isomerase.

MW — Iy(sample) § MW

2.3
c(sample) — To(Std) (23)
CStd
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2.2.11 Crystallization, crystal optimization, diffraction data
collection, structure determination, refinement and

validation

For initial crystallization screening commercial kits from Hampton Research (Peglon™
Index™) and Molecular Dimensions (Structure, PACT premier ™) were used. Prepa-
ration of screening plates was carried out by the Phoenix crystallization robot with
a dropsize of 0.3 ul. After identification of optimal crystallization conditions, crys-
tallization was done in Cryschem S sitting-drop plates (Hampton Research) with 500
pL reservoir and a dropsize of 10 uL with equal volumes of 10 mg/mL protein and
reservoir.

Glycerol was used as cryoprotectant. Crystals were transferred from plates into drops
with reservoir solution containing increasing glycerol concentrations of 5%, 10 %, 15%,
20% and 25% before flash-cooling in liquid nitrogen.

Diffraction data were collected at 100 K with A=1.0332 A at the beamline P11 at PE-
TRAIII (DESY) using a Pilatus 6MF (DECTRIS) detector. Initial data was processed
by XDS (Kabsch, 2010) and scaled using SCALA from CCP4 suite (Evans, 2011; Winn
et al., 2011). Phaser (McCoy et al., 2007) was used for molecular replacement and the
model building programs ArpWarp (Morris et al., 2002) and Autobuild (Terwilliger
et al., 2007) helped to improve the initial structures. Search models were predicted
and generated by the Fold & Function Assignment (FFAS) web side (Jeffery, 2004).
Side chain residues were manually fitted in the electron density map with COOT (Em-
sley et al., 2010) and automatically refined by phenix.refine (Afonine et al., 2012).
Validation and improvement of structural models was carried out by WHAT IF-Server
and wwPDB Validation Service.
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3 Results

3.1 High-temperature requirement A protein from S.

negevensis

3.1.1 Purification of HtrAg,

To get a first insight into potential function and biochemical properties of HtrAg, the
amino-acid sequence was analyzed by ProtParam (Gasteiger et al., 2005) which reveals
a monomer size of 51 kDa and an isoelectric point at 6.32. Sequence alignment with
homologs in E. coli (Ec), Chlamydia trachomatis (Ct) and Chlamydia pneumoniae
(Cp) (Fig. 4.4) shows a high sequence identity to HtrAg, (54 %), HtrAc, (50 %),
DegQgc (42 %) and DegPpg. (40%) (Madden, 2003). This suggests a similar structural
arrangement and mode of action. DegP and DegQ) proteins can be distinguished by
the length of the LA loop (Kim & Kim, 2005). In E. coli, the LA loop encompasses 48
amino-acid residues in DegPg. and 25 amino-acid residues in DegQg.. With a length
of 35 amino acids the LA loop of HtrAg, is of intermediate size and thus HtrAg, is
difficult to classify as either DegP or DegQ) protein.

For biochemical characterization and crystallization, HtrAg, and HtrAg, variants were
successfully produced in E. coli Ku98 cells and subsequently purified. The purifica-
tion of HtrAg, wild type is described in more detail. The recombinantly produced
protein contains an N-terminal His-tag, enabling a first purification step by affinity
chromatography yielding high amounts of target protein. Results from a following
cation exchange chromatography displays two prominent peaks (P1+P2) both com-
prising the target protein (Fig. 3.1a). In preparative SEC, P1 elutes with an apparent
molecular weight of approximately 340 kDa, whereas in P2 an additional peak with
an apparent mass of 540 kDa is detectable (Fig. 3.1c). The molecule sizes determined
by analytical gelfiltration indicate 6-mer and 12-mer assembly of HtrAg, (Fig. 3.2c).

Two liters of bacteria culture yield around 100 mg of HtrAg, in hexameric and 10 mg
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Figure 3.1: Purification of HtrAg,. a) Chromatogram of cation exchange chromatog-
raphy of HtrAg, shows two peaks (P1+P2). b) Results from SDS-PAGE for P1+P2
reveal a prominent band at around 50 kDa matching the size of a HtrAg, monomer. c)
SEC profiles displaying for P1 a monodisperse sample with a molecular weight of 340
kDa whereas P2 has an additional peak with an apparent mass of 540 kDa.

in dodecameric form, highlighting the preference for a 6-mer state in solution at phys-
iological pH. 12-mers form probably due to the presence of co-purified peptides from
E. coli. To eliminate the influence of the latter, HtrAg, was purified under denaturing
conditions and subsequently refolded (HtrAg,”). Results from DLS and SEC indicate
that refolded protein assembles essentially as 6-mer (Fig. 3.2). Other HtrAg, variants
were purified using a similar protocol with minor modifications in buffer composition

and usually without the ion exchange chromatography step.
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Figure 3.2: Refolded HtrAg,” shows essentially 6-mer assembly. a) DLS spectrum of
HtrAg, displays a main fraction with an hydrodynamic radius Ry, of 6.32 nm. b) Ry, of
HtrAg,” is 5.79 nm and the refolded protein shows a monodisperse distinct band. c)
Results from analytical SEC demonstrate that HtrAg, and HtrAg,” are predominantly
forming 6-mers in solution. HtrAg, also assembles into 12-mers in small amounts.

3.1.2 Biochemical characterization of HtrAg,

3.1.2.1 Proteolytic activity of HtrAg,

To verify the functionality of HtrAg, and HtrAg,”, proteolytic activity was quantified
by AMC release from the fluorogenic reporter heptapeptide DPMFKLV (pept1)-AMC,
an established DegPg. substrate (Hauske et al., 2009). HtrAg, (5 #M) shows a basal
substrate (50 uM) cleavage rate of 0.35 ™ which is slightly increases (0.5 %) in the

S
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Figure 3.3: Proteolytic activity of HtrAg,. a) Protease activity measurements of
HtrAg,, HtrAg,” and HtrAg,? by monitoring of AMC release. HtrAg, shows basal
substrate cleavage which is slightly more effective in presence of peptl. Addition of
[-casein increases activity dramatically. HtrAg,” behaves similar whereas HtrAg,°
shows no activity. b) f-casein addition leads to an increase in protease activity in a
dose-dependent manner. The highest activity is detected for HtrAg,” at 20 uM and
for HtrAg, at 10 uM. At higher concentrations competitive effects diminish fluorogenic
substrate cleavage. c¢) Proteolytic activity of HtrAg, is pH-dependent. Substrate cleav-
age occurs at pH >6. d) Monitoring fluorescence of HtrAg, degradation of pept1-AMC
(black) and DPMFKLA-AMC (red) at increasing peptide concentrations. For both
substrates a sigmoidal curve is measured indicating positive cooperativity.

presence of free peptl (50 uM, Fig. 3.3a). Intrinsically unfolded S-casein functions as
activator and remarkably increases proteolytic activity. HtrAg, and HtrAg,” exhibit
comparable protease activity, verifying the correct refolding of HtrAg,”. Consequently,

experiments where co-purified peptides could have an impact were conducted with the
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refolded protein.

Replacement of active-site serine (Ser230) by alanine converts the protease into an in-
active state (HtrAg,”) and represents a valid negative control (Fig. 3.3a).

Activation of HtrAg, is f-casein concentration dependent (Fig. 3.3c). The highest
activity has been detected for HtrAg,” at 20 uM [B-casein and for HtrAg, at 10 uM
as most likely co-purified peptides already occupied binding site and active center pro-
moting proteolytic activity. At higher $-casein concentrations the detected fluorescence
diminishes due to competitive effects.

To determine the sensibility of the proteolytic activity of HtrAg, to pH variations
the protein functionality assay was conducted at different buffers from pH 4.5-9 (Fig.
3.3b). In acidic range there is no activity detectable but at pH above 6 the protease is
activated and shows high cleavage rates at pH 7-9.

In contrast to DegPr. and DegQy, (Hauske et al., 2009; Schubert et al., 2015), peptl
does not significantly increase proteolytic activity of HtrAg, (Fig. 3.3a). To analyze
the kinetic parameters, protease assays with 1 uM HtrAg, and increasing fluorogenic
reporter peptide concentration up to 3 mM were measured. The substrate concen-
trations was limited by the ability of the substrate to dissolve in the assay buffer.
While HtrA proteins prefer non-polar amino-acid residues in prime site, two peptides
with alanine and valine in P1 position (peptl-AMC, DPMFKLA-AMC) were tested
and compared. Both substrates show a sigmoidal curve implying positive cooperativ-
ity without reaching a saturation plateau. However, analysis with GraphPad Prism
6.0 software (nonlinear regression - one site specific binding with Hill slope) allows an
estimation of kinetic parameters. In low substrate-concentration range the slope is
comparable for both but pept1-AMC reaches higher fluorescence emission conceivably
leading to a higher vy.,. The latter suggests a higher efficacy of peptl-AMC cleavage
than for DMPFKLA-AMC. Consequently, valine is preferably cleaved in HtrAg,.

Besides [-casein, there are other reported substrates for HtrA proteins such as BSA
and lysozyme in denatured states (Krojer et al., 2008b). Both proteins significantly
increase protease activity of HtrAg,. Interestingly, lysozyme is not degraded to the
same extend by HtrAg, as denatured BSA (Fig. 3.4).
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Figure 3.4: The influence of unfolded proteins on proteolytic activity of HtrAg,. a)
Denatured BSA and lysozyme increase HtrAg, proteolytic activity to the same extend
as f(-casein. b) SDS-PAGE analysis displays that (-casein and unfolded BSA are
degraded by HtrAg, whereas denatured lysozyme is not.

3.1.2.2 Oligomerization behaviour of HtrAs,

An outstanding property of HtrA proteins is the ability to form higher-order oligomers.
The basic building block is a pyramidal homotrimer which can assemble into complex
oligomers consisting of up to 30 molecules (Kim et al., 2011). The oligomerization be-
haviour of HtrAg, has been analyzed by analytical SEC and native PAGE (Fig. 3.5).
HtrAg, assembles predominantly into 6-mers with a small amount of 12-mers whereas
the refolded protein HtrAg,” exclusively forms 6-mers (Fig. 3.5a).

For DegQ¢ it has been reported that peptl addition at an 4x molar excess induces
oligomerization (Schubert et al., 2015). Interestingly, peptl does not lead to the assem-
bly of higher-order oligomer in HtrAg,” (Fig. 3.5a,c) even at an 20-fold excess. This
suggests differences in the activation mode of oligomerization between prokaryotic HtrA

proteins.

Oligomerization is substrate-concentration dependent (Fig. 3.6). An increase in (-
casein concentration shifts the 6-mer peak towards the 12-mer peak in SEC (Fig. 3.6a).
At very high substrate concentrations small amounts of 24-mer were detectable (data
not shown). Intriguingly, the shift in molecular weight is continuous (Fig. 3.6a). This
effect could indicate stepwise substrate binding to HtrAg, 6-mer and an assembly into
12-mer cages at a critical concentration. Alternatively, a transient intermediate state
with an apparent molecular weight of 450 kDa (9-mer) might be present. Oligomeriza-

tion is a transient process which occurs in the presence of unfolded substrates and is
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Figure 3.5: HtrAg, proteins form higher-order oligomers in the presence of unfolded
proteins. a) Results from analytical SEC show that HtrAs, and HtrAg,” (50 uM) form
predominantly 6-mers. Addition of peptl (1.25 mM) has no impact on the oligomeric
state while the presence of casein (250 M) results in 12-mer assembly. Elution volume
markers are depicted on top. b) HirAg,” elutes as 12-mer and HtrAg,%” as 6-mer in
SEC. Upon addition of denatured lysozyme, HtrAg,®" assembles partially into 12-mers.
c¢) In native PAGE HtrAg,, HtrAs,” and HtrAg,*” appear predominantly as 6-mers.
The presence of peptl has no effect on HtrAg,” whereas S-casein addition leads to
assembly of 12-mers and a shift in 6-mer band. For HtrAg,? almost exclusively 12-mer
is visible. The shift of bands between HtrAg, and HtrASno# 6-mer is an effect of the
acidic pH which influences electrophoretic mobility.

reversed when the substrate is depleted by proteolytic cleavage (Fig. 3.6b).

The pH-dependency of HtrAg, oligomer assembly was analyzed by analytical SEC (Fig.
3.6¢) at pH 4.5, 7 and 9. As mentioned above, the oligomerization into higher-order
oligomers is a transient process which is reversed when bound substrate is depleted.
Due to the proteolytic activity of HtrAg, in neutral to basic pH (Fig. 3.3), the HtrAs,
12-mers are unstable and the protein forms mainly 6-mers. At acidic pH, the lack of
proteolysis stabilizes the HtrAg, 12-mer. This enabled the isolation of HtrAg, 12-mer
for SAXS experiments.
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Figure 3.6: Higher-order oligomer assembly is a substrate-concentration dependent
transient process. a) Oligomerization of HtrAg, is substrate-concentration dependent.
At higher f-casein concentration the 6-mer peak diminishes and the fraction of 12-mer
increases. b) Results from SEC reveal that HtrAg, assembles rapidly into higher-order
oligomers in the presence of 5-fold -casein excess. This process is reversed over time.
After substrate depletion HtrAg, appears mainly as 6-mer again. The degradation of
substrate was monitored by SDS-PAGE analysis. ¢) The HtrAg, 6-mer is stable at
physiological pH (black) and in basic milieu (blue). At acidic pH (red), the protein
precipitates but there is still 6-mer detectable.

The inactive variant HtrAg,? forms 12-mers after purification probably due to co-
purified peptides (Fig. 3.5b). Therefore the inactive variant was also purified under
denaturing conditions (HtrAg,®"). HtrAg,?” elutes as 6-mer in SEC. Native PAGE
analysis additionally reveals a small amount of 12-mer in HtrAg,"”. Assembly into
higher-order oligomers might be due to incomplete refolded proteins which are encap-
sulated by correctly folded HtrAg,®”. HtrAg,? and HtrAg,*" are not stable at higher

pH values. Hence experiments with these variants were conducted at pH 4.5 which
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causes a shift of the bands in native PAGE and also changes the elution volume in
SEC. As (-casein precipitates at low pH, denatured lysozyme was used as substrate to
induce oligomerization (Jomaa et al., 2007) in HtrAg,". As HtrAg,? assembles into
higher-order oligomers in the presence of unfolded protein substrates, oligomerization

is not dependent on proteolytic activity.

3.1.2.3 Temperature dependency of HtrAsg,

As HtrA proteins are heat-shock proteases enabling cell survival at elevated tempera-
tures, biochemical experiments at different temperatures were conducted. The HtrAg,
12-mer shows proteolytic activity over a wide temperature range with a highest sub-
strate cleavage rate at 50 °C (3.7a). In contrast to the DegPg. 6-mer which dissociates
into trimers at temperatures >42 °C (Krojer et al., 2008b), the HtrAg, 6-mer is even
stable at 55 °C (3.7b,c). CD spectra recorded at 25 °C and 55 °C with minima at 209
and 222 nm show little changes for the HtrAg, 6-mer. The signal for the 12-mer state
decreases significantly from 25 °C to 55 °C but also shows minima at 209, 215 and 221
nm. At 85 °C especially the 12-mer curve displays big changes indicating disintegration
of secondary structure. Analysis of secondary structure content results in 25 % a-helix,
20 % [-sheet and 55 % random coil for the 6-mer at 25 °C. The 12-mer contains 23
% a-helix, 22 % B-sheet and 55 % random coil at 25 °C. At 85 °C, only 5 % a-helical
content is calculated for the 12-mer. The high content of random coil impedes the de-
tection of melting curves, therefore melting temperatures (Ty,) have been determined
by thermal-shift assay. Comparison of the melting behavior of 6-mer (Ty,: 72-74 °C)
and 12-mer (T,,: ~ 65 °C) shows that the T, of the hexameric state is considerably
higher than that of the 12-mer. As higher-order oligomers are a transient phenomenon

it is conclusive that these assemblies are less stable.
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Figure 3.7: HtrAg, is stable at elevated temperatures and shows high proteolytic ac-
tivity. a) Monitoring the fluorogenic substrate cleavage of HtrAg, 12-mer at increasing
temperatures. At 50 °C the protease shows highest activity. b) Results from SEC
for the HtrAg, 6-mer before and after 30 minutes of incubation at 55 °C. There is no
change detectable, the 6-mer is stable. ¢) CD spectra of the HtrAg, 6-mer at 25 °C
(blue), 55 °C (black) and 85 °C (red). Minor changes are visible between 25 °C and 55
°C whereas at 85 °C the curve shifted notably. d) CD spectra of the HtrAg, 12-mer
at 25 °C (blue), 55 °C (black) and 85 °C (red). CD signal decreases significantly with
increasing temperature indicating disintegration of secondary structure elements.
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3.2 Crystallization and structure elucidation of
HtrAs,

3.2.1 Optimization of the crystallization condition of the

HtrAs, 6-mer and 12-mer and structure elucidation

First crystallization hits were obtained at acidic pH and near the theoretical isoelec-
tric point of HtrAg, by screening with commercial kits. The primary crystallization
condition consisted of 0.1 M Mes pH 6.4, 0.7M sodium potassium tartrate and 1M
lithium chloride. The protein crystallized usually within 18-24 hours. The diffraction
data were collected to a resolution of 3.5A. The crystals belong to the space group
P2, with large unit-cell parameters (a=144.53 A, b= 143.61 A, c= 200.75 A, a, y=90°,
£=90.15°). Assuming a solvent content of ~50% and a monomer molecular weight of
51kDa, there are 12 molecules in the asymmetric unit (Matthews, 1986). A molecu-
lar replacement attempt with 12 monomeric protease domains and three single PDZ1
domains of 12-mer FE. coli resulted in a cage-like 12-meric particle with refinement pa-
rameters of Ryork=0.39 and Ryee=0.45. Further improvement of this incomplete model
by automated and manual model building was not successful due to the low resolution.
The difficulties encountered in solving the protein structure of HtrAg, was likely caused
by the fast crystal growing leading to a disordered crystal lattice. Various optimization
attempts were conducted at different temperatures to improve the quality of HtrAg,
crystals by slowing down the crystallization process. Finally, successful crystallization
of HtrAg, was achieved by using crystallization additives at low temperatures in a
two-step incubation procedure. The first incubation period of two to three weeks at 4
°C without any visible nucleation was followed by a transfer to room temperature for
another 7-14 days. Crystals growing in 0.1 M sodium acetate pH 4.7, 0.55M potas-
sium citrate tribasic monohydrate and 0.05 M sodium thiocyanate were obtained. The
crystals formed hexagonal prisms with a pointed end (Fig. 3.8). X-ray diffraction
data were collected to a resolution of 2.33 A. The crystals were indexed in space group
P3,21 with unit-cell parameters: a — 162.98 A, b = 162.98 A, ¢ = 112.884A, o, =
90°, v = 120°. Omne asymmetric unit contains three monomers. Initial phases were
calculated by molecular replacement using three individual protease domains of HtrA
from Arabidopsis thaliana (PDB code:4ich) as search model. An independent search
of PDZ domains from E. coli DegQ) 12-mer further completed the model. As not all
PDZ7 domains were placed correctly the assumed monomer similarity enabled symme-

try related positioning of the missing or misplaced PDZ domains. Iterative cycles of
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Figure 3.8: HtrAg, crystals grown in 0.1 M sodium acetate pH 4.7, 0.55 M potassium
citrate tribasic monohydrate and 0.05 M sodium thiocyanate. a) HtrAg, 6-mer crystals
form a hexagonal prism with a pointed end and b) polarize visible light. ¢) The presence
of peptl leads to a disruption of the crystal lattice and HtrAg, 12-mer crystals form.

refinement alternating with model building lead to completion of the HtrAg, 3-mer
structure with a final Ry of 0.198 and an Rgee of 0.237. Structure validation shows
no Ramachandran outliers but 13 rotamer outliers out of 991 residues. The rotamer
outliers are incorporated in hydrogen bonds or hydrophobic interactions which restricts
the orientation of the amino acid side chain. Generation of symmetry mates enables
the correct biological assembly of the 6-mer.

