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Resumo

As proteinas “moonlight” exercem multiplas funcbes e estdo presentes em
diferentes organismos. Estas proteinas estdo presentes em bactérias comensais e
patogénicas, potencialmente contribuindo para a viruléncia das ultimas. O sistema do
complemento é fundamental para impedir a infecdao e disseminagao bacteriana, porém
ha bactérias que apresentam mecanismos de evasao ao sistema imunitdrio, escapando
aos efeitos bactericidas do soro. Rickettsia é um género de bactérias intracelulares
obrigatdrias transmitidas por vetores artrépodes, causando doencas ligeiras a
potencialmente fatais. Atualmente ha uma preocupacado crescente com as rickettsioses
e o0 seu impacto na saude mundial devido a emergéncia e reemergéncia destes
patdégenos, aumento da distribuicio geogrdfica dos seus vetores e ao aumento
exponencial da resisténcia a antibiéticos. Deste modo, é crucial encontrar outros alvos
para tratar as rickettsioses. Um potencial alvo é a protease aspartica APRc, um
homodlogo das retropepsinas altamente conservado em Rickettsia. A APRc modula
fatores de viruléncia da superficie de Rickettsia, liga imunoglobulinas do soro, medeia a
evasdo ao sistema imunitdrio e resultados preliminares demonstram que a APRc
apresenta substratos no soro humano, sugerindo que esta protease possui atividade
“moonlight”. Ao longo deste trabalho demonstramos que a APRc liga a diferentes
isoformas de IgG dependente da concentrac¢do, ligando preferencialmente a IgG1 e
IgG3. Também foi demonstrado que a APRc liga as cadeias leves de anticorpos, ligando
preferencialmente a cadeia leve k e formando complexos APRc-k. Mais ainda,
mostramos que a APRc liga a C3, C4 e C4BP e origina produtos proteoliticos destas
proteinas. A presenca de IgG aumenta ligeiramente a interagcdo com C4. A degradacgao
proteolitica do C3 ndo altera a producdo da anafilotoxina C3a. Porém, observa-se um
grande impacto da APRc na inibicdo das vias do complemento. Concluindo, com este
estudo caracterizdmos interacdes APRc-IgG e confirmdmos que a APRc apresenta
substratos no soro, contribuindo para o reconhecimento desta protease como uma

proteina “moonlight” e como um potencial alvo terapéutico para tratar rickettsioses.

Palavras-chave: Atividade “moonlight”, sistema do complemento, evasdao do sistema

imunitario, Rickettsia, APRc, retropepsina, factores de viruléncia






Abstract

Moonlighting proteins exert more than one function and are present in different
organisms, including bacteria. These proteins are present in commensal and in
pathogenic bacteria, potentially contributing to the virulence of the latter. The
complement system is crucial to stop bacterial infection and spreading, however
bacteria display mechanisms of immune evasion, escaping to the bactericidal effects of
the serum. Rickettsia is a genus of obligate intracellular bacteria transmitted through
arthropod vectors, causing mild to life-threatening diseases such as Mediterranean
Spotted Fever and Epidemic Typhus. Currently, there is an increased concern about
rickettsioses and their impact on global health because of the emerging and re-emerging
of these pathogens, increasing geographical distribution of its vectors, and the
exponential increase of antibiotic resistance. Therefore, it is crucial to find other
therapeutic targets to treat rickettsial diseases. One potential target is the Aspartic
Protease from Rickettsia conorii (APRc), a highly conserved membrane embedded
retropepsin-like homologue. APRc modulates Rickettsia surface virulence factors, binds
immunoglobulins from the serum, mediates immune evasion and preliminary data
indicates that APRc presents substrates in human serum, suggesting that this protease
has moonlighting activity. With this work, we demonstrated that APRc binds to different
IgG isoforms in a concentration-dependent manner, binding preferentially to IgG1 and
IgG3. It was also demonstrated that APRc binds to the antibody light chains, binding
preferentially k light chain and forming APRc-k complexes. We also validated that APRc
binds to and cleaves C3, C4, and C4BP. Moreover, our data suggests that 1gG increases
APRc-C4 interaction. The proteolytic degradation of C3 does not change the production
of the anaphylatoxin C3a. However, it is observed a decrease in the activation of all three
complement pathways upon incubation with APRc, confirming a role in immune
evasion. In conclusion, with this study we further characterized APRc-IgG interactions
and confirmed that APRc targets other serum proteins, contributing to acknowledging

this protease as a moonlighting protein and as a potential target to treat rickettsioses.

Keywords: Moonlight activity, complement system, immune evasion, Rickettsia, APRc,

retropepsin, virulence factor
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Chapter | — Introduction

1.1 Bacterial moonlight proteins

Moonlight proteins comprise a subset of proteins that present more than one
physiologically relevant function that is not due to gene fusion, multiple RNA splice
variants, or pleiotropic effects (C. J. Jeffery, 1999). Another characteristic of these
proteins is that the functions exerted are independent of each other, meaning that the
inactivation of one function must not affect the others. According to MoonProt 3.0

(Chen et al., 2021) (http://moonlightingproteins.org) and MultitaskProtDB-II (Franco-

Serrano et al., 2018) (http://wallace.uab.es/multitaskll), two repositories where these

activities are being compiled, there are over 500 annotated moonlight/multitasking
proteins, being extraordinarily diverse and involved in a large array of biological
functions. Since many of the proteins evolved to exert various functions, there is not a
shared sequence or structural feature that can be used to foresee the moonlighting
activity, being mainly discovered by serendipity, proteomics, and yeast two-hybrid
assays (Huberts & van der Klei, 2010). Additionally, if a protein is homologous to a
moonlighting/multitasking protein, it does not imply that it presents the same functions
since it can exert one, both, or none of the moonlighting protein functions (C. J. Jeffery,
2015). Another complication is identifying all the functions of a moonlight protein based
on their structure/polypeptide (C. J. Jeffery, 2015). Due to this, it is difficult to identify
and predict if a protein presents moonlight activity. However, bioinformatics
approaches have been in development to aid in this process (Hernandez et al., 2015;

Khan et al., 2017; Shirafkan et al., 2021).

Moonlight proteins are present in several organisms, including animals, plants,
yeasts, bacteria, and viruses (C. J. Jeffery, 2015; Ribeiro et al., 2019). These proteins have
been gaining attention by playing important roles in autoimmune diseases, diabetes,
and cancer (C. J. Jeffery, 2018). In bacteria, moonlighting proteins are present in both
pathogenic and commensal bacteria, and many of these proteins are highly conserved
in these organisms (G. Wang et al., 2014). Importantly, 25% of moonlight proteins are

classified as virulence factors and may contribute to bacterial pathogenesis and


http://moonlightingproteins.org/
http://wallace.uab.es/multitaskII
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virulence (Espinosa-Cantu et al., 2020; C. Jeffery, 2018). Virulence factors are expressed
and secreted by the pathogen, allowing it to colonize the host, establish infection, and
evade the immune system, and can be classified into different groups, depending on
their function (A. K. Sharma et al., 2017). Cytosolic factors allow bacteria to adapt to the
host environment by undergoing quick adaptative metabolic, physiological, and
morphological shifts. Membrane-associated factors facilitate bacteria adhesion and
invasion of host cells, and secretory factors allow them to evade the host’s innate and
adaptive immune system as well as cause tissue damage (A. K. Sharma et al., 2017). Due
to this, moonlight proteins are good targets to treat bacteria-caused diseases because
they can be involved in many steps of infection. Major groups of bacterial moonlight
proteins implicated in virulence include metabolic enzymes of the glycolytic and other
metabolic pathways, molecular chaperones, and protein-folding catalysts (Henderson &
Martin, 2011). Among these, most moonlighting virulence factors mediate adhesion and

modaulation of leukocyte activity.

Proteins with moonlight activity often exert their canonical function in a different
cell compartment of their moonlight function (Figure 1). One example is the glycolytic
enzyme Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), the first identified
bacterial moonlight protein (Kainulainen & Korhonen, 2014). GAPDH catalyzes the
conversion of D-glyceraldehyde 3-phosphate to 3-phosphoD-glyceroyl phosphate in
glycolysis when present inside the cell, and on the cell surface of group A streptococci
can present adhesive functions in vitro (Pancholi & Fischetti, 1992). Besides presenting
more than one function in group A streptococci, GAPDH moonlighting activity is also
present in other species. In Bacillus anthracis, Lactobacillus crispatus, Staphylococcus
aureus, and Staphylococcus pneumoniae GAPDH also binds to plasmin. Furthermore,
GAPDH can bind fibronectin, an extracellular matrix component (ECM), and bind
complement protein C5a, mediating immune evasion, among other described functions

(Kainulainen & Korhonen, 2014).

Bacterial adherence factors are cell surface proteins that form and maintain
physical interactions with host cells and tissues (Figure 1). This feature is crucial in

pathogenic bacteria because it promotes infection but is also important in commensal
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bacteria to maintain a symbiotic relationship with the host (C. Jeffery, 2018). Enolase is
a well-characterized moonlight protein that converts 2-phosphoglycerate to
phosphoenolpyruvate in glycolysis and can exert other functions on the surface of
pathogens (C. Jeffery, 2018). Enolase can bind to the host’s ECM or airway mucins and
can bind to the coagulation cascade protease plasminogen in Borrelia burgdorferi,
Candida albicans, Streptococcus pneumoniae, among others, contributing to bacterial

virulence (Amblee & Jeffery, 2015).