Besides HtrAg,, the refolded protein HtrAg,” was crystallized in the same condition
and the determined structure demonstrates a highly similar model with an overall root-
mean-square devation (rmsd) of Co-atoms of 0.625 A. This validates the correct folding
of HtrAg,”.

Soaking of HtrAg, crystals with peptl induced a change in the crystal lattice to lower
symmetry. Diffraction data were collected to a resolution of 3.3 A . The crystals be-
longed to space group (P2;) with unit-cell parameters similar to the first successful
data set (a = 142.15A, b = 142.62A, ¢ = 203.43A, o = § = 90°, v = 90.45°). An
initial structural model was determined by molecular replacement with the coordinates
of the protease domain of the HtrAg, 3-mer and individual PDZ domains and revealed
a dodecameric sphere in the asymmetric unit. Refinement improved the model to an
Ryork of 0.20 and an Rgee of 0.25, representing a three-dimensional model for an ac-
tive HtrAg, 12-mer. Structure validation shows 1.0 % ramachandran outliers and 1.9 %

rotamer outliers of all 4878 residues which can mostly be traced back to the low res-
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olution. Other crystallographic structures with the same resolution show comparable
results. With the newly generated 12-mer model the first data set was reprocessed and

also gave a quite similar 12-mer with an overall rmsd of C,-atoms of 1.2 A .

3.2.2 Crystal structure model of HtrAg, 6-mer

Voll

Figure 3.9: Crystal structure of the HtrAg, 6-mer. a) Monomer consisting of a protease
domain (green), a PDZ1 (orange) and a PDZ2 domain (blue). b) Topology model of
secondary structure elements in the HtrAg, monomer. c¢) View along the twofold axis
of the HtrAg, 6-mer at the intertrimeric PDZ2-interface. Individual monomers are
separated by white contours. d) Sliced view of the 6-mer. Catalytic triade (red) lines
the inner wall of the hollow sphere. The PDZ2 domains are forming a zipper-like ring,
mediating intertrimeric contacts.

HtrAg, 6-mer crystals consist of three molecules in the asymmetric unit with well-
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defined electron densities for the protease domain, the PDZ1 and the PDZ2 domain
(Fig. 3.9). Parts of the LA loop (71-85, 91-97) and the L2 loop (251-251) are too
flexible to be traced. One monomer consists of 9 a-helices and 23 S-strands connected
by loops with important regulatory functions labeled according to trypsin-protease
nomenclature (e.g. L1-L3, LA-LE (Perona & Craik, 1995)). Two [-barrels enclosing
the active proteolytic center and a helix at the N- and C-terminus are forming the
protease domain. The PDZ1 domain consists of five antiparallel S-strands flanked by
three a-helices with the peptide binding site located between 513 and a6 similar to
other PDZ domains (Morais Cabral et al., 1996). The PDZ2 domain exhibits a six
stranded [-barrel where bound peptide is mimicked by an additional antiparallel (-
sheet (£18). The average B-factor of the protease domain (s. Tab. 3.1) is with 59.5 A2
significantly lower than the one for PDZ1 (71.9A2) and the PDZ2 domain (124.3 A2).
The latter two show high flexibility in contrast to the relatively rigid protease domain.
The three molecules in the asymmetric unit reveal a very similar conformation with a
low rmsd of C,-atoms of 0.5 A. They extensively interact with each other via protease
domain contacts and thereby compose the basic building block of HtrAg, oligomers
(Fig. 3.9). A highly conserved residue D222 of the L1 loop seems to be involved in
trimer stabilization as the residues of all three monomers are facing each other with

a distance of ~ 9A. Replacement of D222 by Asn reduces proteolytic activity of

a. b. C.
kDa 440 150
—— 1.5
7 N
—_ l’ \\‘ X
S II p? > _[
= 1 \ . ") k=]
@ |/ i -l S 1.0- 2
S Y c | 3
o " [3)
: 2 3
] < P
£ $ 0.54 °
] E s
Q =
< o H
T T T 0-0 IljD L L L T HEII
8 10 12 D222N 20 253745505560 65
Elution volume (mL)  |Pept1 - + - °C
casein - - +

Figure 3.10: Biochemical characterization of HtrAg,”*?*N. a) HtrAg,”?**N forms higher-
order oligomers in the presence of S-casein. b) The proteolytic activity of HtrAg,P?22N
is promoted by [-casein addition. The proteolytic activity is reduced in respect to
HtrAg,. ¢) Temperature-dependent proteolytic activity of HtrAg,”*??N. Highest sub-
strate cleavage rate is at 37 °C.

HtrAg,”*??N but cage formation is still possible (Fig. 3.10). Intriguingly, the ability
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to cleave substrate at high temperatures is severely reduced. Consequently, the D222

probably impedes the correct L1 loop orientation and proper folding of the oxyanion
hole.

Two 3-mers are orientated in a face-to-face manner, forming a hollow sphere with an
axial outer diameter of 116 A and an axial width of 100 A. At the interface between
the two 3-mers, there are PDZ2 domains arranged in a zipper-like fashion (Fig. 3.9¢).
Two PDZ2 domains of one trimer enclose one PDZ2* domain of the opposite trimer
(the asterisk denotes a contribution from a neighboring monomer). Additionally, the
PDZ2 domain extensively interacts with the protease and PDZ1 domain of the adjacent
trimer ensuring 6-mer stability. The a8-helix (PDZ2) contacts the stem of the LA*
loop via hydrogen bonds between backbone amide of A428 to Q101 side chain and
via main chain interactions between R429 and G67. The R429 side chain also forms
ionic interactions with Q127 from the LB* loop. The C-terminal 523-sheet (PDZ2)
is in close contact to residues of the PDZ1* domain of the opposite trimer forming
a hydrophobic interface which is additionally stabilized by a hydrogen bond between
Q290 and F477.

The catalytic triade is positioned at the inner wall of the protein shell in proximity
to small pores (diameter: 12-13 A) between the protease and PDZ1 domain ensuring
limited entry of unfolded substrates. The PDZ1 domains poke out of the cage-like
particle allowing extensive crystal contacts with the PDZ1 domain from the adjacent
asymmetric unit. The active site residues (H121, D153, S230) adopt an inactive con-
formation with a blocked oxyanion hole and S1 specificity pocket. P227, a highly
conserved residue, serves as a sensor for the active and inactive state of HtrA proteins

(Wrase et al., 2011) as it performs a peptide flip upon activation.

3.2.3 Crystal structure of HtrAg, 12-mer

The HtrAg, 12-mer crystal contains twelve molecules in the asymmetric unit with a
high similarity, as shown by an rmsd of Cy-atoms of approximately 0.6 A. The electron
density of the protease domain, PDZ1 and PDZ2 is well-defined and in contrast to
the 6-mer model, the 1.2 loop is traceable and reduced in length. As a result, S11-
strand is extended and exhibits 4 additional amino-acid residues. The LA loop (69—
101) is not defined by electron density due to high flexibility. The proteolytic center
adopts an active conformation with accessible oxyanion hole and S1 specificity pocket.

The lateral pores show an increased diameter of 13 A x 20 A presumably facilitating
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Y ovl

Figure 3.11: Crystal structure of the HtrAg, 12-mer. a) One monomer with bound
peptl (magenta) at PDZ1 binding site and active site of the protease domain. The
protease domain («Prot») is displayed in green, the PDZ1 domain in orange and the
PDZ2 domain in blue. b) View along the threefold axis at the protease interface.
Individual monomers are separated by white contours. ¢) View along the threefold axis
at the PDZ2-interface. PDZ2 domains mediate intertrimeric contact to neighboring
PDZ1 domains.

substrate access to the active site.

The HtrAg, 12-mer displays a tetrahedral symmetry consisting of four homotrimers.

Every trimer exhibits extensive protease-domain contacts. In contrast to the 6-mer
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protease interface, all three L2 loops of one homotrimer in the 12-mer are in close
interaction distance to each other (S252, Y255) conceivably stabilizing the active con-
formation. In DegPg., a corresponding protein variant D232V corroborates this hy-
pothesis, as replacement of a polar by an unpolar side chain increases proteolytic
activity (Sobiecka-Szkatula et al., 2010). PDZ2 domains mediate interactions between
3-mers by forming an interface with two adjacent trimers. Additionally, a hydrophobic
interface between PDZ2 and adjacent PDZ1* domain supports cage integrity.

The average temperature factor of HtrAg, 12-mer is with 138 A2 quite high due to
low resolution and high flexibility. Whereas the protease and PDZ1 domain show a
B-factor of 108.4 A2 and 111.5 A2, respectively, the PDZ2 domain has with 151.8 A% a
significantly higher delocalization of atoms (Tab. 3.1).

Table 3.1: B-factors in A2 of single domains of HtrAg, monomer from 6- and 12-mer.
(MC: Main chain/ SC: side chain/ Ov: Overall)

MC  SC Ov  MC SC Ov

6-mer 12-mer
Protease domain 56.8 55.2 59.5 107.3 96.8 108.4
PDZz1 69.5 66.3 719 109.8 102.1 111.5
PDZ2 1259 113.9 124.3 151.2 140.8 151.8

Interestingly, in the PDZ1 domain and in the active site of each monomer, a peptide
is bound to the HtrAg, 12-mer (Fig. 3.11a). Similar to other PDZ domains, peptl
is located in the cleft between 513 and a6 of the PDZ1 domain (Doyle et al., 1996;
Krojer et al., 2010; Wrase et al., 2011). Backbone amides of L.285 and G286 from the
carboxylate binding GLGF loop (FLGV in HtrAg,) are in hydrogen bonding distance
to the C-terminus of the bound peptide (Fig. 3.13d). Additional hydrogen bonds by
main chain contacts between Val287 and Leu289 (413) are forming an antiparallel S-
sheet. On the other side of the binding cleft, the substrate is fixed in position by highly
conserved R345 (a6) side chain contacts to the backbone of the peptide. In the active
site, peptl binds via [-augmentation to the F11-sheet and is additionally stabilized
by the L2 loop (Fig. 3.13d). A salt bridge between the backbone amide of (G253 and
the lysine side chain (P3) of the peptide stabilizes the large positively charged residue.
Additional main chain contacts of 1248 and S250 with P3 and P5 residue respectively,
are fixing the position of the peptide. The side chain of 1248 is oriented towards the S1
pocket forming hydrophobic contacts to the P1 residue side chain of the substrate and
ensures the preference for small hydrophobic residues. Interestingly, there are amino-
aromatic interactions from N209 of the L3 loop to a phenylalanine side chain (P4) of

the substrate indicating a role of this loop in substrate binding.
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The overall distance from the C-terminus of the peptide in PDZ1 binding site to the
P1 site in the proteolytic center of the same protomer is around 42 A. For DegPg., a
distance of 40 A was assumed for substrate bound in the PDZ1 domain of one monomer
and the protease® domain of the adjacent monomer as the distance to the same prote-
olytic site is with ~ 55 A significantly longer (Krojer et al., 2008a). In HtrAg, this sort
of cross-communication is not feasible as the distance to the neighboring proteolytic
site is with >60 A very large. Consequently, it is highly likely that the substrate binds

in one protomer.

Table 3.2: Data collection and refinement statistics of HtrAg, 6- and 12-mer crystal
structure.

HtrAg, 6-mer HtrAg, 12-mer

Diffraction data statistics
X-ray sourve P11, PETRA III, DESY, Hamburg
Wavelength (A) 1.0332 1.0332
Resolution (A) 48.23-2.32 49.25-3.3
Space group P3,21 P2,
Unit cell parameters (A, °) a=b=162.98, c=112.88 a—=142.15, b=142.62, c=203.43

£=90.45
Molecules per asymmetric unit 3 12
Unique reflections 74245 121573
Multiplicity 10 3.4
Completeness (%) 98.8 (91.9) 99.5 (99.4)
Rmerge’ 0.085 (1.634) 0.064 (1.854)
Rpim? 0.028 (0.539) 0.041 (1.202)
I/o(I) 16.1 (1.6) 11.6 (0.7)
CCyo° 0.999 (0.516) 0.998 (0.293)
Wilson B factor (A2) 58 131.8
Refinement
Ryon* 0.198 0.20
Riree’ 0.237 0.252
r.m.s.d. from ideal geometry
Bonds (A) 0.009 0.014
Angles (°) 1.049 1.599
Average B-factor (A?) 79 137
Ramachandran plot regions
favored (%) 97.17 89.33
outlier (%) 0 1.00
PDB-Code

Values for the highest resolution shell are shown in parenthesis

Y Rierge = SpXi | I(hkl);— < I(hkl) >| /Spiu X I(hkl);

%2 Rpim is the precision-indicating merging R factor (Weiss & Hilgenfeld, 1997)

3 Correlation coefficient between two random-half data sets (Karplus & Diederichs, 2012)

Y Ryort = St | Fo(hkl) — Fo(hkl) | /S heFo(hkl). Ry,ce serves as cross-validation factor. A test
set of reflections (5%) omitted from the refinement are used for calculation.
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3.2.4 Comparison between the HtrAs, 6-mer and 12-mer

crystal structures

The structure of isolated domains in 6- and 12-mer reveals low deviation (protease
domain: rmsd ~ 0.8 A, PDZ1: rmsd ~ 0.6 A, PDZ2: rmsd ~ 0.9A. However, there
are significant differences in position and orientation of surface loops in the protease
domain and the entire PDZ2 domain takes a completely new position.

In the protease domain, flexible loops show a steric variation of up to 15 A(L?) loop)
between positions in 6- and 12-mer. Subsequently, the catalytic center is completely
rearranged whereas the general fold is not affected. These conformational changes
which might be induced by substrate binding and activate the protease, are therefore

referred to as allosteric activation cascade (AAC).

Table 3.3: The RMSD of secondary structure elements in protease domain between 6-
and 12-mer HtrAg,.

Loops residues rmsd (A) max. main chain distance (A)

LA 66-102

LB 124-127 1.274 1.4
LC 150-153 1.187 1.5
LD 189-195 4.431 5.7
LE 134-138 3.911 5.4
L1 222-232 1.415 2.2
L2° 247-250 (3.612) 5.1
L3 205-218 8.279 14.9

*As L2 is not completely resolved in 6-mer structure, the calculation of rmsd corresponds to the
first residues which are present in both loops.

3.2.4.1 LA loop

An important regulatory element in the activation of proteolytic activity and oligomer-
ization is the LA loop (Krojer et al., 2008a; Figaj et al., 2014). Due to its high flexi-
bility, this loop is not fully resolved in any of the published HtrA crystal structures. In
DegPy., the stem of the LA loop is visible protruding from on monomer in the active
site of the opposite monomer (Krojer et al., 2002).

Whereas in HtrAg, 12-mer there is no well-defined electron density, in the 6-mer model
the beginning (G67-D70) and end (P98-L102) of the LA loop are traceable which ex-
tends into the homotrimer not to the opposite site. G67 and Q101 are in hydrogen
bonding distance to residues in PDZ2* domain (R429, A428) of the opposite trimer
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suggesting a different stabilization mechanism than in DegPg.. Nearby, unidentified
electron density is detected which could either be part of the LA loop or a co-purified
peptide from E. coli. The latter is unlikely, as this electron density is also displayed
in density maps of HtrAg,”. The electron density seems to fit two phenylalanine side
chains with one enclosed other amino-acid residue (FXF motif). This motif exists in
the LA loop and thereby the phenylalanines could be assigned to F76 and F78. The
resolved residues in the LA loop are in hydrogen bonding distance to LB (R124), LC
(T152), L2 (T246) and L3 (F218) loop. F76 forms a T-shaped aromatic-aromatic in-
teraction with F218 from the L3 loop. It is the first time that interactions between LA
and L3 loop could be visualized. Additionally, the F76 side chain forms hydrophobic
interactions with 1212, 1248 and 1262 with a maximal distance of 5 A. These findings
also underline the amino acid assignment of F'76 as in E. coli, a bioinformatically calcu-
lated model also shows the interaction between F76 (E. coli equivalent F56) and 1248
(E. coli equivalent 1228) (Figaj et al., 2014). Besides, P75 is in hydrophobic interac-
tion range (<5 A) to H121 from active center indicating a direct impact on proteolytic
activity.