.O..O.QC‘

Seccoeces

I3 v 4

Cytosolic enzyme Secreted enzyme Cell surface enzyme

Enzyme
N

B V

Figure 1: Schematic representation of a moonlight protein. Moonlight proteins comprise a variety of
proteins where one polypeptide chain performs more than one function. Proteins with moonlight activity present
different functions inside and outside of the cell. For example, a protein can convert a substrate (square) to a product
(triangle) in the cytosol and exert a second function when is present at the cell surface. Cytosolic moonlight proteins
can be secreted as signaling molecules, regulating various cell types in an organism or modulating host responses in
the case of a pathogen. Surface moonlight proteins can act as adhesins, promoting the binding of the bacteria to the
surface of host cells or the extracellular matrix. Furthermore, they can bind proteases, like plasminogen, promoting

the degradation and invasion of the host tissue when the protease is active. Image adapted from (Liu & Jeffery, 2020).

Moonlight cytosolic proteins can be secreted as signaling molecules, regulating
various cell types in an organism or modulating host responses in the case of a pathogen
(Figure 1). In the cytosol, chaperones are proteins that bind and assist the folding or
unfolding of macromolecular structures in order to prevent misfolding and promote
reassembly and correct assembly of protein complexes (C. Jeffery, 2018). In mammals,

heat shock protein 60 (Hsp60), GroEL, is a chaperone that mediates mitochondrial

3
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protein import in the cell (C. Jeffery, 2018). However, it has been demonstrated that
bacterial Hsp60/GroEL can mediate adhesion in several species, including Clostridium
difficile, Helicobacter pylori, Chlamydia pneumoniae, contributing to their virulence (C.
Jeffery, 2018). Elongation factor (EF)-tu is another example. It is a cytoplasmic protein
important in protein synthesis that transports and catalyzes the binding of aminoacyl-
tRNA to the ribosome. However, besides its canonical function, EF-tu can act as an
adhesin at the surface of several pathogens such as Mycobacterium pneumoniae and
Pseudomonas aeruginosa by binding fibronectin and plasminogen, respectively (Dallo et

al., 2002; Kunert et al., 2007).

Among these multitasking proteins are also proteolytic enzymes mainly located
in the membrane or secreted and recognized as virulence factors in various pathogenic
bacteria (Culp & Wright, 2017). These molecules cleave specific peptide bonds of target
proteins, resulting in activation, inactivation, generation of new proteins, and even
changing protein function, being important in colonization and evasion of the host
immune defenses, acquisition of nutrients for growth and proliferation, and facilitation
of dissemination or tissue damage during infection (Lebrun et al., 2009; Rogers &
Overall, 2013). For example, streptococcal C5a peptidase is a surface serine protease
that cleaves and inactivates complement protein C5a. Furthermore, this protease can
mediate fibronectin binding, acting as an adhesin. This moonlight function is important
for streptococci virulence, helping in the attachment and invasion of eukaryotic cells
(Beckmann et al., 2002). Additionally, Escherichia coli presents the protease OmpT,

which acts as an adhesin to human cells (Torres et al., 2020; Wan et al., 2014).

1.2 Intracellular bacterial moonlight proteins

Moonlight activity is not exclusive of extracellular bacteria, being present in
various intracellular pathogens such as Listeria monocytogenes, Shigella flexneri,
Legionella pneumophila, and Mycobacterium tuberculosis. These organisms are
responsible for causing diseases of global importance, as is the case of Legionnaire’s

disease or tuberculosis, resulting in significant morbidity and mortality (Leon-Sicairos et
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al., 2015). Intracellular bacteria need the host cells to efficiently replicate and proliferate
during infection, escaping the hosts’ immune system (Bourdonnay & Henry, 2016). Most
species enter the host through disruptions in the mucosae and the skin; however, others
can enter directly into the bloodstream via bites of vectors such as mosquitoes and ticks
(Mak & Saunders, 2006). Furthermore, intracellular pathogens can multiply into several
cell types, such as epithelial cells, fibroblasts, monocytes/macrophages, and dendritic

cells (Eisenreich et al., 2019).

Intracellular bacteria can form actin tails inside the host cells in order to spread
from cell to cell. This structure is important in bacterial virulence and helps to spread
the infection. Actin-based motility (ABM) requires actin polymerization and is mediated
by the expression of bacterial factors that hijack host cell actin nucleation machinery or
exhibit intrinsic actin nucleation properties (Késeoglu & Agaisse, 2019). Besides ABM
factor’s canonical function, they can also display adhesion functions, such as bacterial
aggregation, biofilm formation, and host cell adhesion/invasion. Some ABM factors that
exert this moonlight function are L. monocytogenes ActA and S. flexneri IcsA (K6seoglu

& Agaisse, 2019).