To further elucidate the binding events between LA and L3 loop, the corresponding

Table 3.4: Residues in interaction distance of < 4-5 A to the LA loop. Behind residues
the belonging secondary structure element is named in parenthesis.(D/A: donor/ac-
ceptor, MC: main chain, SC: side chain, ASC: aromatic side chain)

Residue D/A Residue D/A residue  D/A Residue D/A

interactions with a distance of < 4 A

6-mer 12-mer

E66 O (MC) Q127 (LB) N (MC) E66 O (MC) Q127 (LB) N (MC)
E66 O (MC) R128 (84) N (MC) G67 O (MC) A126 (LB) N (MC)
E66 O (SC) R128 (f4) N (SC)

G67 O (MC) Al126 (LB) N (MC)

F76 ASC R151 (LC) N (SC)

F76 ASC  F218 (L3) ASC

aromatic interactions with a distance of < 5 A

F76 ASC 1212 L3
F76 ASC 1248 L2
F76 ASC 1262 812

amino acid F218 in the L3 loop has been replaced by alanine (HtrAg,"!%4). This
drastically increases the distance to F76 and presumably weakens the hydrophobic in-
teractions. HtrAg, 24 shows no proteolytic activity whereas oligomerization is still
possible (Fig. 3.12a,b). In contrast to HtrAg, (Fig. 3.6), HtrAg,"#4 already assem-

bles into mainly 12-mers at equimolar $-casein concentration. The presence of S-casein
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in 5-fold excess results in 24-mer formation. Consequently, oligomerization occurs at
lower substrate levels than for wildtype enzyme, indicating a destabilizing effect. As
aromatic-aromatic interactions often play a crucial role in overall structure integrity,
the interaction between F218 and F76 seems to be crucial for 6-mer stabilization and
thereby, for regulated oligomerization. On the other hand, F218 is a highly conserved
residue in L3 which is involved in contacts to the L3 loop itself, L2, 89 and [12.
A substitution to alanine disrupts besides F76, two of three contacts to 512 (F260,
1262) and weakens hydrophobic interactions to 1212 (L3). As a result, it is difficult
to pinpoint the destabilization only on the missing LA loop contact. For this reason
a mutation to tyrosine has been introduced which preserves former contacts and has
mainly an impact on F76. Whereas the T-shaped aromatic interaction can still take
place, it pushes the LA loop from its former position. This mutant exhibits proteolytic
activity with half the efficacy of HtrAg, (Fig. 3.12) and is still able to from high-order
oligomers. Similar to HtrAg,"2!#4 HtrAg,"'8Y oligomerizes at lower substrate con-
centrations. In the presence of equimolar amounts of [-casein almost half of F218Y
is in 12-meric state whereas wild type HtrAg, still shows mainly 6-mer cages (~85%).
The amounts of oligomeric forms are quantified by peak height of SEC runs at same
elution volumes (Fig.4.3). The oligomerization at lower substrate levels indicates a
destabilization which can be addressed to the interaction of F218 with the LA loop.

Another interesting side effect of the HtrAg,"2'¥Y variant is its pH sensitivity. Whereas
HtrAg, is stable at different pH values (Fig. 3.6), HtrAg,"!®Y forms predominantly
6-mers at pH 8 and mainly 12-mers in acidic milieu (pH 4.5) (Fig. 4.3). As the LA
loop contacts the H121 (L1 loop) from the active center in 6-mer state it is conceivable
that protonation of the imidazole ring weakens these interactions. Taken together with
the destabilizing effect of F218 replacement to tyrosine, 12-mer formation might occur

in acidic milieu.

To further elucidate the importance of the LA loop for HtrAg, 6-mer integrity, mutants
were designed with LA-loop deletion (A69-100) and two (HtrAg,2%9190/2¢) or three
glycines as linker region (HtrAg,”097109/3%) Unfortunately, the transformed E. coli
cells showed atypical colony formation and did not produce the target protein. Either
the deletion of LA loop impedes with correct folding of the protein or the manipulated
protease is hyperactive which lead to cell toxicity. Consequently, the intact LA loop is

required for HtrAg, production.
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Figure 3.12: F218 of L3 loop stabilizes 6-mer assembly by interactions with LA loop.
a) Results from SEC of HtrAg, "% and HtrAg,"®Y show that both variants are
able to form higher-order oligomers when [-casein is added. In contrast to HtrAg,, the
oligomerization is induced at lower substrate concentration. b) Replacement of F218 by
alanine renders protease inactive whereas HtrAg,"2!8Y still exhibits proteolytic activity.
¢) View at the defined parts of LA loop in 6-mer structure. Phenylalanine in LA loop
interacts with F218 and 1212 of L3 loop, with R151 (LC), 1248 (L2) and 1262 (412).

3.2.4.2 LB loop

The shape of the LB loop is conserved in 6- and 12-mer state with an rmsd of 1.274 A.
This loop maintains interactions to the LC and LA loop. Oligomerization from 6- to
12-mer leads to an 1.4 A shift of main chain atoms. The side chain amino group of
R124, a residue forming hydrogen bonds to the LC loop and a2 helix moves 3.1 A from

previous position. Most interactions are conserved between both oligomeric states.
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Table 3.5: Residues in interaction distance of < 4 A to the LB loop. Behind residues the

belonging secondary structure element is named in parenthesis. (D/A: donor/acceptor,
MC: main chain, SC: side chain)

Residue D/A Residue D/A residue  D/A Residue D/A

6-mer 12-mer

R124 O (MC) $S69 (LA) N (MC) R124 N (MC) Y120 («2) O (MC)
R124 N (MC) Y120 (a2) O (MC) RI124 N (SC) D150 (LC) O (SC)
R124 N (SC) Y120 (a2) O (SC) A126 N (MC) G67 (LA) O (MC)
R124 N (SC) D150 (LC) O (SC) Q127 N (MC) E66 (LA) O (MC)
A126 N (MC) G67 (LA) O (MC)

Q127 N (MC) E66 (LA) O (MC)

Q127 N (MC) G67 (LA) O (MC)

3.2.4.3 LC loop

Table 3.6: Residues in interaction distance of < 4 A to the LC loop. Behind residues the
belonging secondary structure element is named in parenthesis. (D/A: donor/acceptor,
MC: main chain, SC: side chain, ASC: aromatic side chain)

Residue D/A Residue D/A residue  D/A Residue D/A
6-mer 12-mer
D150 O (SC) RI124 (LB) N (SC) D150 O (SC) RI124 (LB) N (SC)
R151 N (SC) F76 (LA)  aromatic (SC) RI151 O (MC) T213 (L3) N (MC)
R151 N (SC) 1212 (L3) O (MC) R151 N (SC) Y377 0 (SQ)
R151 N (SC) Y377 O (SC) D153 O (SC) N119 (83) N (SC)
D153 O (SC) Y120 (a2) N (MC) D153 O (MC) N119 (83) N (SC)
D153 O (SC) HI21 (a2) N (SC) D153 O (SC) Y120 (a2) N (MC)
D153 O (MC) Y120 (a2) N (MC)
D153 O (SC) HI21 (a2) N (SC)

The LC loop contains the aspartic acid D152 which interacts with H121 from «?2.
Both residues are part of the catalytic triade. Another residue which is incorporated
in a lot of interactions is R151. This arginine, also found in DegPg., is able to form
hydrogen bonds to residues from LA, L3 and LB loop and interacts with Y377, a residue
positioned in the linker region between PDZ1 and PDZ2 domain. Whereas the main
chain of the LC loop shifts just maximal 1.5A from 6- to 12-mer, the amino group
of the side chain of R151 moves around 5 A and thereby partially changes interaction
partner for hydrogen bonds. With an rmsd of 1.187 A LC loop does not show large

variations between 6-mer and 12-mer.
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3.2.4.4 LD loop

The LD loop shows beside the L3 loop the biggest changes in shape and position
between 6 and 12-mer which is proved by an rmsd of 4.431 A. The main chain shifts
up to 5.7A at the tip of the loop. Most parts of the LD loop are highly conserved
among HtrA proteins indicating an important regulatory role for a functional protein.
Interestingly, the LD loop interacts with loops of adjacent monomers and thereby allows
intratrimeric information transfer. L193 and Q192 can both form hydrogen bonds to
E216 from L3* loop in the 6-mer. Highly conserved N189 is able to interact with
residues from L1 loop (G228), LE loop (H134) and 1 (Y62). The oligomerization
from 6-mer to 12-mer rearranges the whole interface. In 12-mer extensive contacts to
R207 (L3* loop) are mediated by L193, E194 and T196. F191 interacts via its aromatic
side chain with the amino group of R251 from the L2* loop and forms an additional
contact to P227 of the L1 loop.

Table 3.7: Residues in interaction distance of < 4 A to the LD loop. Behind residues
the belonging secondary structure element is named in parenthesis. Residues marked
by asterisks are from adjacent protomer.(D/A: donor/acceptor, MC: main chain, SC:
side chain, ARS: aromatic side chain)

Residue D/A Residue D/A residue  D/A Residue D/A
6-mer 12-mer
N189  O(SC)  Y62(81) N (MC) NI89 O (MC) Q104 (32) N (SC)
N189 O(SC) H134 (LE) N (SC) N189 N (SC) S106 (52) O (SC)
N189 N (MC) G228 (L1) O (MC) N189 N (MC) S106(82) O (SC)
P190 N (MC) G228 (L1) O (MC) N189 N (MC) G228 (L1) O (MC)
F191 ARS(SC) Q220 (p9*) N (SC) F191 N (MC) P227 (L1) O (MC)
Q192 N(SC) Y62(p1) O(SC) F191 ASC R251 (L2) N (SC)
Q192 O (SC)  KI38 (LE) N (SC) L193 O (SC) R207 (L3*) N (SC)
Q192 N (SC)  E216 (I3*) O(SC) E194 O (SC) HI34 (LE) N (SC)
L193 N (SC)  E216 (L3*) O(SC) E194 O (SC) R207 (L3*) N (SC)
T196 O (SC) R207 (L3*) N (SC)
T196 O (SC) Q220 (59*) N (SC)

3.2.4.5 LE Loop

The LE loop is surface exposed and protrudes from the compact cage-like particle.
There are significant changes in the position between 6- and 12-mer as the rmsd is
with 3.911 A quite high. Notably, this loop is longer in the 12-mer (133-140) than in
the 6-mer (134-138). H134 interacts in both states with the LD loop but with different
residues. In 12-mer, R139 is in hydrogen bonding distance to 1L.302* and K303* of the
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adjacent PDZ1 domain.

Table 3.8: Residues in interaction distance of < 4 A to the LE loop. Behind residues
the belonging secondary structure element is named in parenthesis. Residues marked
by asterisks are from adjacent protomer(D/A: donor/acceptor, MC: main chain, SC:
side chain, ASC: aromatic side chain)

Residue D/A Residue D/A residue  D/A Residue D/A

6-mer 12-mer

H134 N (SC) T57 (al) O (MC) H134 N (SC) T57 (al) O (MC)

H134 N (SC) V60 (81) O (MC) HI34 N (SC) V60 (51) O (MC)

H134 N (SC) N189 (LD) O (SC) H134 N (SC) E172 (LD) O (SC)

K138 N (SC) Q192 (LD) O (SC) NI36 N (SC) P58 (al) O (MC)
M137 O (MC) Q162 N (SC)
K138 N (MC) Q162 O (SC)
R139 N (SC) L302* O (MC)
R139 N (SC) K303* O (MC)

3.2.4.6 L1 loop

Table 3.9: Residues in interaction distance of < 4 A to the L1 loop. Behind residues
the belonging secondary structure element is named in parenthesis. Residues marked
by asterisks are from adjacent protomer(D/A: donor/acceptor, MC: main chain, SC:
side chain, ASC: aromatic side chain)

Residue D/A Residue D/A residue  D/A Residue D/A

6-mer 12-mer
T221 O (MC) G259 (512) N (MC) D222 O (SC) A199 (B8) N (MC)
D222 O (SC) 1201 (58) N (SC) D222 O (SC) 1201 (58) N (MC)
D222 N (MC) S203 (B8) O (SC) D222 N (MC) S203 (48) O (SC)
A224 N (MC) T198 (p8) O (SC) A223 N (MC) Y255 (L2) O (SC)
A224 N (MC) Y255 (L2) O (SC) A224 N (MC) T198 (38) O (SC)
N226 N (SC) M256* (L2) O (MC) N226 N (SC) Y255 (L2) N (MC)
G228 O (MC) N189 (LD) N (SC) N226 N (SC) M256 (L2*) O (MC)
G228 O (MC) P190 (LD) N (MC) P227 O (MC) F191 (LD) N (MC)
N229 O (MC) N245 (p11) N (SC) G228 O (MC) N189 (LD) N (MC)
5230 O (SC) N119 (B3) N (SC) S230 O (SC) Hi21 (p2) N (SC)
$230 O (SC) A247 (L2) N (MC) G231 N (MC) S106 (52) O (SC)
G231 O (MC) S106 (82) N (MC)
G231 N (MC) N119 (g3) O (SC)
peptl
G228 N (MC) V(P1) O (MC)
S230 O (SC) V(P1) N (MC)
S230 N (MC) V(P1) O (MC)
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The L1 loop harbors the active serine S230, which in the 6-mer state interacts with
highly conserved A247 from the L2 loop. It forms many interactions with the L2 loop
(see subsection 3.2.4.7), also with neighboring L2* loop by salt bridges from N226
to M256*. Furthermore, L1 loop (G228) is able to interact with LD loop (N189,
P190) in the 6-mer. These contacts are slightly changing in the HtrAg, 12-mer, where
P227 mediates contacts to F'191 of the LD loop. In the 12-mer, S230 of the L1 loop
interacts with H121 and thereby forms an active proteolytic center whereas in 6-mer
both residues are 6 A apart. Extensive contacts with 38 are preserved in both oligomeric
forms problably enabling structure integration of the L1 loop. The overall position and

shape of the loop stays the same (rmsd=1.415 A).

3.2.4.7 L2 loop

Table 3.10: Residues in interaction distance of < 4 A to the L2 loop. Behind residues
the belonging secondary structure element is named in parenthesis. Residues marked
by asterisks are from adjacent protomer(D/A: donor/acceptor, MC: main chain, SC:
side chain, ASC: aromatic side chain)

Residue D/A Residue D/A residue  D/A Residue D/A

6-mer 12-mer peptl

A247 O (MC) $230 (L1) N (MC) G253 O (MC) K (P3) N (SC)
Y255 O (SC) A224 (L1) N (MC) $250 O (MC) M (P5) N (MC)
12-mer $250 N (MC) M (P5) O (MC)
R251 N (SC) F191 (LD) ASC 1248 O (MC) K (P3) N (MC)
Y255 O (SC) A223 (L1) N (MC) 1248 N (MC) K (P3) O (MC)
Y255 N (MC) N226 (L1) O (SC)

M256 O (MC) N226 (L1*) N (SC)

As the L2 loop in the 6-mer structure is not completely traceable by electron density,
it is difficult to compare the loop in both states. For rmsd calculation, the first 4
residues have been used which differ significantly (rmsd= 3.612A). The L2 loop in-
teracts extensively with the L1 loop. One important residue for these interactions is
Y255 which is highly conserved in Chlamydiae. Y255 forms hydrogen bonds to A224
in 6-mer and to A223 and N226 in 12-mer. The proceeding residue M256 interacts
with N226* of the adjacent L1* loop enabling information transfer from one monomer
to another. The L2 loop is via R251 also in contact with the LD loop (F191). This
interaction is unique to HtrAg, as in other Chlamydiae species there is a glycine and
in £. coli and Legionella a proline at the equivalent position. In 12-mer, the L2 loop
interacts with the bound peptide. The highly conserved residues 1248, S250 and G253

form hydrogen bonds to P3 (lysine) and P5 (methionine) of substrate mostly via main
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chain interactions. (G253 is in close contact to the side chain amino group of lysine and

thereby stabilizes large polar residues.

3.2.4.8 L3 loop

Table 3.11: Residues in interaction distance of < 4 A to the L3 loop. Behind residues
the belonging secondary structure element is named in parenthesis. Residues marked
by asterisks are from adjacent protomer (D/A: donor/acceptor, MC: main chain, SC:
side chain, ASC: aromatic side chain)

Residue D/A Residue D/A residue D/A Residue D/A
6-mer 12-mer
K205 N (SC) D176 O (MC) R207 N (SC) L193 (LD*) O (MC)
K205 N (SC) V178 O (MC) R207 N (SC) E172 (LD*) O (SC)
K205 N (MC) E172 (LD*) O (SC) R207 N (SC) T196(88) O (SC)
Q208 O (SC) D176 N (MC) R207 N (SC) Q220 (59) O (SC)
N209 N (SC) N343 (a6) O (SC) Q208 O (SC) N343 (a6) N (SC)
Q211 O (SC) R282 N (SC) Q208 O (SC) N346 (a6) N (SC)
212 O (MC) RI29(LC) N (SC) N209 N (SC) F (peptl)  ASC
E216 O (SC) L193 (LD*) N (MC) T213 N (MC) RI129 (LC) O (MC)
E216 O (SC) Q192 (LD*) N (MC) D214 N (MC) R129 (LC) O (MC)
F218 ASC F76 (LA) ASC D214 O (SC) R282 N (SC)
F218  ASC  F260 (812) ASC  L215 N (MC) RI129 (LC) O (MC)
L219 N (MC) E172 (LD*) O (SC) E216 O (SC) R345 (a6) N (SC)
L219 N (MC) A261(312) O (MC) E216 O (MC) N346 (a6) N (SC)
F218  ASC  F260 (812) ASC

The L3-loop changes show the largest deviation between 6-mer and 12-mer state with an
rmsd of 8.279 A. The main chain C, of L210 moves 14.9 A between the two oligomeric
states.

This loop displays an interface between the protease and PDZ1 domain on the one hand
and the adjacent protease™ domains on the other hand. In 6-mer state there are exten-
sive contacts between L3 (K205, E216, G219) and LD* loop (Q191, L193, E194). Upon
12-merization these interactions are rearranged. R207 contacts the LD* loop (1.193,
E194). N209 interacts in 6-mer with N343 and N346 from a6-helix of PDZ1 which is
part of the substrate binding site via hydrogen bonds and electrostatic interactions,
respectively. These interactions are preserved in the 12-mer, just the binding partners
in the L3 loop become Q208 and E216. Additionally, E216 from HtrAg, 12-mer forms
contacts to R345, another residue from a6 (PDZ1). Interestingly, these highly con-
served residues have a distance of 14 A in the 6-mer state before oligomerization.

In the 12-mer, N209 interacts with peptide bound in the active site. The contacts are
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mediated by the aromatic side chain of P4 phenylalanine and the positively charged as-
paragine side chain. Therefore, the L3 loop does not just interact indirectly with bound
substrate in PDZ1 via a6 but also with bound peptide in the active site, emphasizing

the unique role of this loop in HtrA proteases.

3.2.5 AAC of HtrAs,

Figure 3.13: AAC of HtrAg,. a) Proteolytic inactive monomer from the HtrAg, 6-mer
with the adjacent protease domain (»Prot«). Structure elements from neighboring
domains are marked by asterisks. b) One monomer of the HtrAg, 12-mer with ad-
jacent protease domain in active state with bound peptides in PDZ1 domain and in
active center. ¢) PDZ1 interface with protease domain in active and inactive state.
Peptide binding induces reorientation of the L3 loop and subsequently a LD* loop
displacement. The LD* loop interacts with the L1* loop, unblocks the oxyanion hole
and contacts to the L2 loop, which enables formation of the S1 binding pocket. After
these conformational changes the protease is active. d) Peptl in the PDZ1 domain and
active site binding cleft. Positive charges are colored in blue, negative charges in red,
visualizing interactions between peptides and the protease. In the PDZ1 domain, the
peptide binds via -augmentation. The peptide in the active center forms hydrogen
bonds with residues from the L2 loop.
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In the HtrAg, 12-mer model, pept1 is bound to the PDZ1 binding site via S-augmentation
(Fig 3.13d). On the opposite site of the binding cleft, the highly conserved R345 side
chain (a6) is oriented towards the bound substrate and fixates its position by interac-
tions with the carboxylate group of the peptide backbone (Fig 3.13a,c). For DegPge,
this arginine has been reported as a trigger for AAC by reorientation of the PDZ1
domain (Krojer et al., 2002). Indeed in HtrAg,, the position of R345 switches between
the 6- and 12-mer state upon substrate binding, unblocks the PDZ1 binding site and is
able to mediate contacts to the highly conserved E216 in the L3 loop. Rearrangement
of the L3 loop enables interactions between R207 (L3) to the backbone amide of E216*
and the side chain of T196* of adjacent LD* loop leading to a conformational change.
Subsequently, the remodeled LD* loop leads to changes in L1* and intriguingly in
adjacent L2 loop. A newly formed contact between F191* (LD*-loop) to P227* (L1*-
loop) induces a proline peptide switch freeing the blocked oxyanion hole. Additional
contacts between F191* and R251 from L2 loop which in turn interacts with S252*
from opposite L2* loop facilitates the formation of S1 specificity pocket, enabling sub-
strate binding. The extensive cross-talk between adjacent monomers is essential for

the correct folding of proteolytic active centers.

3.2.6 The interaction between Q290 and F477 stabilizes cages

The position and orientation of the PDZ domains in HtrAg, 6- and 12-mer changes upon
oligomerization. A detailed analysis of PDZ-PDZ interactions between two adjacent
homotrimers is conducted to shed light on the assembly mode of HtrAg,.

Upon substrate binding, the secondary structure elements a6 and 513 near the PDZ1
binding site show a shift in their position (Fig. 3.15a) between 6-mer and 12-mer.
Consequently, they induce rotation and translation of adjacent elements like, e.g. ab
which moves around 9 A from its former position in the 6-mer. The PDZ1 and PDZ2*
domains from the opposite trimer form a hydrophobic interface in the 6-mer which is
preserved in the 12-mer. In contrast, the PDZ2 domain switches around ~ 50 ° from
6- to 12-mer, repositioning the whole domain. The PDZ2 domain in the 12-mer is in
closer contact to the PDZ1 and protease domain of the same monomer. The exact

mechanism which rearranges the PDZ2 domain completely is not clear.

A closer look at the PDZ1-PDZ2* interface reveals interactions between the C-terminus
of HtrAg, (523*) and residues from 13-4 in the PDZ1 domain. For DegQyy, the last

nine residues of the C-terminus are crucial for higher-order oligomer assembly (Wrase
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Figure 3.14: Biochemical analysis of HtrAg, "™ and HtrAg,??%04, a) HtrAg,F4774
and HtrAg, 9?4 elute as 3-mers in SEC. b) In the presence of S-casein both variants
show proteolytic activity. ¢) HtrAg,"™"™ is not able to form higher-order oligomers.
The presence of S-casein leads to a small shift which occurs probably due to substrate
binding. ¢) HtrAg, 9?4 binds to S-casein and thereby, the apparent molecular weight
increases stepwise. No cage assembly is visible.

et al., 2011). Sequence alignment of these residues shows genus-specific conservation
of residues. Within the chlamydial family F477 is conserved, in E. coli and Legionella
this residues is a tyrosine. The E. coli DegPg.Y***4 variant appears mainly as trimer
corroborating the importance of this residue for oligomerization (Kim & Sauer, 2012).

In HtrAg,, replacement of FA77 with an alanine (HtrAg,""™) predominantly leads to
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3-mer formation without the ability to form cages (Fig. 3.14c¢). Nevertheless, F477A
shows basal proteolytic activity in the presence of (-casein (s. Fig3.14b). As part
of 523, the F477 side chain forms a hydrophobic interface with L309-V311 and G327
of the PDZ1 domain. This interface could be important for 12-merization as alanine
replacement disrupts these contacts and no higher-order oligomer was detectable. In
the 12-mer, F477 is in hydrophobic interaction distance to L309 and V311 and to
a highly conserved 1.296 in the a4-helix of PDZ1 domain. The latter is a unique
contact only occurring in 12-mer assembly. However, the E. coli equivalent DegPp, 2764
is still able to form higher-order oligomers (Kim & Sauer, 2012), thereby indicating
no essential role for the oligomerization mechanism. Interestingly, F477 forms one
hydrogen bond to the side chain of Q290 (/513) which is stable in 6- and 12-mer and
exhibits the only hydrogen bond in the PDZ1-PDZ2* interface. An exchange of Q290

to alanine prevents the formation of hydrogen bonds.

The HtrAg, ¥4 variant elutes exclusively as a trimer in SEC (Fig. 3.14c¢). The pres-
ence of J-casein increases the molecular weight in a concentration-dependent manner
but without the formation of cages (Fig. 3.14). The same dose-dependent increase in
size has been observed for HtrAg, (Fig. 3.6). In this study a mechanism has been pro-
posed in which the substrate binds stepwise and thereby increases the molecular weight,
or alternatively an intermediate 9-mer state is formed. The inability of HtrAg,?2%04
to form higher-order oligomers excludes the possibility of an intermediate state. These
experiments substantiate the hypothesis of a stepwise binding mechanism.

The HtrAg,??°°4 variant shows a similar proteolytic rate to HtrAg,""™. Taken to-
gether, these results indicate that the hydrogen bond between Q290 (PDZ1) and F477
(PDZ2%*) is an essential contact in the PDZ1-PDZ2*-interface stabilizing both 6- and
12-mer oligomeric state. As main chain interactions of F477 form the hydrogen bond,
the alanine substitution should not influence this contact. Nevertheless, HtrAg, ™7™
shows only trimeric assembly indicating that besides the hydrogen bond, the aromatic
side chain interactions of the phenylalanine are important for the structural integrity

of the PDZ1-PDZ2*-interface.
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Figure 3.15: Comparison of the PDZ1 and PDZ2 domain positions in 6- and 12-mer.
a) Overlay of the PDZ1 (6-mer: grey, 12-mer: orange) and the PDZ2 (6-mer: grey,
12-mer: blue) domains of one HtrAg, monomer and the adjacent PDZ2* domain. In
the HtrAg, 12-mer, the PDZ2 domain is in close proximity with the protease and
PDZ1 domain of the same monomer. b) Overlay of the PDZ2 domains from 6-mer
and 12-mer aligned in PDZ1. The 12-mer PDZ2 domain is reoriented around 50° and
rotated in contrast to position in 6-mer. ¢) Overlay of the PDZ1 domains from 6-mer
and 12-mer from the side and from above, aligned in the protease domain. Secondary
structure elements are shifted up to ~ 9 A(a5). d) Overlay of the hydrophobic PDZ1-
PDZ2*domain interface in 6- and 12-mer aligned in the PDZ1 domain with important
residues depicted as sticks. e) Electron density map of the hydrogen bond between
Q290 and F477* in HtrAg, 6-mer.
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3.2.7 HtrAs, 6- and 12-mer crystal structures reveal a unique

architecture

DegPpg. and DegQ proteins from Legionella show a similar structural assembly to the
three-dimensional models of HtrAg, 6- and 12-mer. An alignment of the crystal struc-
tures of DegPpr. 6-mer (PDB code: 1KY9), 12-mer (PDB code: 30TP), and DegQys
(PDB code: 3PV2) with HtrAg, allows the comparison of the overall protein architec-
ture. Despite their high amino acid sequence identity of around 40 %, the geometry of
the HtrAg, 6-mer and 12-mer differs significantly from DegPg. and DegQy¢ which is
due to the deviations in the positioning of the PDZ1 and PDZ2 domain.

The HtrAg, 6-mer is a condensed spherical particle with an axial diameter of ~ 116 A.
In contrast the DegPp. 6-mer axial diameter is with ~ 85 A significantly shorter and
the whole particle is arranged in a different fashion (Fig. 3.16). When aligned sep-
arately the rmsd of the C, atoms of the protease domain of the HtrAg, and DegPg.
6-mer is low (rmsd ~ 0.9A A). The comparison of the PDZ1 domains also shows a
very similar fold (rmsd ~ 1.2 A). Only the helix a4 is shifted ~ 8 A in contrast to the
HtrAg, PDZ1 domain (Fig. 3.16a). As the PDZ2 domain is the most flexible domain
within the 6-meric particle the rmsd shows with 2.18 A the biggest difference but the
overall fold is quite comparable. Interestingly, DegPy. comprises two different confor-
mations within the asymmetric unit of the protein crystals. These crystal structures
differ significantly in their PDZ1-domain position and are referred to as »open« and
»closed« forms (Fig. 3.16) (Krojer et al., 2002).

An overlay of the C, atoms of the protease domain of the HtrAg, and DegPg. 6-mer
shows different positions of the PDZ1 and PDZ2 domains (Fig. 3.17a). The PDZ1
domain of the closed DegPp, is tilted away 45° in comparison to the position of the
PDZ1 domain of the HtrAg, 6-mer (Fig. 3.17b) whereas the PDZ1 domain of the open
DegPg. shows a completely different orientation (Fig. 3.17b). Big lateral apertures
are formed between the PDZ1 and the protease domain of the DegPg. 6-mer. Conse-
quently, the access to the substrate binding cleft of the PDZ1 domain differs between
the HtrAg, and the DegPg, 6-mer.

The DegPg. PDZ1 domain stabilizes the cage-like formation by interactions with the
opposite PDZ1* and PDZ2* domains. Loop interactions between the PDZ1 and the
PDZ2* domain of the opposite protomer are forming the PDZ1-PDZ2* domain inter-
face. The PDZ2 domain of the DegPg. 6-mer is in close proximity to the protease
domain of the same monomer. These interactions might stabilize the proteolytic inac-
tive state of DegPg. which is in accordance with the proposed inhibitory role of the

PDZ2 domain (Jiang et al., 2008). Extensive LA loop interactions support the struc-
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tural integrity of the 6-mer (Fig. 3.16b) and keep the protease inactive (Figaj et al.,
2014).

In the HtrAg, 6-mer, the PDZ2 domains are the key players in mediating the inter-
actions between opposite monomers and thereby providing structural integrity. The
PDZ2 domain of one monomer is enclosed by two PDZ2* domains of the opposite
trimeric building block, and interacts additionally with the protease® and PDZ1* do-
main of one opposite monomer (Fig. 3.9¢, 3.16a). The PDZ1-PDZ2* interface is
maintained by interactions between 513-a4 (PDZ1) and 523 (PDZ2*)(Fig. 3.15d). A
compact and stable 6-mer is formed. The PDZ2 domain of one HtrAg, protomer is not
in interaction distance to the protease domain of the same monomer and the LA loop
does not protrude into the opposite trimer. This suggests that the more condensed
architecture of the HtrAg, 6-mer with very small entry pores is sufficient to regulate

proteolytic activity.
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Figure 3.16: Unique architecture of the HtrAg, 6-mer. a) Side view of the HtrAg, 6-mer
with the protease (green) interface on top. The PDZ2 domains (blue) are stabilizing
the intertrimeric interface by interactions with the opposite protease™, PDZ1* (orange)
and PDZ2* domain. One PDZ2 domain is flanked by two PDZ2* domains of the
opposite trimer in a zipper-like-fashion. b) Side view of the DegPg. 6-mer in open
and closed conformation aligned in protease domain with HtrAg,. The PDZ1 domain
interacts with the PDZ1* and PDZ2* domain of the opposite trimer in closed state.
LA loop interactions stabilize the DegPy,. 6-mers in both conformations. In the open
conformation, the PDZ2 domains are missing due to high flexibility. ¢) Top view on
the protease interface of the HtrAg, 6-mer shows a compact particle. Marked in red is
the substrate binding site of the PDZ1 domain. d) Top view on the protease interface
of the DegPg. 6-mer. The PDZ2 domains are exposed to the environment in closed
state. Depicted in red is the PDZ1 binding site.
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Figure 3.17: The PDZ1 and PDZ2 domains of the 6 and 12-mer HtrA crystal structures
(HtrASn: PDZ1 - orange, PDZ2 - blue, DegPy.: grey (closed form) black (open form),
DegQrs: green). a) PDZI1-PDZ2* interface of HtrAg,, DegPg. and DegQy; aligned
in PDZ1 domain. In the 6-mer crystal structures of HtrAg, and DegPr. (»closed«
conformation) the PDZ1-PDZ2* interface differs significantly whereas in the 12-mer,
there are just small changes. b)PDZ1 domains aligned in the protease domain for
the HtrAg, 6- and 12-mer crystal structures in comparison to DegPg. and DegQyy.
¢) Comparison of PDZ2 domains of HtrAg,, DegPg.and DegQrs in 6-mer and 12-mer
structure aligned in the PDZ1 domain.
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The HtrA 12-mer structures are huge spherical particles with the same dimension
in all three organisms (Fig. 3.18). The HtrAg, 12-mer forms a compact cage with a
convex protease interface. Whereas the DegPyg. 12-mer shows a similar curved protease
interface, the DegQrs 12-mer reveals an almost planar protease interface.

The alignment of separate domains shows a high similarity between all three crystal
structures (Tab. 3.12).

Table 3.12: The RMSD of the C,-atoms of the separate domains from model structures
of HtrAg, 12-mer in comparison with the DegPg, and DegQys 12-mer.

Domain DegPg. 12-mer DegQps 12-mer

Protease 0.576 0.813
PDZ1 0.719 0.985
PDZ2 2.056 1.577

The HtrAg, PDZ1 domains are surface-exposed and facilitate substrate binding. Based
on the protease domain, the DegPr. PDZ1 domain is shifted ~3-4 A (a6) and rotated
around a6 (35-40°) compared to the HtrAg, 12-mer PDZ1 domain. The PDZ1 domain
of the DegQr¢ 12-mer is 45° rotated around the a6-helix compared to the PDZ1 domain
of HtrAg, (Fig. 3.18b). Interestingly, they are all forming hydrophobic PDZ1-PDZ2*
domain interfaces indicating the importance of these contacts for oligomer stability.

In comparison to the PDZ2 domain of HtrAg,, the DegQp¢ PDZ2 domain is shifted ~ 20
A and slightly rotated. The PDZ2 domain of DegPp, shows a rotation of ~100° around
a9 with respect to the HtrAg, PDZ2 domain. The PDZ2 domain of one monomer
forms an interface with two adjacent PDZ2* domains (Fig. 3.18b,c). The different
orientations and positions of the PDZ2 domains form diverse PDZ2-domain interfaces.
In the HtrAs, 12-mer, loop interactions (loop between 7 and [320) are maintaining
the PDZ2-domain interface. Additional contacts to the protease domain of the same
monomer and one PDZ1* domain of the neighboring monomer stabilize the 12-mer
cage. The interactions with the protease domain position the PDZ2 domains towards
the inner cavity lead to the formation of a funnel-like shape. This shape restricts the
inner cavity of the HMtrAg, 12-mer. The inner distance (11-14 A) between two PDZ2-
domain interfaces is a third of the inner distance between two PDZ2-domain interfaces
of DegQus (45 A). In DegQys, S18-sheets are forming the PDZ2-domain interface. One
PDZ2 domain interacts with two neighboring PDZ2* domains, one PDZ1* domain
and one protease™ domain in the adjacent trimer. In the DegPr. 12-mer, the distances
between adjacent PDZ2 domains are very large which lead to a more open PDZ2-
domain interface. This allows close interactions of the PDZ2 domains with the PDZ1*

domains of the neighboring trimer. The different positioning and interaction profiles
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of the PDZ2 domains of each HtrA protein lead to distinct features in the structural
architecture. The position of the PDZ2 domain is limited by the length of the flexible
linker region between the PDZ1 and PDZ2 domain. For DegPg. it has been described

that changes in the linker region result in different oligomeric forms (Jiang et al., 2008).
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HtrAsn DegPEc DegQyf

Figure 3.18: Geometry of the HtrA 12-mer structures. a) View on the protease (green)
domain of HtrAg,, DegPg.and DegQys 12-mer crystal structure. The PDZ1 domains
are represented in orange, the PDZ2 domains in blue. b) View on the PDZ2 interface
of the HtrAg,, DegPg. and DegQr¢ 12-mer crystal structures. In the HtrAg, 12-mer,
PDZ2 domains contact each other extensively and form a funnel-like structure. c)
Cartoon representation of the PDZ2-domain interfaces. The interface in HtrAg, is
mediated via loop interactions (loop between a7 and $520), in DegQys $18 sheets are
facing each other.
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3.2.8 SAXS

SAXS offers complementary information to crystallographic studies about protein fold-
ing, aggregation, shape and assembly in low resolution range of 50-10 A (Putnam et al.,
2007). The biggest obstacle is the preparation of a monodisperse protein sample with-
out aggregates.