As previously described, Hsp60 chaperone mediates adhesion in several species
(C. Jeffery, 2018). In S. typhimurium, Hsp60 also mediates bacterium aggregation to
intestinal mucus (Ensgraber & Loos, 1992). Moreover, it was also observed that Hsp65
inhibition decreases bacterial binding in the intestine suggesting its role in this early step
of infection (Ensgraber & Loos, 1992). Listeria adhesion protein (LAP) is an alcohol
acetaldehyde dehydrogenase that acts as an adhesin in L. monocytogenes, being also a
moonlighting protein (Jagadeesan et al., 2010). Hsp60 from L. monocytogenes interacts
with LAP and promotes bacterial adhesion in enterocyte-like cells (Wampler et al.,
2004). Furthermore, L. pneumophila Hsp60 presence on the cells’ surface can also
mediate invasion into non-phagocytic cells (Gardufio et al., 1998). Bacterial Hsp70,
Dnak, is the most conserved and ubiquitous heat shock protein (D. Sharma & Masison,
2009). Hsp70 can bind to plasminogen and cause its subsequent conversion to plasmin,
the active form of the protease. This promotes the host ECM and basement membrane

degradation, aiding host tissue invasion (Amblee & Jeffery, 2015; Henderson & Martin,
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2011). Furthermore, M. tuberculosis DnaK can bind to the cluster of differentiation 40
(CD40), contributing to the synthesis of monocyte chemokines and the maturation of

dendritic cells (Liu & Jeffery, 2020).

GAPDH also presents moonlight activity in intracellular bacteria. Besides its
canonical function in glycolysis, GAPDH can be present on the surface of L.
monocytogenes and S. aureus and bind plasmin, being important in the invasion and
proliferation of these pathogens (Kainulainen & Korhonen, 2014). Moreover, enolase
can bind ECM components plasminogen and laminin in S. aureus, contributing to the
invasion of host tissues (Amblee & Jeffery, 2015). Other metabolic enzymes such as
malate synthase from M. tuberculosis can act as an adhesin by binding fibronectin and
laminin (Kinhikar et al., 2006). Moreover, M. tuberculosis glutamine synthetase can bind
fibronectin and plasminogen (Xolalpa et al., 2007). Bacterial autolysins are
peptidoglycan hydrolases that break down peptidoglycan components of cells, being
important in cell division, separation, and cell wall turnover (Heilmann et al., 2003). Aaa
autolysin present in S. aureus presents adhesive properties by binding fibronectin
(Heilmann et al., 2005). Furthermore, Ami autolysin from L. monocytogenes can also

mediate adherence to eukaryotic cells (Milohanic et al., 2000).

1.3 Complement system

Mammalian immune systems are very complex and provide defense against
pathogens and host processes that cause disease (Dunkelberger & Song, 2009). The
immune system is divided into two subsystems that are interconnected: innate and
adaptive immunity. The adaptive immune system comprises T and B lymphocytes which
recognize a variety of specific antigens, enabling the elimination of pathogens.
Additionally, this subsystem gives rise to immunological memory and tailored immune
responses (Dunkelberger & Song, 2009). The innate immune system presents
immunological effectors that provide, robust, immediate, and nonspecific immune
responses. In contrast, this subsystem does not provide immunological memory

(Dunkelberger & Song, 2009).
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The complement system is a crucial component of innate immunity, being one of
the major effector mechanisms of this immune system. It consists in soluble proteins,
membrane expressed receptors and regulators that are normally inactive, but in
response to the recognition of molecular components they become sequentially
activated causing a proteolytic cascade (Merle et al., 2015). This activation leads to the
generation of proinflammatory mediators (anaphylatoxins), opsonization of pathogens
surface mediated by opsonins and targeted lysis of the pathogen through the formation
of a membrane attack complex (MAC) (Dunkelberger & Song, 2009). The complement

system can be activated by the classical, alternative, and lectin pathways (Figure 2).

The classical pathway initiates when Clqg in complex with Clr and Cls serine
proteases (C1 complex) bind to the Fc region of complement antibodies bound to
pathogenic surfaces. The C1 complex cleaves C4 and C2 forming C4a, C4b, C2a and C2b.
The larger fragments C4b and C2b associate and form the C3 convertase that has the
ability to cleave C3 (Schartz & Tenner, 2020). The formation of the C3 convertase is the
point at which all complement activation cascades converge. The cleavage of C3
generates anaphylatoxin C3a and opsonin C3b. C3b can bind covalently to hydroxyl
groups of carbohydrates and proteins, binding to the microorganism. Finally, this
binding leads to the further activation of the complement, forming anaphylatoxins and
the assembly of MAC (Dunkelberger & Song, 2009). This pathway is also important in
opsonophagocytosis. In the presence or absence of antibodies, C3b can bind to the
pathogen, occurring opsonization (Mak et al., 2014). Opsonization facilitates the binding
and entry into phagocytic cells due to the presence of complement receptors on the
surface of the phagocytic cells such as macrophages (Mak et al., 2014). After the bacteria
bind and are phagocytosed, they are degraded by lysosomes.