SAXS data for HtrAg, proteins in different conditions at increasing concentrations
were measured. Samples with a low protein concentration are important for data
collection in low ¢-range. The variable ¢ is described as the scattering vector and
Lrsind) - Sim-
ilar to the reciprocal lattic in X-ray crystallography, the unit parameter of ¢ is nm™.

depends on the scattering angle and the incoming wavelength \ (¢ =

Therefore, the low g-range yields information about long distances, the overall par-
ticle shape and the molecular weight unbiased by aggregation. Samples with higher
protein concentrations give rise to better signal-to-noise ratios in greater q-ranges con-
taining details about shorter distances. To preserve information, curves at high and
low concentrations are merged. HtrAg, shows a slight concentration dependency of the
radius of gyration (Rg) which increases at higher concentrations. This effect is due
to intermolecular interactions of protein particles and a typical effect of concentration-
dependent oligomerization (Blobel et al., 2009). Nevertheless, the data was analyzed
(s. Tab.) and averaged (s. Tab.3.13). HtrAg,” serves as control sample as it displays
predominantly 6-mers. In comparison to the HtrAg, 6-mer, there are small differences
in curve progression visible which result in higher Rg values for HtrAg, (Fig. 3.19a).
Interestingly, the addition of peptl does not change the scattering curve shape at all,
and Rg is also in similar range (Fig.3.19b) whereas a buffer exchange to acidic milieu
has a relatively big impact on the curve. The scattering curve of HtrAs, 12-mer shows
a shift towards the lower g-range which is induced by the bigger scope of the protein

and the curve progression is more similar to a sphere. With the extrapolated value

Table 3.13: Scattering curve analysis of HtrAg, in different conditions by PRIMUS
(Konarev et al., 2003) yields the Rg, Dpyax and Porod volume. DLS measurement
enable the determination of hydrodynamic radius (Ry,) which is proportional to Rg.

protein Ry (nm) Rg (nm) };—ﬁ Dpax (nm) PV
HtrAg, 6-mer 6.25 5.29 0.85 16.21 748
HtrAg, 12-mer 7.75 6.28 0.81 18.09 1505
HtrAg,# (Tris 8) 5.72 4.82 0.84 14.57 622
HtrAg,” (NaAc 4.5) 6.08 5.2 0.86 15.48 833
HtrAg, | peptl 5.76 5.23 16.24 735

of I(0), it is possible to draw conclusions about the molecular weight of the protein
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Figure 3.19: SAXS curves of HtrAg, allow to distinguish between different states and
oligomeric forms. a) SAXS curve of HtrAg, wild type (red) shows small differences to
HtrAg,” (black) due to the bigger 12-meric volume fraction. Curve progression indi-
cates a spheric particle. b) Addition of peptl (blue) displays the same curve progression
as for wild type indicating no oligomerization due to heptapeptide binding. ¢) SAXS
curve of HtrAg, 12-mer differs significantly from 6-mer curve exhibiting a higher I{0)
and Rg. d) HtrAg,” scatters differently in acidic range because of the higher amount
of 12-mer state.

sample (s. Tab. 3.14). For spherical samples, half of the Porod volume (PV) also gives
a good approximation of the molecular weight. For HtrAg, and HtrAg,#, the values
are alternating around ~ 300 kDa fitting the size of a 6-mer. However, the calculated
molecular mass for the HtrAg, 12-mer differs significantly between both methods which
is an indicator for low quality data. A little controversial is also the behavior of Dy
which is quite high for the HtrAg, 6-mer. A conclusive explanation gives the program
OLIGOMER from the ATSAS package (Konarev et al., 2003). It calculates the vol-

ume fractions of a multicomponent mixture of proteins for an experimental scattering
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curve when the crystal structures of the individual components are given. OLIGOMER
shows (s. Tab. 3.14) that the analyzed samples are not monodisperse in regard to their
oligomeric state but mixtures of 6-mer and 12-mers and even 3-mers. These results
complicate the data analysis as the mixture is not in equilibrium and the oligomeriza-
tion is concentration-dependent. To reconstruct a three-dimensional envelope with an
ab nitio model building approaches a deconvolution of the SAXS curves is necessary
to extract curves for the 6- and 12-mer state. As these mathematic operating are not

yet customized, this would be a bioinformatic project for future research.

Table 3.14: Scattering curve analysis by OLIGOMER (Konarev et al., 2003) shows
that the samples are forming a mixture of different oligomeric states. Molecular weight
calculation by SAXS is enabled by I(0) or Porod volume. For HtrAg, 6-mer the MW
alternates around 300 kDa, matching the expected mass. The 12-mer shows a big
discrepancy between both MWs which is an indicator for low quality data.

MW (kDa) Oligomer
protein PV I1(0) 3-mer 6-mer 12-mer
HtrAg, 374 264 0.04 0.73 0.24
HtrAg, 12-mer 753 391 0.00 0.29 0.71

HtrAg,# (Tris 8) 311 246 012 077 0.11
HirAg,# (NaAc 4.5) 416 308  0.00  0.77  0.23
HtrAs, +peptl 368 241 0.04 072 024
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3.3 HtrA from C. trachomatis - HtrAc;

Previous studies highlight HtrAc; as a potential new therapeutic target to battle
chlamydia infections (Marsh et al., 2017). In vitro and in vivo experiments show that
bacterial HtrA proteins are functionally distinct and do not conform in all aspects to the
E. coli DegP model. HtrAg, exhibits a higher sequence identity to HtrAc; than DegPg,
and is likewise a member of the bacterial order Chlamydiales. Therefore, it is conceiv-
able that HtrAg, represents a more suitable model for HtrA proteins in Chlamydiae.
To further investigate this hypothesis, biochemical and structure-biological studies of

HtrAc; have been performed and compared to HtrAg,.

3.3.1 Purification of HtrA¢;

HtrAc, with an N-terminal His-tag has been successfully produced in E. coli Ku98 cells
and purified by affinity chromatography (Fig. 3.20a) with a yield of ~ 50 mg/ 2 L cell
culture. A second purification step by preparative SEC shows two oligomeric forms of
HtrAq; (P1+P2) (Fig. 3.20b). SDS-PAGE analysis reveal a prominent protein band
at 50 kDa which is in accordance with the monomer size of HtrAc, (Fig. 3.20d). For
molecular weight determination and investigation of the oligomeric states of HtrAc;
P1 and P2, analytical SEC analysis was conducted. Results (Fig. 3.20c) for P2 show
a very broad peak with an apparent molecular weight of 370 kDa. This indicates a
multicomponent mixture containing predominantly 6-mers. P1 contains at least three
oligomeric forms with a large peak at the void volume of the column probably con-
sisting of 24-mers and higher-order oligomers, a peak at 8.95 mL with an apparent
molecular mass of 660 kDa (12-mer) and a third peak at 10.16 mL with a mass of
385 kDa (6-mer). Higher-order oligomer assembly is probably induced by co-purified
peptides from E. coli.

To diminish the impact of co-purified peptides, HtrAc; has been purified under dena-
turing conditions and successfully refolded (HtrAc”). Results from preparative SEC
shows two peaks (Fig. 3.21a). The first peak is probably a mixture of 6- and 12-mers.
The second peak elutes later and contains thereby proteins with a lower molecular
weight (P3). Further analysis of P3 reveal a mixture of at least three oligomeric forms
(s. Fig 3.21b). The elution peak in analytical gelfiltration is broadened and shows
a maximum at 11.3 mL matching an apparent molecular mass of 270 kDa and two
shoulders at 10.6 mL (~370 kDa) and 9.3 mL (~ 520 kDa). The peak at 11.3 mL is
very close to the protein standard of the BSA dimer (MW: 130 kDa) with an appar-
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Figure 3.20: Purification of HtrA¢;. a) Purification of HtrA¢; via affinity chromatogra-
phy yields high amounts of recombinantly produced target protein. b) In preparative
SEC HtrAc; elutes in two oligomeric forms (P1+P2). c¢) Results from analytical SEC
of P1 reveal a mixture of oligomeric forms whereas P2 elutes in a broad peak with
an apparent molecular weight of 370 kDa corresponding to 6-meric assembly. d) SDS-
PAGE results display a prominent band at around 50 kDa matching the monomer size
of HtrACt.



3 Results &5

ent molecular weight of 230 kDa. These discrepancies in molecular weight reveal the
limited accuracy of analytical SEC in high molecular range. Thereby, it is assumed
that the first peak corresponds to a 3-meric assembly whereas the shoulders consist of
6-mer and 12-mer, respectively.

Replacement of the active-site serine (S247) with an alanine, the proteolytic inactive
HtrAc variant was generated and successfully purified. After affinity chromatogra-
phy, a preparative SEC was conducted to increase purity. The protein elutes in two
peaks (Fig.3.21a). The bigger peak elutes between P1 and P2 probably consisting of a
6-mer/12-mer mixture. The smaller peak (P3) shows an apparent molecular weight of
320 kDa which also implicates 6-mer formation (Fig. 3.21c). As for HtrAc,” a peak
at the same elution volume in preparative SEC shows a mixture of 3-, 6- and 12-mer
with predominantly 3-mer it is conceivable that HtrAq® P3 also displays a mixture of

3- and 6-mers.

3.3.2 Biochemical characterization of HtrAc;
3.3.2.1 Proteolytic activity of HtrAc,

Proteolytic activity of HtrAc, and HtrAc,” have been measured to verify functional-
ity (Fig. 3.22a,b). To ensure comparability, the same assay conditions as for HtrAg,
were applied. Both protein variants show a low basal proteolytic activity rate of 0.08
(HtrAc,™) and 0.10 2 (HtrAcy), respectively. Addition of peptl increases substrate
cleavage for HtrAq; around 10-fold (0.96 %) HtrAe,” displays with 0.13 % almost
no activation effect. The presence of S-casein induces a dramatic increase in proteolytic

5 ”TM which is comparable to the HtrAg, activity in the

activity in both proteins to ~
presence of the same amount of S-casein.

Denatured BSA and lysozyme are other reported protease substrates for HtrA proteins
(Krojer et al., 2008b). Both proteins increase proteolytic activity of HtrAq,* signifi-
cantly. Unfolded BSA leads to a release of 0.93 ”TM free AMC, lysozyme to 1.13 %,
representing less efficient activators than (-casein. HtrAcq; degrades denatured BSA
visibly whereas unfolded lysozyme shows very slow decay. Consequently, the activa-
tion of proteolytic cleavage is not necessarily associated with the degradation of the
activator.

Experiments at different pH values show that HtrAc; is proteolytically active over a
wide range of pH from 5-9 with an optimum at physiological pH (Fig. 3.24a).

In a fluorescence assay with 1 uM protease and increasing reporter-peptide concen-

trations, the enzyme kinetics of HtrAc,” were further investigated. The proteolytic
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Figure 3.21: Purification of HtrA¢” and HtrAc’. a) Results from preparative SEC
of HtrAc,” and HtrAc,® in comparison with HtrAq,. Three different elution peaks
are obtained (P1-P3). b) Results from analytical gelfiltration of HtrAc,# P3 reveals
a mixture of 3-) 6- and 12-mer with predominantly 3-mer. ¢) Results from analytical
SEC of HtrA¢:?. P3 elutes as predominantly 3-mer whereas the second peak contains
a mixture of HtrAq, P1-+P2.

activity of HtrAq,” increases linear with increasing substrate concentrations but is in
contrast to HtrAg, very low. Even at 800-fold substrate excess, the proteolytic rate of
0.22 % is almost negligible. This implies that the typically E. coli-substrate is not
optimal for HtrAc;. In (Huston et al., 2011), they identified with MFKLI a peptide
with a 4.5-fold higher K, /Ky rate than DPMFKLV. For future experiments it would
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Figure 3.22: Protein activity assay of HtrAq, and HtrA¢#. a) HtrAc; is proteolytically
active in the presence of peptl and S-casein. HtrA;” shows no proteolytic activity in
the absence of substrates. Whereas peptl addition leads to a basal substrate cleavage,
the presence of -casein dramatically increases protease activity. b) HtrAq is prote-
olytically active over a wide pH range with highest free AMC release at pH 7-8. c¢)
Cleavage rate of DPMFKLV-AMC by HtrAq,# and HtrAg,” at increasing substrate
concentrations. The proteolytic activity of HtrAc:# is linear to the substrate con-
centration. d) Denatured lysozyme and BSA activate proteolytic activity of HtrAg, 7.

e) Denatured BSA and f(-casein are degraded by HtrAc;” to a higher extend than
unfolded lysozyme.

be interesting to test MFKLI in homolog HtrA proteins such as HtrAg,.
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3.3.2.2 Oligomerization behaviour of HtrAc;

A distinct feature of HtrA proteins is the oligomerization into higher-order oligomers.
HtrAc; has previously been described to occur as 6-mer in solution (Huston et al.,
2007). As already mentioned (Fig. 3.20c), HtrAcy possesses the ability to adopt
different oligomeric states such as 6-mers, 12-mers and even higher-order oligomers.
In contrast to HtrAg,, even the refolded protein shows more than one oligomeric form
and occurs as a mixture of 3-mer, 6-mer and 12-mer (s.Fig. 3.21b).

HtrAc; and HtrAg# 3- and 6-mers (Fig.3.23a,b) assemble into higher-order oligomers
in the presence of S-casein. The oligomerization is substrate-concentration dependent
(Fig.3.23a) A 5-fold excess leads to mainly 12-mer cages whereas a 20-fold [-casein

excess promotes assembly of higher-order oligomers such as 24-mers (Fig. 3.23a).

In the HtrAg, 6-mer, the presence of peptl has no effect on oligomer assembly. The
same was observed for HtrA; in 6-mer state (Fig. 3.23a). Interestingly, HtrAc" shows
a shift in elution volume and an additional peak representing a small 12-mer fraction
in the presence of peptl (Fig. 3.23d).

Oligomerization is assumed to be a transient process. A HtrAg; sample containing
three oligomeric forms (6-mer, 12-mer, higher-order oligomer) was incubated with (-
casein (Fig. 3.23d). Immediately after substrate addition, the HtrAc; 6-mer peak
vanishes completely and the peak in the void volume increases. Analytical gelfiltration
after 2 days of incubation at 37 °C reveal no changes in the oligomeric states. There
are still no 6-mers detectable. Full-length [-casein was degraded but there are still
degradation byproducts visible in SEC and SDS-PAGE analysis. It is conceivable that
the presence of degradation fragments impedes with the disintegration of higher-order

oligomers.



3 Results 89
2 \Da 440 45 b. kDa 440 130
1
T [ \ | | casein (1+20) z
A : :
Q \ | ] HtrAce + S
SN 7 casein (1+5) g
c ] o
g s HtrAcgt+
2 o casein
< HtrAc; + 3 HtrAct
<
pept1 <
Htl’ACt
8 10 12 10 15
Elution volume (mL) Elution volume (mL)
C. d.
Vvloid 4|40 ?7 kDa kDa 44I-0 1?0
126
E £
c c
= o
® ©
S 8
Q Htl’ACt [}
% +casein (t=2d) %
£ o
o 2| HtrAcy 5 HtrAc +
2 +casein (t=0) 2 pept1
< < — HtrAg®
HtrACt
10 15 8 10 12 14
e. Elution volume (mL)
t(h)
kDa| L| c[ of 15] 3
5071 - e e @ | -HirAg
30~ - casein
20-

Figure 3.23: Oligomerization behavior of HtrA¢; protein variants. a) HtrAcg; forms
higher-order oligomers in a dose-dependent manner in the presence of S-casein . Peptl
does not effect the oligomeric state. b) HtrAc,” forms higher-order oligomers in the
presence of [-casein. ¢) HtrAc" shows a higher molecular weight in the presence of
peptl and an additional small peak appears at 9.3 mL (~ 600 kDa) representing a
12-mer. d) Time-dependent [-casein degradation by HtrAc;. In the presence of /-
casein the 6-mer peak vanishes. After two days of incubation, there is still no 6-mer
peak detectable. e) SDS-PAGE analysis of -casein digested by HtrAc;. After 1.5h,
[-casein is depleted but there are still degradation by-products present.
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3.3.2.3 Temperature dependency

HtrA proteins manage heat stress response and exhibit thereby full functionality at
high temperatures. Similar to HtrAg,, HtrAc exhibits proteolytic activity over a wide
temperature range with highest cleavage efficacy at 50 °C (Fig. 3.24). Even at 65°C,
the protease still retains the ability for substrate cleavage.

CD spectra for HtrAg; recorded at 25 and 55 °C are quite similar with minima at 210,
217 and 221 nm. At 85 °C changes in secondary structure become evident indicating
disintegration of the protein structure. K2D3 analysis of secondary structure content
results in 1 % a-helix, 27 % S-strand and 72 % random coil at 25 °C. At 85 °C there
is only 20 % [-strand content left but the CD spectrum still looks like the protein is
mostly folded. A melting curve at 218 nm reveals a Ty, of 72 °C which is similar to
6-mer results from HtrAg,.

As DegPg. disassembles at higher temperatures (Krojer et al., 2008b), HtrAc in dif-
ferent oligomeric states were incubated for 1h at 55 °C. Whereas a mixture of 3- and
6-mers shows a slight increase in 3-mer volume fraction, the oligomeric form in void
volume (probably a 24-mer) precipitates partly and there is a disintegration to 6- and
12-mers detectable. Consequently, the smaller oligomeric states such as 3- and 6-mers

show a higher stability than higher-order oligomers.
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Figure 3.24: HtrAc; is active at high temperatures. a) Substrate cleavage at elevated
temperatures shows a maximum efficacy at 50 °C. HtrAc; has been activated in the
presence of f-casein. b) CD spectra of HtrAg, 6-mer at 25 °C (blue), 55 °C (black)
and 85 °C (red). At 25 °C, the secondary structure content exhibits 27 % [-sheet and
1 % a-helix. At 85 °C, the (-sheet fraction is diminished to 20 % but the protein is
still mostly folded. ¢) A temperature curve measured by CD reveals a Ty, at 72 °C.
d) Incubation of HtrA¢, 3-/6-mer mixture at 55 °C for 1h leads to a slow decay of
G-mers to 3-mers. e) A higher-order oligomeric form of HtrA¢, disintegrates to smaller
oligomers upon incubation at 55 °C.
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3.3.2.4 Crystallization of HtrAc,

First attempts to crystallize HtrA¢; stored in 20 mM Tris (pH 7.4), 150 mM NaCl
with commercial screening kits like Peglon™ and Index™ from Hampton Research
and Structure and PACT premier™ from Molecular Dimensions were not successful. A
buffer test with DLS shows the best spectrum at 50 mM sodium citrate (pH 5), 150 mM
NaCl and 5 mM TCEP (Fig. 3.25a). The change in storage buffer seems to stabilize
the oligomeric composition and thereby, facilitates crystal formation. With HtrA¢y in
acidic storage buffer over 30 initial crystal conditions could be identified. The most
promising ones were optimized (crystallisation conditions: 0.2 M magnesium formate
(pH 7) 18% PEG 3350; 0.2 M sodium formate (pH 8) 18% PEG 3350) (Fig. 3.25b) and
measured at the synchrotron. Unfortunately, none of these crystals diffracted X-ray
radiation. As various optimization attempts did not improve the crystal quality, other

HtrAg; variants were cloned, purified and tried to crystallize.

Figure 3.25: HtrAc; crystallizes when the protein is transferred into acidic storage
buffer. a) DLS spectrum of HtrA¢; in 50 mM sodium citrate (pH 5), 150 mM NaCl
and 5 mM TCEP. b) HtrAg; crystals grown in 0.2 M magnesium formate (pH 7) and
18% PEG 3350. ¢) HtrAg crystals grown in 0.2 M sodium formate (pH 8) and 18%
PEG 3350. d) HtrAg,° AN347 crystal grown in 0.1 M sodium citrate pH 5 and 2.5 M
sodium formate diffract to a resolution of ~ 3.5 A.

HtrAg " AN347, a proteolytic inactive variant (S247A) where the beginning of the N-
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terminus is deleted (starts at amino acid 35) forms diamond-shaped crystals in 0.1
M sodium citrate and 2.5 M sodium formate (Fig. 3.25d). The diffraction pattern
shows a resolution limit of ~ 3.5 A. Unfortunately, the data set seems to be twinned
and thereby, space group determination was difficult. Different attempts of molecular
replacement did not give a definite solution and thereby, it was not possible to solve

the three-dimensional structure of HtrAc.

3.3.2.56 SAXS

To gather structural informations about HtrAc;, SAXS data at increasing concentra-
tions with and without addition of peptl were collected (Fig. 3.26). The Rg of HtrAcy
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Figure 3.26: HtrA¢; underdoes structural changes in the presence of peptl. a) Scat-
tering curves of HtrA¢y with and without peptl differ significantly due to the different
compositions of oligomeric states in the particular sample. b) Scattering curves of
HtrAc:® with and without peptl behave similar to HtrAcy.

increases with higher concentrations (s. Tab. 4.2) similar to HtrAg, displaying the
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influence of intermolecular interactions between particles. Molecular mass determina-
tion via I(0) and PV differs significantly. Extrapolated I1(0) results in an averaged MW
of ~ 265 kDa whereas calculation via PV yields a MW of 421 kDa. These discrepan-
cies can be explained by the sample composition. Analysis by OLIGOMER (Konarev
et al., 2003) shows that HtrAq; is a mixture of 3-; 6- and 12-mer with preferences for
3-mers in lower concentration range (Tab. 3.15). These results fit the analytical SEC
data (Fig. 3.20c). As the MW calculation based on PV assumes a spherical particle,
the trimeric fraction impedes with the approximation. The oligomerization behavior
of HtrAc; seems to be concentration-dependent as with increasing protein amount the

proportions between 3-, 6- and 12-mers shift towards larger oligomers.

Table 3.15: Scattering curve analysis of HtrA¢, and HtrA with and without peptl
addition by PRIMUS (Konarev et al., 2003) yields Rg, Dmax and PV. The volume
fractions of 3-, 6- and 12-mer have been determined by OLIGOMER (Konarev et al.,
2003).

MWpy MWy, Oligomer
protein Rec Dmax PV (kDa) (kDa) 3-mer 6-mer 12-mer
HtrAc 5.86 1881 660 330 264.5 0.459  0.347  0.193
HtrAcy + peptl 6.18 18.18 1160 580 410.7 0.000 0463  0.537
HtrAc,° 6.79 20.02 963 482 381 0.484  0.000  0.561
HtrAc® + peptl 7.44 22.87 2200 1100 Y4 0.000 0.146  0.854

Interestingly, the addition of peptl had a huge impact on the scattering curve of HtrAg;
(Fig. 3.26). The radius of gyration and the PV increases and results from OLIGOMER
reveal a change in oligomer composition with a clear increase in 12-mer fraction. As a
result, the presence of peptl might promote higher-order oligomer assembly. The same
effect could be observed for HtrA¢? (Fig. 3.26b). The inactive variant consists of a
3-mer/12-mer mixture with a higher Rg than HtrAc;. The curve progression is similar
to HtrAc;. Addition of peptl changes scattering profile dramatically and also increases
R and PV. These findings do not match the HtrAg, results. For DegPg. (Merdanovic
et al., 2010) and DegQp, (Schubert et al., 2015), oligomerization in the presence of
peptides was described. As depicted in Fig. 4.5, DegQr,” at pH 7.5 shows similar
scattering curves as HtrA¢,. DegQrp,APDZ2 variant forms exclusively trimers with-
out the cage forming abilities and thereby, the scattering curve is a good example for
trimer assembly. The curve profile of DegQr, APDZ2 resembles DegQr,,” and HtrAg;,
indicating mainly 3-meric content. The DegQy,” scattering curve changes completely
upon peptide addition due to mainly 12-mer formation (s. Tab. 4.3) whereas the

DegQr,APDZ2 curve stays the same. As a conclusion, HtrA¢; behaves in SAXS more



3 Results 95

like DegQrp, than HtrAg,.

0.0 05 1.0 15 2.0

Figure 3.27: SAXS enables the identification of oligomeric state of HtrA proteins as the
scattering curves of 3-mer (black, DegQr,APDZ2), 6-mer (red, HtrAg,) and 12-mer
(blue, DegQrp,+peptl) show a distinct pattern.

SAXS measurements enable the identification of oligomeric forms of HtrA proteins by
scattering curve comparison. In Fig. 3.27 the curves of samples containing predom-
inantly 3-mer, 6-mer and 12-mer are depicted and they differ significantly from each
other. With these preliminary results, it is possible to immediately draw conclusions

about the oligomeric state of HtrA proteins by looking at the raw data.
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3.4 Interactions between major outer membrane
proteins (MOMPs) and HtrA

For DegPg. and HtrAc;, interactions with outer membrane S-barrels have been identi-
fied (Krojer et al., 2008a; Huston et al., 2011), indicating a potential in vivo substrate.
DegPg. stabilizes folded outer-membrane proteins (OMPs) (Krojer et al., 2008b) and
prevents accumulation of un- or misfolded OMPs in the periplasmic space by degrada-
tion (Ge et al., 2014). In HtrAc,, MOMP as a fusion protein with an MBP-tag induces
proteolytic activity (Huston et al., 2011) and the formation of higher-order oligomers.
These results suggest a general link between OMPs and HtrA which is further inves-
tigated for HtrAg,. As a positive control, the same experiments were also conducted
with HtrAc;.

3.4.1 Purification of MOMPs,-MBP

MOMPs are very hydrophobic molecules, therefore the solubility is an issue that has to
be considered during protein purification. As previously described for MOMP¢; (Hus-
ton et al., 2011), the attachment of a 43 kDa MBP-tag enables soluble protein synthesis.
Recombinant MOMPg,-MBP has been successfully produced in E. coli BL.21Gold cells
and resided in the supernatant. By affinity chromatography, a high yield of the target
protein could be obtained (Fig. 3.28a). SDS-PAGE analysis shows a double-band after
elution at around 70 kDa. A second purification step by anion exchange chromatogra-
phy separated these two proteins and the free MBP, and therefore lead to a successfull
protein extraction.

The MOMPg,-MBP fusion protein has a molecular weight of 72 kDa. Various attempts
to cleave MBP-tag by factor X were not successful as MOMPg, precipitates immedi-
ately. Thereby, the following experiments were carried out with the fusion protein. As
a control, all biochemical characterizations were also conducted with MBP alone.
Besides MOMPs,-MBP, the corresponding construct of Chlamydia trachomatis MOMP -
MBP (85 kDa) was successfully purified as previously described (Huston et al., 2011).
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Figure 3.28: Purification of MOMPg,-MBP. a) First purification step via MBP-affinity
chromatography yields high amounts of the target protein which occurs as a double-
band in SDS-PAGE analysis. b) By anion exchange chromatography, the double bands
and the free MBP are separated, increasing purity of MOMPg,-MBP. ¢) SDS-PAGE
results of the anion exchange chromatography of MOMPg,-MBP.

3.4.2 Biochemical characterization of interactions between
MOMP-MBP and HtrA

To investigate the influence of MOMP-MBP on the HtrA oligomerization state, ana-
lytical SEC experiments were conducted. MOMPg,-MBP and MOMP-MBP, both
eluted in the void volume of the column, indicating oligomerization or aggregation.
The incubation of MOMPg,-MBP with HtrAg, does not change this elution profile.
However, SDS-PAGE analysis reveals the co-existence of HtrAg, with MOMPg,-MBP
in the void volume of the column (Fig. 3.29a). The same was observed for HtrA¢; and
MOMP;-MBP. In this case, the HtrA; peak vanishes completely indicating oligomer-
ization into a higher-order oligomer which interacts with MOMP -MBP.

Both MBP-fusion proteins induce proteolytic activity of HtrA proteins to a similar

extend, releasing ~ 2 % of free AMC. Thus, the results match the reported ones for
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HtrAq, (Huston et al., 2011). For HtrAg, it could also be shown that it slowly degrades
MOMPg,-MBP (s. Fig. 3.29e). This result is controversial to findings for DegPg.
where only degradation of unfolded OMPs was observed. This put the folding state of
MOMP-MBPs into question. As both target proteins appear in the void volume, there
is a strong possibility that partly unfolded protein is linked to correctly folded MBP
leading to aggregation. CD spectra show a typical a-helical fold with minima at 209
and 220 nm (s. Fig. 3.29d) which is inconclusive as MOMPs form mainly S-barrels.

Thereby, the results are ambiguous.
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Figure 3.29: The presence of MOMP-MBP promotes oligomerization and proteolytic
activation of HtrA proteins. a) Incubation of MOMPg,-MBP and HtrAg, leads to
an accumulation of HtrAg, together with MOMPg,-MBP in the void volume as SDS-
PAGE analysis reveal. b) HtrAg; accumulates with MOMP¢-MBP in void volume
and HtrAq; peak disappears completely. ¢) Proteolytic activity of HtrAg, and HtrAc
is increased in the presence of MOMP-MBP. d) CD-Spectra of MOMPg,-MBP (blue),
MOMP¢;-MBP(red) and free MBP(black) reveal a typical a-helical fold with minima
at 220 and 209 nm. ¢) MOMPg,-MBP is degraded slowly by HtrAg,.
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3.4.3 Purification of MOMPs, and MOMP ¢,

Another approach was taken, purifying MOMPs without MBP-tag as membrane pro-
teins. For MOMP¢y, this was already done by a series of washing steps with follow-up
SEC and anion exchange chromatography (Wen et al., 2016). To simplify this pro-
tocol, MOMPs, and MOMP¢; constructs were cloned with N-terminal His-tag. Both
proteins were successfully produced in E. coli BL21Gold and the membrane was iso-
lated. Solubilization was done by 1% sarkosyl and 10 mM DTT. As sarkosyl is a very
harsh detergent which impedes with HtrA proteolytic activity, MOMPg, was eluted
with 0.2% DDM and MOMP¢; with 1% from the affinity column (Fig. 3.30). As both

protein preparations show a very low yield, only one purification step was performed.
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Figure 3.30: Purification of MOMPg, and MOMP¢; with N-terminal His-tag. Affin-
ity chromatography results of MOMPg, (a) and MOMP¢; (b). The elution buffer
contained 0.2% DDM or 1% OG, respectively.

3.4.4 Biochemical characterization of interactions between
MOMP-Hisg and HtrA

The difficulty in experiments with membrane proteins is the impact of detergents on the
performed method. The problem already starts at protein concentration determination,

as the detergent micelles interfere with UV /Vis spectroscopy and also with colorimetric
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Figure 3.31: MOMPs have an inhibitory effect on the proteolytic activity of HtrA pro-
teins. a) Impact of MOMPg, on proteolytic activity of HtrAg, in 0.1% DDM buffer.
MOMPyg, inhibits fluorogenic reporter cleavage significantly even in the presence of (-
casein. b) SDS-PAGE analysis of protease assay samples reveals that [-casein digestion
is hindered by MOMPyg, addition. ¢) MOMPyg, is stable for at least 6 h when exposed
to HtrAg,. e) MOMPg; inhibits proteolytic activity of HtrAc, in a concentration-
dependent manner. The assay buffer contains 1% OG. f) SDS-PAGE analysis of pro-
tease assay samples shows that (-casein digestion is slowed down due to MOMP ¢
addition.
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assay methods like Bradford or biuret reaction. Therefore, the determination of the
protein concentration could only be estimated by UV /Vis spectroscopic measurement
and evaluated by SDS-PAGE analysis.

Interestingly, MOMPgs, and MOMP¢; show a completely different behaviour than the
MBP-fusion proteins. Both have an inhibitory effect on proteolytic activity of HtrA
proteins (s. Fig. 3.31a,e). Even [-casein digestion is slowed down significantly (s. Fig.
3.31b,f) when both substrates are added. MOMP itself is not degraded (s. Fig. 3.31c)
by HtrA proteins matching DegPr, results (Ge et al., 2014).

To investigate the influence of MOMP on the oligomerization state of HtrA proteins,
native PAGE analysis was used because analytical SEC runs are disturbed by detergent
addition. Results suggest the formation of higher-order oligomers as the 6-mer band
of HtrAg, completely disappears (Fig. 3.31d) and many prominent bands in high
molecular range are detected.

Taken together, these preliminary results show that in vitro HtrAg, and HtrA¢; interact
with MOMPs in folded and probably unfolded state (MOMP-MBPs). Further analysis

is required to investigate the relevance of these results in vivo.
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4 Discussion

Protein-quality control prevents excessive protein aggregation in living cells by sophis-
ticated molecular mechanisms which ensure cellular survival under harsh conditions.
Key players in the ATP-independent quality control are members of the HtrA protein
family. Their unique architecture enables controlled proteolysis and chaperone-like
functions. Several prokaryotic HtrA proteins have been associated with infectious dis-
eases and consequently represent potential targets for antibacterial therapy.

HtrAc, has been identified as one virulence factor essential for bacterial survival (Gloeckl
et al., 2013) in C. trachomatis infections, the leading cause of preventable blindness
and the most commonly reported sexually transmitted disease (Rajeeve et al., 2018).
The rise of antibiotic resistance impedes conventional treatment and emphasizes the
demand for new antibacterial therapeutics (Mestrovic & Ljubin-sternak, 2018). Crystal
structures allow rational drug design and facilitate the development of new chemical
agents specifically targeting, e.g. the active site of proteases.

In this study, crystal structures for a close relative of HtrA¢, HtrAg, from S. negevensis
a potential new human pathogen associated with pneumonia and bronchiolitis (Vouga
et al., 2017) were determined and revealed a unique architecture among HtrA proteins.
Based on the structural data as a framework, new protein variants were designed and
subsequently characterized with the focus on oligomerization behavior and proteolytic

activity.

4.1 HtrAs, - a self-compartimentizing protease

Proteins from the prokaryotic HtrA family occur as homooligomers in solution. Ho-
mooligomerization is a mechanism to increase functional diversity in the cellular envi-
ronment without increasing the genome size. The transition between different oligomeric
states is a common process to regulate enzymatic activity which is also used by e.g.
caspases in apoptosis (Chang et al., 2003) or ATPases in transcription (De Carlo et al.,
2006).
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For HtrA proteins from E. coli a two-state model mechanism was proposed. The bind-
ing of misfolded proteins transforms proteolytic inactive hexamers into large proteolytic
active higher-oder oligomers (Krojer et al., 2008b). Results from this study show that
HtrAg, usually forms 6-mer in solution. In contrast to E. coli HtrA proteins, these
6-mers are not fully inactive. The HtrAg, 6-mers are able to cleave substrate at a basal
rate. Protein variants (HtrAg, 9?94, HtrAg,7™) which exclusively form 3-mers also
retain their ability for substrate cleavage. Consequently, higher-order oligomerization
of HtrAg, is not an absolute requisite for proteolytic activity.

The substrate cleavage efficacy of the HtrAg, 3- and 6-mer is quite low compared to
the cleavage rate of the HtrAg, 12-mer. The proteolytic activity of HtrAg, increases in
a concentration-dependent manner in the presence of unfolded protein substrates and
shows positive cooperativity. The protease-substrate ratio with the highest proteolytic
activity coincides with the complete reorganization from 6- to 12-mers.

Intriguingly, the molecular weight of the HtrAg, oligomers continuously increases with
rising substrate concentration until 12-mers are the most prevalent molecular species.
According to the two state model established for the E. coli HtrA proteins, we expected
the presence of two distinct states in SEC experiments (Krojer et al., 2008b). There are
two ways to interpret these results. Either the substrate binding is a stepwise process
which induces oligomerization at a critical concentration. Alternatively, an intermedi-
ate state assembles with a molecular weight of ~ 450 kDa (9-mer) and the SEC results
are based on a shift in the equilibrium between 6-, 9- and 12-mer. Experiments with
the HtrAg, 9%°°4 variant which is unable to form cages also show a continuous molec-
ular weight shift. This supports the theory of stepwise substrate binding. Thus, the
two state model established for the E. coli HtrA proteins also applies to HtrAg, with
little adjustments. Without external stress conditions, the HtrAg, 6-mer maintains
cellular survival by cleavage of unfolded or misfolded proteins at low concentrations. If
the amount of unfolded protein exceeds a critical concentration, oligomerization into
a more active 12-mer is required to remove the high amount of unfolded protein. It is
conceivable that the substrate binds with a higher affinity to the 12-meric state allow-
ing faster substrate cleavage.