The lectin pathway initiates with the recognition of pattern recognition receptors
(PRRs) such as mannose-binding lectin (MBL) and ficolins, being recognized as nonself
(Dunkelberger & Song, 2009). The binding of MBL to the pathogen activates MBL-
associated serine proteases, cleavage of C2 and C4 and subsequent generation of the
C3 convertase.

Finally, the alternative pathway is initiated by spontaneous hydrolysis of C3 to C3b,

which binds to the pathogen surface and binds Factor B. Factor B is cleaved into Ba and
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Bb by Factor D, forming the alternative pathway C3 convertase C3bBb. This convertase
transforms C3 into C3a and C3b, forming an amplification loop (Dunkelberger & Song,
2009). Properdin stabilizes the C3 and C5 convertase through extending the half-lives of
the C3 and C5 converting enzymes, being important in the enhancing activity of this

pathway (Frank & Sullivan, 2014).

Classical Pathway Lectin Pathway Alternative Pathway
Antigen - antibody PAMP recognition by Spontaneous
immune complexes lectins hydrolysis
Factor D
Clq MBL
C3(H:0 Factor B
Clr/s MASP 1/2 G
c3 Microbe
] } Surface
Active C1 Active MBL c3b
complex complex
L. —_
‘ C3b
Cab|C2b Amplification
| Loop
— C3 convertase
C4bC2b or C3bBb
C3a
C3b C5 convertase
— C4b2bC3b or —_— Cda
C4b C3bBbC3b
C5a
C5b-9
Opsonization Lysis Inflammation

Figure 2: Schematic representation of the complement system cascade. The complement system can be activated
by three pathways: classical, lectin, and alternative pathway. Classical pathway starts with the binding of Clq to
antibodies present on the pathogen surface, recruiting C1r and Cls, resulting in the formation of C1 complex. C1
complex cleaves C4 and C2. C4b binds to the target cell surface and C2b binds to C4b forming the C3 convertase.
Lectin pathway is activated by binding pattern recognizing mannose-binding lectins (MBLs) to carbohydrates on the
surface of the pathogens. Activated MBL-associated serine protease (MASP) in the MBL-MASP complex cleaves C4
and C2, causing the subsequent formation of C3 convertase. The alternative pathway is activated by the spontaneous
hydrolysis of C3, resulting in the formation of C3b. C3b binds to Factor B, and Factor D cleaves Factor B to Ba and Bb,
resulting in the C3 convertase C3bBb. These pathways converge in the formation of the C3 convertase. C3b associates
with C3 convertase, cleaving C5. C5b can bind to C6, C7, C8 and C9 to form the membrane attack complex on the
surface of the pathogen, causing its lysis. Furthermore, these pathways can cause inflammation and opsonization.

Image created in Biorender.
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There are several proteins that can inhibit the complement, diminishing its
activation to prevent errant activation and damages in the healthy host. The regulation
occurs mainly at the level of the convertases, both in their assembly and enzymatic
activity, and assembly of the MAC. Complement factor | (CFl) is a regulator of the
classical and alternative pathway by cleaving C4b and C3b, respectively (Du Clos & Mold,
2013). Another modulator of the classical pathway is Factor H. Factor H presents
cofactor activity with CFl-mediated C3 proteolytic activation, competes with factor Bb
to bind to C3b and accelerates the decay of C3 convertase (Dunkelberger & Song, 2009;
Riley et al., 2012). Furthermore, C4-binding protein (C4BP) regulates the activation of
the classical and MBL pathways. C4BP accelerates the decay of unstable C3 and C5
convertases of the mentioned pathways by binding to C4b and displaying C2b. This
protein is also a cofactor of CFl mediating the cleavage and inactivation of C4b (Ferreira

& Cortes, 2022; Schartz & Tenner, 2020).

1.4 Immune evasion

The complement system is crucial to protect the host against invading
pathogens. However, pathogens have adapted to the host environment by evolving
evasion mechanisms that avoid, inactivate or manipulate the human complement
system (Reddick & Alto, 2014; Rosbjerg et al., 2017). Bacteria present multiple tactics
including modulation of their cell surface, release of proteins that inhibit or degrade
host immune factors or mimic host molecules. These mechanisms can target the three
complement activation pathways and consequently the final part of the cascade. Due to
this, there is an increasing difficulty to develop new vaccines and new treatments.

The first described mechanism of complement evasion is the mimicking of
complement regulatory proteins (Hovingh et al., 2016). B. burgdorferi, the only bacteria
that uses this mechanism, expresses CD59-like protein on the membrane that binds C8b
and C9, inhibiting the formation of MAC (Pausa et al., 2003). Bacteria can also express
proteases that cleave complement components. Pseudomonas aeruginosa secretes two
proteases, mainly Pseudomonas elastase and Pseudomonas alkaline protease, that
degrade Clq and C3, inhibiting complement activation on the bacterial surface (Hovingh

et al., 2016). Moreover, Streptococcus pyogenes can produce Streptococcal pyrogenic
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exotoxin B that can cleave several substrates, including C3, immunoglobulins (Ig) and
properdin. The degradation of C3 impairs the formation of C3 convertase and
opsonization of bacteria. Additionally, cleavage of Ig prevents the IgG-mediated
phagocytosis and cleavage of properdin impairs the alternative pathway by unstabilizing
the C3 convertase (Hovingh et al., 2016).

Besides mimicking or cleaving complement proteins, bacteria can express
molecules that inhibit the complement system, mainly targeting C3 (Hovingh et al.,
2016). S. aureus expresses staphylococcal superantigen like 7 that binds C5, preventing
the formation of C5a and subsequent decrease of neutrophil migration to the infection
site (Hovingh et al., 2016). Additionally, S.aureus expresses extracellular fibrinogen-
binding (Efb) protein and its homologue extracellular complement-binding (Ecb) protein
that bind the C3d domain of C3b, inhibiting the formation of C3 convertase C3bBb and
C5 convertase (Jongerius et al., 2007). Secreted factors Efb and Ecb can also form a
complex with factor H and C3b on the cell surface of the pathogen, enhancing C3b
degradation (Amdahl et al., 2010). Bacteria may present additional strategies such as
binding to host proteins, avoiding the recognition by complement components.
Haemophilus influenzae recruitment of C4BP to the bacterial membrane interferes with
the classical pathway since it decreases C3b deposition and increases serum resistance,
preventing cell lysis (Hallstrom et al., 2007). Other examples of C4BP-binding bacteria
are E. coli (Tseng et al., 2012), Neisseria gonorrhoeae (Ram et al., 2001), Streptococcus
pyogenes (Jenkins et al., 2006) and S. aureus (Hair et al., 2013), among others. S. aureus
surface protein A (spA) interacts with the Fc region of IgG, forming a coating around the
bacteria and avoiding neutrophil receptor recognition (A. Cruz et al., 2022; Foster, 2005).
Moreover, it has been recently demonstrated that spA interaction with Fc region inhibits
IgG hexamerization, interfering in the initiation of the classical pathway and
downstream complement activation (A. R. Cruz et al., 2021).

Antimicrobial peptides (AMPs) protect the host against bacterial infection. These
molecules are secreted by host cells such as epithelial cells of the skin and act as a tissue
protective mechanism by presenting bactericidal and immunomodulatory properties
(Thomassin et al., 2012). Moreover, neutrophils also secrete AMPs at the infection site

(Reddick & Alto, 2014). AMPs bind to the anionic cell membrane of bacteria and disrupt
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the membrane integrity, occurring efflux of essential molecules and ions. S. aureus
presents the multiple peptide resistance factor protein (MprF) that protects the bacteria
against defensin-like cationic peptides, a type of AMPs (Ernst et al., 2009). The
hydrophilic C-terminal domain of MprF adds an L-Lysine to the anionic phospholipid
phosphatidylglycerol when present in the inner leaflet of the bacterial membrane and
the membrane-bound N-terminal portion of MprF flips the lipid to the outer leaflet.
Finally, the positively charged lysine residue acts as an electrostatic buffer, diminishing
bacterial affinity for cationic AMPs (Ernst et al., 2009). E. coli presents a different
mechanism to be protected from AMPs. E. coli protease OmpT contributes to the
degradation of a-helical AMPs, promoting bacterial survival (Thomassin et al., 2012).
Most host organisms recognize pathogen-associated molecular pattern (PAMPs)
through PRRs with subsequent production of cell immune mechanisms or/and
recruitment of immune cells in order to diminish infection (Matsuura, 2013). Various
bacteria can modify the molecular structure of their PAMPs and consequently avoid
their recognition by the immune system. Lipopolysaccharide (LPS) is present in the cell
wall of Gram-negative bacteria, being composed by several O-antigen side chains that
are anchored in the outer leaflet by Lipid A. Lipid A is recognized by host proteins PRR
complex, occurring the activation of innate immune signaling pathways (Maldonado et
al., 2016). Yersinia pestis has the ability to reduce the acetylation state of Lipid A when
there is an increase of temperature from 21°C to 37°C. The hypoacetylation of Lipid A
diminishes the recognition by the LPS receptor toll-like receptor 4 (TLR4), facilitating
bacterial evasion and enhancing pathogenicity (Matsuura, 2013). Moreover, when
Shigella is internalized by the host cells, hypoacetylated Lipid A is used to escape the
activation of the innate immune system, allowing them to spread and disseminate

(Reddick & Alto, 2014).