In proteolytic-activity assays of HtrAg,, the cleavage rate of the fluorogenic substrate
could be drastically increased by the addition of unfolded proteins. Interestingly, there
are two different types of protease activators for HtrAg,. Substrates like [-casein in-
crease proteolytic activity and are rapidly degraded. On the other hand, unfolded
lysozyme also activates the proteolytic activity of HtrAg, but is not degraded to the
same extent. It acts as allosteric activator. The denaturation by addition of DTT
probably does not allow complete unfolding. For DegPg., there are similar results

published depending on the mode of denaturation. Carboxy-methylated lysozyme is
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cleaved efficiently (Kim et al., 2011) whereas denaturation of lysozyme with DTT leads
to a slow degradation process (Jomaa et al., 2007).

Previous studies investigated the allosteric activation of DegPg. by specifically engi-
neered peptides. These peptides can bind the PDZ1 binding site but the cleavage motif
was removed. Instead of an expected inhibitory effect, the proteolytic activity was in-
creased (Krojer et al., 2008a). DegQy, shows a similar behavior, as the presence of
peptl increases proteolytic activity (Schubert et al., 2015). In contrast, HtrAg, could
not be activated by peptl addition. An explanation for this phenomenon based on

structural data is described in section 4.1.1.

Based on the structural data, the catalytic center of the HtrAg, adopts an active (12-
mer) and an inactive conformation (6-mer). In the inactive state, accessibility of the
oxyanion hole and the S1 specificity pocket is not enabled. A cascade of conformational
changes in the L3, LD*, 1.2 and L1* loops leads to an activated proteolytic center. The
cross communication between monomers of one homotrimer is essential for proteolytic
activation and facilitates substrate binding by unblocking the neighboring monomer.
The L3 loop is in direct interaction distance to the PDZ1 binding pocket and the bound
substrate in the active site of one monomer and therefore, changes in these areas have
an impact on the position and conformation of the L3 loop. The changes in the L3
loop are sensed by the adjacent LD* loop which undergoes big conformational changes.
Interestingly, the LD loop conformation from DegPy. is identical in the inactive and
active state (Figaj et al., 2016) and is already oriented as in the HtrAg, active state.
Thereby, different structural reorganizations lead to the same outcome - an active
proteolytic center. This kind of allosteric activation cascade has been described for
other HtrA proteins (Wrase et al., 2011; Wilken et al., 2004; Krojer et al., 2010),
suggesting a general mechanism for activation. It is assumed that the cascade starts
with substrate binding to the PDZ1 domain as mutations in the PDZ1 binding pocket
leave the protease inactive (Schubert et al., 2015; Merdanovic et al., 2010; Krojer et al.,
2010). For DegPp,. it has been proposed that the bound substrate in one PDZ1 domain
could be cleaved by the protease domain of the same and the neighboring monomer
(hold-and-bite mechanism) (Krojer et al., 2008a). The shortest distance to the catalytic
center of the same protomer is with ~55A considerably longer than the distance to
the neighboring catalytic center (40 A) These distances could be bridged by peptides
with 16 to 12 residues, respectively, which is in accordance with the mean cleavage
product size of 13-15 residues of DegPp. (Krojer et al., 2008a). In the HtrAg, 12-mer,
the mechanism seems to be reversed as the distance between the PDZ1 domain and the
catalytic center of one monomer is with 42 A shorter than the distance to the adjacent

proteolytic center (60 A).
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4.1.1 The importance of the PDZ2-PDZ1* interface in

oligomer stabilization of HtrA proteins

In solution, HtrAg, forms exceptional stable 6-mers which are not influenced by pH or
temperature changes in contrast to DegPp. (Krojer et al., 2008b) and DegQyr (Wrase
et al., 2011). This study reveals that one reason for this stability are extensive PDZ2-
domain interactions between the opposite trimers. The PDZ2 domains of one trimer
interact with the opposite site protease®, PDZ1* and PDZ2* domains which is the
first time that these contacts are described for prokaryotic HtrA 6-mers. Two PDZ2*
domains of the adjacent trimer enclose one PDZ2 domain in a zipper-like fashion.
Thus, a tightly interconnected cage is formed that is fundamentally different from the
DegPp. 6-mer (Krojer et al., 2002) where PDZ1-domain and LA-loop interactions are
the main stabilizers for the structural integrity of 6-mers. In the HtrAg, 6-mer, the
PDZ2 domains form a hydrophobic interface with the PDZ1* domains of the opposite
monomer in a pairwise manner. Based on the structural data, the interactions in this
interface were analyzed and together with a sequence alignment, a highly conserved
residue Q290 was identified. Q290 forms a hydrogen bond to the backbone amide
of FA7T* from the opposite trimer. Mutational analysis of both residues reveals two
protein variants which are unable to form cages. This highlights the importance of the
PDZ2-PDZ1* interface for 6-mer stability. Interestingly, the same interface is found in
HtrAg, 12-mer and also in DegPg. 12- and 24-mer (Krojer et al., 2008b; Jiang et al.,
2008). This indicates that not only G-mer stability but also higher-order oligomer
stability is achieved by this PDZ2-PDZ1* interface. In DegPy., the formation of this
interface was attributed to stabilization effects (Kim et al., 2011; Krojer et al., 2010)
and to an increase in substrate binding affinity (Kim & Sauer, 2012) in higher-order
oligomers. Similar to HtrAs,, Degg. variants with mutations in the PDZ1-PDZ2*
interface assemble exclusively as 3-mers. For these mutants the substrate affinity was
significantly lower than for the wildtype enzyme but could be increased in the presence
of isolated PDZ2 domains. The authors concluded that substrate binding affinity is
increased by the interaction of the PDZ1 with the PDZ2* domain of the adjacent
trimer. As in HtrAg, the interface stays the same for 6- and 12-mer it is unlikely that
these interactions increase substrate affinity. Interestingly, the position of the PDZ2
in respect to the PDZ1 domain of the same monomer changes dramatically from 6- to
12-mer. In the HtrA 6-mer, the PDZ2 domain of one monomer does not interact with
other domains of this monomer due to the long linker between the PDZ1 and PDZ2
domain. However, in the HtrAg, 12-mer the PDZ2 domain can contact the protease

domain of the same monomer. Consequently, it is tempting to speculate that substrate
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bound in the PDZ1 and the protease domain interacts directly with the PDZ2 domain.
As a result, the changes in the orientation of the PDZ2 domain could increase substrate
affinity similar to the DegPg. 12-mer by a different mechanism.

Another interesting aspect of the stabilizing PDZ2-PDZ1* interface is the question
what happens during the process of oligomerization. The current model for DegPg.
suggests a transient disassembly into trimers after substrate binding which subsequently
assembles into higher-order oligomers. For the DegPg. 12-mer it was reported that the
cage integrity is maintained as long as uncleaved substrate is available (Kim et al.,
2011). Consequently, disassembly is not necessary for substrate entry into the cage.
Due to the high stability of the HtrAg, 6-mer even at harsh conditions, a high amount
of energy is required to destabilize this assembly. Thus, it seems highly unlikely that
this assembly disintegrates upon substrate binding. Based on these results, a working

model of oligomerization is proposed (Fig. 4.1).

substrate 6-mer
6-mer 6-mer dissociation
into trimers

3-mer

Figure 4.1: Model for HtrAg, oligomerization. Inactive 6-mers form stable PDZ1-
PDZ2*/PDZ2-PDZ1* interfaces with the opposite monomer. Substrate binds to the
PDZ1 domain of one monomer inducing a shift in the PDZ2* domain’s position. The
PDZ2* domain of the opposite monomer now stabilizes the bound substrate. As a
result, the PDZ2-PDZ1* interface is disrupted and the 6-mer engages in a more open
conformation. Stepwise substrate binding destabilizes the 6-mer by further disinte-
grations of PDZ2-PDZ1* interfaces which at a critical concentration either promotes
further cage opening or trimer dissociation and a subsequent assembly into 12-mers.
(protease domain - green, PDZ1 - orange, PDZ2 - blue)

HtrAg, forms a stable compact 6-mers in solution with extensive PDZ2 interactions to
the opposite site trimer. In the presence of substrate with a sufficient length to bind in
the PDZ1 and protease domain simultaneously, the PDZ2 domain swings in to interact
directly with the substrate like a hatch. This additionally fixes the substrate in its
position and thereby increases substrate binding affinity. The PDZ1-PDZ2* interface
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of the two monomers remains stable whereas the PDZ2-PDZ1* interface is disrupted
by the movement of the PDZ2 domain towards the bound substrate. This opening
of the 6-mer cage allows facilitated substrate entry but its structural integrity is still
intact as one of the two PDZ interfaces persists. It is tempting to speculate that during
the entire oligomerization process at least one PDZ2-PDZ1* interface stays intact and
prevents a complete 6-mer disassembly. The released PDZ1* domain is now able to
bind substrate, recruit another trimer and generate a new PDZ1-PDZ2* interface and
the HtrAg, 6-mer assembles into a 12-mer. An important requisite for this theory is
the length of the substrate. To induce the conformational change in the PDZ2 domain,
interactions between substrate and the PDZ2 domain are required. S-casein with a
molecular weight of 25 kDa could bind in the proteolytic center and the PDZ1 domain
simultaneously, leading to interactions with the PDZ2 domain. The heptapeptide peptl
on the other hand is also able to bind in the PDZ1 and protease domain but without a
covalent linkage region which can interact with the PDZ2 domain. As a result, S-casein
induces oligomerization in the HtrAg, 6-mer whereas peptl does not. Interestingly, in
DegPp. (Merdanovic et al., 2010) and DegQy, (Schubert et al., 2015), the heptapeptide
operates as an allosteric activator for proteolytic activity and oligomerization as in
DegPg. 6-mer the PDZ2 domain is in close contact to the protease and PDZ1 domain
and can sense even short substrates. The positioning of the PDZ2 domain in respect
to the PDZ1 domain is dependent on the loop length between both domains. Different
studies for DegPg. show that deletion of this linker region leads to exclusively 12-
mer assembly whereas a prolonged linker supports 6-mer formation (Iwanczyk et al.,
2007; Kim & Sauer, 2012). The DegPg. 6-mer variants with prolonged linker between
the PDZ1 and PDZ2 domain do not oligomerize in the presence of peptides similar to
HtrAg,. Consequently, the linker length and the resulting position of the PDZ2 domain
determines the oligomeric state. HtrAg, (residues: 374-387) and DegPp. (residues:
357-364) (Iwanczyk et al., 2007) have a similar loop length. Thus, both HtrA proteins
appear mainly as 6-mers. In Deg(Q from Legionella, there is an additional a-helix
between the PDZ1 and PDZ2 domain which shortens the loop region dramatically.
Thereby no hexameric assembly was observed (Wrase et al., 2011; Schubert et al.,
2015). Based on the structural data, R151 of the LC loop (harboring the active site
aspartate D153) is in close interaction distance to Y377 of the linker region between
the PDZ1 and PDZ2 domain in HtrAg, (Fig. 4.2). Consequently, changes in the PDZ
domain position have a direct impact on the proteolytic center not only via L3 loop
interactions but also by the LC loop. Corroborating this statement, replacement of
the equivalent residue of R151 in HtrA¢, (K160) with valine led to reduced proteolytic
activity (Marsh et al., 2013).
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Figure 4.2: In the HtrAg, 6-mer, the linker region between the PDZ1 and PDZ2 domain
(orange) is in close contact (Y377) to the R151 of the LC loop (blue). Thus, changes
in the linker region directly effect the active site of the protease domain. The L3 loop
is shown in pink.

4.1.2 The importance of the regulatory LA-loop in HtrAg,

Previous studies have shown the importance of the regulatory LA loop as a stabilizer for
the proteolytic inactive DegPr, 6-mer by interactions with the L1* and L2* loop of the
opposite site trimer. The LA loops form pillar-like structures by extensive interactions
with each other which protrude in the active site of the adjacent trimer (Krojer et al.,
2002). However, structural information of major parts of the loop are not provided by
the available crystal structures of HtrA proteins. A theoretical model for the DegPg.
LA loop has been proposed and supported by mutational analysis (Figaj et al., 2014).
This model enables the identification of important residues which interact with the LA
loop. Hydrophobic interactions between the LA loop of one monomer with the L1*
loop of the opposite monomer are thought to be critical for maintaining the proteolytic
inactive conformation (Figaj et al., 2014). As the LA loop sequence alignment shows
only a few preserved amino acids between chlamydial HtrA proteins and DegPg. (s.
Fig. 4.4) the relevance of the generated model for HtrAg, is questionable.

Interestingly, short protein sequences belonging to the LA loop were identified in the
HtrAg, 6-mer crystal structure. The beginning and end of the loop point in the di-
rection of the catalytic center of the same protomer and are stabilized by interactions
with the PDZ2* domain of the opposite trimer. These contacts might provide struc-

ture integrity of the 6-mer by cross communication between trimers and simultaneously
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regulate proteolytic activity as the LA loop is thought to operate as inhibitory loop
(Figaj et al., 2014). The LA loop of HtrAg, is reduced in length in contrast to DegPg,.
Thus, it is conceivable that the LA-PDZ2*-interactions perform the same task of 6-mer
stabilization as the pillar-like LA-LA* loop interactions in DegPp..

In contrast to the DegPp. 6-mer, the LA loop in the HtrAg, 6-mer reaches into the
proteolytic center of the same monomer. It is tempting to speculate that the LA loops
of one trimer interact with each other and stabilize the trimeric assembly. Interestingly,
the role of the regulatory LA loop differs in the HtrA protein family. The deletion of
the LA loop leads in the DegPg. 6-mer to mainly monomer and trimer assembly (Jo-
maa et al., 2007) whereas the DegQrs 12-mer still assembles predominantly as 12-mer
with low percentage of trimers and monomers (Wrase et al., 2011). HtrAg,~** was
not possible to purify which might be due to a hyperactive protease or misfolding of

the protein.

Another short sequence of the LA loop was identified in the HtrAg, 6-mer which is in
interaction distance to F218 of the L3 loop. Replacement of F'218 by alanine and tyro-
sine destabilizes the 6-meric state and readily assembles into 12-mers at low substrate
concentrations. This reveals that besides the interactions to the L1 and L2 loop also
the regulatory L3 loop is in contact to the inhibitory LA loop which has an impact
on the oligomerization behavior of HtrAg,. Interestingly, the facilitated assembly of
higher-order oligomers is not accompanied by an increase in proteolytic activity. As
F218 is a highly conserved residue, alterations might disturb the tightly regulated al-
losteric activation cascade and lead to reduced substrate cleavage. This is the first time

that structural evidence of interactions between the LA and the L3 loop are reported.

4.1.3 HtrAg, reveals a unique architecture

Proteolytic activity for protein-quality control has to be balanced to maintain cellu-
lar fitness during stress situations (oxidative stress, inflammation, protein aggregation,
metabolic stress, etc.). Whereas E. coli developed an elaborated system to avoid aggre-
gation of un- or misfolded proteins that involves three members of the HtrA family in
chlamydial species just one HtrA protein is present. Consequently, Chlamydiae evolved
other regulatory mechanisms to ensure cell viability.

HtrAg, reveals a unique architecture for the 6- and 12-mers despite the high amino
acid sequence homology to other HtrA proteins. It is the second prokaryotic 6-meric
crystal structure in the RCSB Protein Data Bank (Berman et al., 2000) with two PDZ
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domains and differs significantly from the DegPg, 6-mer. The HtrAg, 6-mer forms a
highly symmetric condensed spherical particle which is mainly stabilized by PDZ2 do-
main interactions. Small apertures near the catalytic center might allow limited entry
of unfolded protein substrate. The DegPg. 6-mer is less compact with big lateral pores
and shows other stabilizing mechanisms via PDZ1 domain and LA loop interactions.
Experiments at elevated temperatures reveal the stability of the HtrAg, 6-mer which
in contrast to the DegPg. 6-mer does not dissociate into trimers at 42 °C (Krojer et al.,
2008b).

Cage assembly seems to protect cells from excessive or inappropriate proteolysis (Kim
& Sauer, 2012) and simultaneously shields them from misfolded proteins by encapsu-
lation. An increase in protein aggregates is accompanied by the formation of larger
cages like 12- or 24-mers. The cage architecture is determined by the orientation of the
PDZ2 domains of the HtrA proteins. As the position of the PDZ2 domains varies in
all three analyzed HtrA proteins from S. negevensis, E. coli and L. fallonii, the 12-mer
structures show a surprising diversity.

The HtrAg, 12-mer preserves the stabilizing PDZ1-PDZ2* interface of the HtrAg, 6-
mer but instead of a zipper-like arrangement, the PDZ2 domains form a unique trimeric
funnel-like interface. This emargination might present a niche for interactions with un-
folded substrate or a docking station for protein-membrane attachment. This inward
orientation of the PDZ2 domain arises by the change in position towards the protease
domain and decreases the inner cave size in comparison to e.g. DegQrs. Therefore,
close interactions between adjacent trimers are possible but this also limits the amount
of encapsulated substrate.

The conformational changes in the L3 loop between 6- and 12-mer state leads to an
increase in pore size which facilitates substrate entry. This phenomenon is observed
for all 12-mer structures.

Although the overall function for prokaryotic HtrA proteins is quite similar, different
mechanisms have been adopted to achieve the same outcome. For example, exten-
sive LA loop interactions between both trimers stabilize the DegPg. 6-mer whereas
in HtrAg, the LA loop is reduced in length and contacts the PDZ2* domain of the
opposite trimer and has thereby a stabilization effect. Also, the LD loop in HtrAg,
undergoes a conformational change between the active and inactive state whereas in
DegPg. the loop is already in an active conformation and the proteolytic inactivity is
maintained by other mechanisms. Consequently, every species developed a perfectly

adapted protein quality control system dependent on their particular environment.
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4.1.4 HtrAc; - a virulence factor with many faces

HtrAc, an essential virulence factor required for C. trachomatis chlamydial survival in
cells (Gloeckl et al., 2013) is a promising target for antibacterial therapeutics. Secretion
into the host cell cytoplasm was reported (Wu et al., 2011) but its cellular targets and
virulence mechanism are still under investigation. As there are no crystal structures
available for HtrAc, DegPp. with a sequence identity of 40 % is used as a model
protein. Recent studies show that members of the HtrA protein family do not conform
in all aspects to the E. coli DegP model (Marsh et al., 2017). The results of this study
reveal with HtrAg, a close relative to HtrAc; (sequence identity of 54 %) which may

represent a more suited model protein for chlamydial HtrAs.

As described in previous studies, HtrAq, is a serine protease (Huston et al., 2007)
which shows the same AAC (Huston et al., 2011) as other HtrA proteins. In contrast
to HtrAg,, the basal proteolytic activity of HtrAc; is almost negligible and even at
high concentration of the fluorogenic reporter peptide which was used for the func-
tional protein assay, the cleavage rate is low in the absence of activators. The presence
of unfolded proteins induces proteolytic activity of HtrAc:;. As described for other
prokaryotic HtrA proteins (Pallen & Ponting, 1997), (-casein is an effective activator
for proteolytic activity of HtrAg;. BSA and lysozyme in denatured state also pro-
mote proteolytic activity. Similar to HtrAg,, S-casein and unfolded BSA are degraded
rapidly whereas for reduced lysozyme only very slow degradation is detectable. Con-
sequently, the same mode of function as for HtrAg, is assumed. More precisely, the
unfolded C-terminus of the substrate binds in the PDZ1 domain of HtrAg, to induce
the AAC and subsequently, to enables proteolytic activity. Cleavage site accessibility
is dependent on the unfolded state of the substrate and thereby, degradation efficacy

varies.

HrtAc, occurs in different oligomeric forms (3-, 6-, 12-mer and higher-order oligomers)
dependent on buffer conditions, concentration and age of the sample. This complicates
experiments as dependent on oligomer assembly the protein behaves in different ways.
For example, a protein sample consisting of mainly 6-mer assembly is not affected by
the presence of peptl (Fig. 3.23) whereas SAXS data reveal that HtrAc; and HtrAc,"
3-mers form 12-mers in the presence of peptl similar to DegQy, (Schubert et al., 2015).
It is conceivable that the 6-mer state resembles the HtrAg, 6-mer and therefore needs
larger substrates to oligomerize such as (-casein whereas the trimeric assembly pro-
motes oligomerization even for short substrates. In HtrAc; 3-mers, the proteolytic

active sites are exposed and might degrade proteins excessively when activated by sub-



4 Discussion 113

strate binding. To regulate the proteolytic activity, 3-mers readily oligomerize into
12-mer cages with protease domains at the inner wall of the cage and limited substrate
entry.

Based on SAXS data, an interesting phenomenon for HtrA¢; was discovered. The pro-
portions of different oligomeric forms are concentration-dependent. Whereas HtrAc;
3-mers dominate at low protein amounts, higher concentrations lead to mainly 6- and
12-mer assembly. During stress conditions, the HtrAc; level increases in cells (Huston
et al., 2008) which shifts the equilibrium towards cage assembly which might in turn
facilitate unfolded substrate cleavage. For DegPg. it was shown that an increase in
protein concentration subsequently boosts proteolytic activity even when inactive vari-
ants are added (Jiang et al., 2008).

For HtrAg, and DegPg., it was shown that oligomerization is a transient process (Kro-
jer et al., 2008b) which is reversed when substrate is depleted. The presence of §-casein
induces higher-order oligomerization in HtrAc; which immediately starts degrading (-
casein. After a few hours, there is no full length S-casein left but the oligomerization
state of HtrAc; is unchanged. Even after two days of incubation time, there is no
reorganization into 6- or 3-mers visible. SDS-PAGE analysis reveals degradation by-
products which obviously are not degraded by HtrAc;. Thus, HtrAc; might not fully
degrade unfolded protein substrates preventing higher-order oligomer disassembly or
the higher-order oligomeric states are more stable under the tested conditions. The
latter was observed for DegQps which show mainly 12-mer assembly in solution at phys-
iological pH independent of substrate presence which implies a biological function for

the higher-order oligomer (Wrase et al., 2011).

Based on these results, a working model is proposed which may explain the function
and regulation of HtrAc;. In the absence of substrates, HtrA¢; forms 3- and 6-mers
in a concentration-dependent manner. Upon substrate binding or a further increase
in protein concentration, 3-mer and 6-mer oligomerize into higher-order cages. This
process is accompanied by a dramatic increase in proteolytic activity. The active
12-mers and 24-mers are stable and do not disassemble into smaller oligomers. The
proteolytic activity is controlled by the accessibility of unfolded substrates. When
there is no substrate available it is tempting to speculate that the cage-like particles
slowly degrades themselves by autoproteolysis. A similar behavior has been reported
for DegPg. (Jomaa et al., 2009).

Taken together, HtrAc; on the one hand combines features from HtrAg, in 6-mer
state, DegQ from Legionella in 3- and 12-mer state and on the other hand shows

unique properties which are not observed in other HtrA proteins such as concentration-
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dependent oligomerization.

4.2 Interactions between chlamydial HtrA proteins
and MOMPs

For various members of the HtrA protein family interactions with membrane proteins
have been reported. For DegPg., a role in OMP biogenesis is proposed, as there are
Cryo-EM structures revealing a 24-mer cage with an encapsulated folded OMP which is
not degraded (Krojer et al., 2008b). The folded fusion protein MBP-MOMP, promotes
proteolytic activity of HtrAcy and thereby indicates a potential in vivo substrate (Hus-
ton et al., 2011). In this study, the interactions of HtrAg, and HtrAg, with MOMPg,
and MOMP¢, respectively, have been analyzed to investigate if there is a general link
between HtrA proteins and outer membrane proteins in prokaryotic species and to gain

new insights into the interaction between both protein families.

For HtrAcy, MBP fusion proteins were used to obtain soluble MOMP proteins which
demonstrably function as an proteolytic activator of HtrAc, (Huston et al., 2011). This
results could be reproduced in this study and the same activation effect was seen for
HtrAgs, and MBP-MOMPg,. The fusion proteins were slowly degraded by HtrA pro-
teases which implies a potential in vivo substrate. These results are regarded controver-
sially, as these effects are expected for mis- or unfolded proteins. Both fusion proteins
elute in the void volume of the SEC column suggesting protein aggregation. Protein
aggregation due to mis- or unfolding is a common problem when purifying membrane
proteins with the MBP-tag. As there was no validation method to doubtlessly prove
that the MBP-MOMPs are correctly folded, the same experiments were conducted with
MOMPs without tag, solubilized by detergent micelles.

Interestingly, MOMPg, and MOMP¢; exhibit the opposite effect and inhibit proteolytic
activity of HtrA proteins. A similar behavior has been observed for DegPg. and the
lipoprotein Lpp (Kim & Sauer, 2014). It is conceivable that the hydrophobic surface of
the membrane protein leads to encapsulation by HtrA proteins and blocks the prote-
olytic sites for other substrates. The folded state of MOMP prevents the protein from
degradation. HtrA proteins bind membranes (Shen et al., 2009) which might indicate
a transporter role to the outer membrane. As the exact interaction mechanisms are
still unclear it is also possible, that HtrAg, c; is attached to the outer membrane via
interactions with MOMP and kept in a proteolytic inactive state until a stress response

is required.
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These preliminary results reveal new interesting aspects of the function of the HtrA

protein family which could be addressed in future experiments.

4.3 Concluding remarks and future perspectives

The structural and biochemical data provided in this study reveal further insights into
the variety of HtrA proteins. The HtrAg, 6- and 12-mer crystal structures are the
first models for chlamydial HtrA proteins. The unique architecture shed new light on
the role of the PDZ2 domain in oligomer stabilization as its interface with the PDZ1*
domain of a neighboring monomer is already found in 6-mers and not only in higher-
order oligomers. Important interactions in this interface have been revealed which are
presumably relevant for other family members, too.

Although in recent years many questions concerning HtrA proteins have been answered
certain aspect of their molecular architecture and function are still not well understood.
The exact mechanism of oligomerization and also of the proposed chaperone-like func-
tion of HtrA proteins still awaits characterization. The diversity of structural features
which in most cases lead to the same functions are astonishing and indicate a perfect
adaption of each specimen to the particular environment. As a result, several inhibitors
of bacterial HtrAs which have been shown to be effective against one protease are sub-
optimal against other homologs. This makes these proteins very interesting targets for

various therapeutic approaches.
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Figure 4.3: Oligomerization studies of F218A and F218Y show the disposition to form
higher-order oligomers at lower substrate levels than wild type and at different pH.
a)Percentage of oligomeric forms of HtrAg, wild type, F218A and F218Y when f-
casein is added in equimolar amounts (1+1) determined by SEC result analysis. At
distinct elution volumes for 6-mer, 12-mer and 24-mer, respectively, the absorbance
(mAU at 280 nm) was correlated to the amount of the corresponding oligomeric form.
Wild type HtrAs, shows mainly hexameric form with just ~ 15 % 12-mer whereas
F218A is mainly 12-meric with approximately same amount of 6- and 24-mer. For
F218Y, 6-mer and 12-mer are present in almost equal amounts.b) pH sensitivity of
F218Y. SEC results show that F218Y forms predominantly 6-mers at pH 8 whereas in
acidic milieu it assembles mainly as 12-mer.
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acid sequence alignment of HtrAg, with DegP and DegQ from FE.
coli, HtrA from C. trachomatis and C. pneumoniae and DegQ from L. fallonit and
L. pneumophila. Highly conserved amino acid residues are displayed in bold letters.
The catalytic triade is emphasized by a black background. The secondary structure
elements of HtrAg, were determined by DSSP Kabsch & Sander (1983); Touw et al.
(2015) and is shown above the sequence.



Table 4.1: HtrAg, SAXS sample data analysis by PRIMUS and OLIGOMER. For every scattering curve PRIMUS calculates the
Guinier radius (Rg), Dpax and Porod volume whereas OLIGOMER tries to estimate the volume fractions of a multicomponent
protein mixture based on crystal structures. The quality of fit is given by x?, which is 1 for a perfect match(Konarev et al., 2003).

¢ Re Dnax PV I(0) MW (kDa) data Oligomer
(mg/mL) (nm) (nm) PV 1(0) quality (%) 3-mer 6-mer 12-mer )?

HtrAs,” (Tris 8)

1 0.32 4.74 14.95 592 0.045 296 180 90 0.00 0.96 0.04 0.76

2 097 4.78 14.39 613 0.19 307 251 86 0.10 0.72 0.18 3.32

3 1.51 4.85 14.57 629 0.3 315 254 68 0.17 0.72 0.11

4 1.65 4.84 14.48 633 0.34 316 264 69 0.17 0.72 0.11 7.00

5 2.00 4.88 14.44 645 0.44 322 282 68 0.16 0.73 0.12 7.18
4.82 14.57 622 311 246 0.12 0.77 0.11 12.57

HtrAg,” (NaAc 4.5)

1 1.14 0.2 15.45 817 0.28 409 314 92 0.00 0.79 0.22 12.33

2 204 2.2 15.5 848 0.48 424 301 90 0.00 0.75 0.25 13.34
5.2 15.48 833 416 308 0.00 0.77 0.23

HtI‘ASn

1 0.28 5.08 15.20 702 49440 351 254 93 0.07 0.72 0.21 4.53

2 0.59 5.22 16.50 733 107600 367 263 77 0.06 0.72 0.23 16.03

3 1.25 2.35 16.70 765 230600 383 266 70 0.02 0.73 0.24 32.67

4 3.00 5.49 16.43 792 569200 396 273 60 0.00 0.73 0.27 34.40
5.29 16.21 748 374 264 0.04 0.73 0.24

HtrAg, + peptl

1 0.28 5.08 16.14 702 44460 351 229 96 0.06 0.73 0.21 3.34

2 059 5.24 16.39 742 101900 371 249 89 0.04 0.72 0.24 11.28

3 1.25 5.36 16.2 762 214300 381 247 60 0.01 0.72 0.27 41.16

xipuaddy

61T



c Rg Dnax PV I(0) MW (kDa) data Oligomer
(mg/mL) (nm) (nm) PV I(0) quality (%) 3-mer 6-mer 12-mer x?
5.23 16.24 735 368 241 0.04 0.72 0.24
HtrAg, 12-mer
1 0.52 6.29 17.56 1490 0.15 745 369 83 0.00 0.16 0.84 2.81
2 1.18 6.40 18.80 1480 0.33 740 358 81 0.00 0.24 0.77 9.90
3 2.25 6.19 17.50 1450 0.71 725 404 73 0.00 0.32 0.68 36.17
4 4.30 6.23 18.50 1600 1.46 800 435 78 0.00 0.44 0.56 47.45
6.28 18.09 1505 753 391 0.00 0.29 0.71

0cT

xipuaddyy
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Figure 4.5: DegQr,, undergoes conformational changes when peptl is added. a) Scat-
tering curve of DegQy,™ measurd by SAXS with and without pept1 differ significantly
due to different amounts of oligomeric states. DegQq,” forms mainly 3-mers. The
addition of peptl leads to 12-mer assembly. b) DegQp,APDZ2 only occurs as 3-mer.
Addition of peptl does not change scattering curve, no oligomerization is induced.
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Table 4.2: HtrAq; SAXS sample data analysis by PRIMUS and OLIGOMER. For every scattering curve PRIMUS calculates the
Guinier radius (Rg), Dmax and Porod volume whereas OLIGOMER tries to estimate the volume fractions of a multicomponent
protein mixture based on crystal structures. The quality of fit is given by x?, which is 1 for a perfect match(Konarev et al., 2003).

c Re Dpax PV I(0) MW (kDa) data Oligomer

(mg/mL) (nm) (nm) PV  I(0) quality (%) 3-mer 6-mer 12-mer yx?
HtI‘ACt
1 0.39 2.66 18.69 675 10480 338 187 85 0375 0363  0.272 3.32
2 0.81 6.10 18.86 735 26510 368 229 86 0.289 0454  0.257 96.76
3 1.69 6.60  20.63 898  T4720 449 307 88 0.204 0401  0.395 136.95
4 3.62 7.26 2349 1060 174000 530 335 7 0.162  0.300  0.538 158.70
merge .86 18.81 660 330 89 0.459  0.347  0.193 14.66
HtrAci+peptl
2.1 0.65 6.24 18.50 1180 25940 590 280 89 0.000  0.239 0.761 12.33
3.1 1.35 6.70  20.42 1560 84930 780 437 74 0.000  0.127  0.873 109.54
4.1 2.89 7.35  25.78 1960 214100 980 515 82 0.000  0.107  0.893 639.00
merge 6.18 18.18 1160 580 91 0.000 0.463  0.537 25.48
HtI‘ACtO
1 0.29 6.69 18.73 935 0.06 468 278 91 0.430  0.000  0.570 1.99
2 0.55 6.90 19.81 987 0.11 494 256 89 0.407  0.000  0.593 2.71
3 1.03 738 2318 1130 0.27 o065 337 86 0.403  0.000  0.597 8.76
4 1.13 7.70 2541 1190 0.36 595 408 81 0.396  0.000  0.604 12.79
D 1.74 7.96 2545 1300 0.61 650 449 76 0.391  0.000  0.609 18.54
6 2.51 730 22.05 1240 0.84 620 428 89 0.150  0.348  0.502 27.31
7 4.29 837  26.88 1490 1.71 745 511 82 0.066  0.465  0.469 6.72
merge 6.79  20.02 963 482 90 0.484  0.000 0.561 4.81
HtrAc:°+10x peptl

2.44 7.44 2287 2200 1.10 1100 577 70 0.000 0.146  0.854 69.37




Table 4.3: DegQr, SAXS sample data analysis by PRIMUS and OLIGOMER. For every scattering curve PRIMUS calculates the
Guinier radius (Rg), Dmax and Porod volume whereas OLIGOMER tries to estimate the volume fractions of a multicomponent protein
mixture based on crystal structures. The quality of fit is given by x?, which is 1 for a perfect match(Konarev et al. (2003)).

c Rg Dunax PV I(0) MW (kDa) data Oligomer

(mg/mL) (nm) (nm) PV I(0) quality (%) 3-mer 6-mer 12-mer )2
DegQr, APDZ2
1 0.20 3.72 10.53 197 21590 98 155 84
2 0.45 3.85 12.43 203 45160 101 144 91
3 0.60 3.80 11.53 205 67110 103 161 90
4 0.97 3.88 12.55 210 111900 105 166 88
merge 3.86 13.26 207 104 92
DegQr,APDZ2+peptl
1 0.13 3.77 12.27 195 25530 98 283 88
2 0.35 3.78 11.32 200 51930 100 214 88
3 1.01 4.04 1426 221 136300 111 195 79
merge 3.75 11.67 204 102 89
DegQrp,” (50 mM Hepes 7.5. 500 mM NaCl)
1 0.35 5.05 14.34 408 33260 204 137 85 0.674  0.241  0.085 3.290
2 0.63 6.03 20.06 513 89890 256 205 79 0.543  0.280  0.178 13.510
3 0.91 6.54 22.80 603 157700 301 249 7 0.433  0.318  0.248 34.700
4 1.20 6.97  25.00 696 234400 348 282 74 0.338  0.354  0.308 53.070
DegQrp,”+peptl (50 mM Hepes 7.5. 500 mM NaCl)
1 0.33 5.63 17.27 573 45980 286 204 90 0.381  0.300  0.320 2.930
2 0.59 .88 17.70 734 119000 367 290 91 0.108  0.385  0.508 7.710
3 0.85 6.00 19.25 810 194400 405 329 88 0.000 0417  0.583 16.120

xipuaddy
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