1.5 Rickettsia

Rickettsia is a genus of obligate intracellular bacteria that presents a small and
conserved genome (Andersson et al., 1998; McLeod et al., 2004). These organisms are
globally widespread, and their geographical distribution is mostly defined by both vector
and natural host constraints. Based on molecular analysis, Rickettsia can be divided into
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four groups: Spotted fever group (SFG), Ancestral Group (AG), Typhus group (TG) and
Transitional group (TRG) (Thu et al., 2019). Many rickettsial species belonging to the TG
and SFG are pathogenic to humans. The developed disease in the host depends on the
pathogens specie, ranging from mild illness to rapidly fatal disease (Dumler, 2012; Sahni
et al., 2019). For example, R. conorii causes Mediterranean spotted fever and is
associated with high morbidity and mortality (Curto, Riley, et al., 2019a; Rovery &
Raoult, 2008), and R. prowazekii causes epidemic typhus and is responsible for
epidemics, being associated with high fatality rates if the infected person does not
receive antibiotic treatment (Akram et al., 2021). Furthermore, R. prowazekii is present
in category B of potential bioterrorism by the United States Centers for Disease Control
and Prevention (Walker & Ismail, 2008), demonstrating its pathogenicity.

There is a growing concern about the globally increasing incidence of SFG
rickettsioses; not only the most severe forms of these diseases but, particularly, milder
forms caused by new species of rickettsiae (European Centre for Disease Prevention and
Control., 2013; Parola et al., 2013). For example, the incidence of SFG rickettsioses in
the U.S. has significantly increased over the last two decades, from 1.7 to 19.2 cases per
million persons from 2000 to 2017 (Binder & Armstrong, 2019; Drexler et al., 2016, pp.
2008-2012). Rocky Mountain spotted fever (RMSF), caused by R. rickettsii is still the
most severe and fatal of the SFR. Recent outbreaks of RMSF in Mexico (2004-2016)
resulted in case fatality rates of ~29%-30% (higher in children <10), representing an
expanding public health problem (Alvarez-Herndndez et al., 2017). Mediterranean
spotted fever, caused by R. conorii is endemic to the Mediterranean basin and
considered the most prevalent rickettsial disease in Europe (Spernovasilis et al., 2021).
There is also a growing concern in Europe about the increasing incidence of milder
rickettsioses, such as tick (Dermacentor)-borne lymphadenopathy/Dermacentor-borne
necrotic erythema and lymphade-nopathy (TIBOLA/DEBONEL) syndrome (Buczek et al.,
2020), and the epidemiological importance of SFG rickettsioses in Africa is increasingly
recognized (Heinrich et al., 2015). Importantly, rickettsial diseases caused by R. typhi
and R. felis occur worldwide, and emergence patterns for both are evident in many

regions of the globe (Brown & Macaluso, 2016; Caravedo Martinez et al., 2021).
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Rickettsia can be transmitted to various mammalian hosts, including humans and
animals, through arthropod vectors such as ticks, lice, and fleas (Walker & Ismail, 2008)-
When the vector is infected, Rickettsia can grow and multiply in several organs including
the ovaries that will originate the oocytes, occurring transovarial transmission, as well
as trans-stadial passage since the infection prevails from egg to adult (Walker & Ismail,
2008). Vectors’ salivary glands are also infected by Rickettsia, allowing the passage of
the bacteria to animals or humans when they are bitten by the infected vector.
Furthermore, Rickettsia can also be passed from an infected animal to an uninfected
vector resulting in horizontal acquisition (Walker & Ismail, 2008).

In the host, Rickettsia infects mainly endothelial cells, although it has been
shown that Rickettsia can also infect other types of cells, such as macrophages. In fact,
it is suggested that the ability for Rickettsia to enter in macrophages depends on the
degree of pathogenicity, which may help to explain why certain species cause disease
(Curto et al., 2016; Curto, Riley, et al., 2019b; Curto, Santa, et al., 2019). Curto and
colleagues have demonstrated that pathogenic R. conorii can survive and proliferate in
THP-1 macrophages, but non-pathogenic R. montanensis proliferation is compromised
and bacteria are rapidly destroyed (Curto et al., 2016). Additionally, both species trigger
different proteomic signatures in macrophage-like cells during infection. R. conorii
causes a metabolic rewriting of macrophages transforming into anti-inflammatory M2-
like macrophages, augments several enzymes of metabolic pathways such as
tricarboxylic acid cycle, and induces the accumulation of proteins involved in protein
processing and quality control in endoplasmic reticulum (ER). Additionally, various
proteasome and immunoproteasome subunits are less abundant in R. conorii and R.
montanensis that might contribute to escape immune surveillance (Curto, Santa, et al.,
2019). Recent evidence by Engstrom and colleagues have shown that R. parkeri mutant
lacking outer membrane protein B (OmpB) was unable to grow in macrophages, and the
dissemination of Rickettsia through the different mouse organs was severely impaired
(Engstrom et al., 2019). These results support a role of macrophages in the
dissemination of Rickettsia.

Rickettsia can enter the non-phagocytic cells by adhering to the host membrane,

being phagocytosed. After, there is the formation of phagosomes that bacteria can
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evade and start to multiply in the cell. Rickettsia can manipulate the cell cytoskeleton,
forming actin tails that allow the passage to neighbor cells, being important in the
spreading of the infection. The formation of actin tails is not present in all species of
Rickettsia. Bacteria from the TG cannot form actin tails, multiplying in the cytosol until
the lysis of the cell with the subsequent spreading of the infection (Raoult, 2015; Van
Kirk et al., 2000).

Apoptosis is an important defense mechanism in cells to prevent infection in the
host. Pathogens have evolved several ways to modulate cell death pathways,
contributing to their pathogenesis (Curto, Riley, et al., 2019b). Curto and colleagues
have demonstrated that Rickettsia can modulate macrophages upon infection, delaying
the apoptotic events. THP-1 macrophages infected with Rickettsia present
downregulation of apoptotic process genes (Curto, Riley, et al., 2019b). R. conorii
infection significantly reduces cleaved Poly (ADP-ribose) polymerase (PARP)-positive
THP-1 cells, protecting against apoptosis (Curto, Riley, et al., 2019b). These results
suggests that R. conorii actively modulates apoptotic signaling in order to maintain host
cell viability (Curto, Riley, et al., 2019b).

Economic globalization, changes in land use and urbanization, increase in travel,
and global warming have all been postulated to raise the distribution and incidence of
diseases caused by Rickettsia (El-Sayed & Kamel, 2020; Wu et al., 2017). Accordingly,
there is a growing concern about rickettsioses and their impact on global health (EI-
Sayed & Kamel, 2020; Parola et al., 2008). All Rickettsia are susceptible to antibiotics of
the class tetracycline, which inhibit protein synthesis, such as doxycycline (Rolain et al.,
1998). However, there are few antibiotics that treat rickettsial diseases and a study
demonstrated that one point mutation in the RNA polymerase B-subunit-encoding gene
(rpoB) sequence leads to rifampicin resistance in rifampicin-susceptible species
(Drancourt & Raoult, 1999). Due to this, it is important to discover new targets to treat
rickettsial diseases. To find these targets, it is important to identify and characterize

virulence factors of Rickettsia.
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1.5.1 Rickettsia moonlight virulence factors

Rickettsia presents virulence factors that exhibit moonlight activity such as
OmpB, Adr2, PrsA and Sca2. These proteins are important in several steps of Rickettsia

infection including adhesion, invasion, and immune evasion.

Rickettsial OmpB is an autotransporter protein that is a major component of the
rickettsial outer membrane (Riley et al., 2012), and for which several functions have
been described. Adherence and subsequent invasion of host cells are crucial for
establishing rickettsial infection (Chan et al., 2009). rOmpB mediates the adherence and
invasion of non-phagocytic cells by binding specifically to Ku70, a receptor present in
the membrane of host cells (Walker & Ismail, 2008). rOmpB-Ku70 mediated bacterial
uptake relies on actin polymerization, protein tyrosine kinase, and phosphoinositide 3
(P13)-kinase-dependent activities and microtubule stability. Additionally, bacterial entry
into the host cells is also dependent on endocytic pathway proteins c-Cbl, clathrin, and
caveolin-2, suggesting their contribution to the rOmpB-Ku70 mediated internalization
process (Chan et al., 2009). Tick histone H2B is a component of the nucleosome that is
also present on the surface of tick cells. Thepparit and colleagues demonstrated that
rOmpB binds H2B and that the depletion of this histone results in significant inhibition
of R. felis infection (Thepparit et al., 2010). The complement system is a crucial
component of innate immunity that, in response to the recognition of molecular
components, becomes sequentially activated, causing a proteolytic cascade that
converges with the formation of C3 convertase that cleaves C3 (Merle et al., 2015). This
activation leads to the generation of proinflammatory mediators (anaphylatoxins),
opsonization of pathogens mediated by opsonins, and targeted lysis of the pathogen
through the formation of a membrane attack complex (MAC) (Dunkelberger & Song,
2009). Riley and colleagues demonstrated that rOmpB exerts an additional function,
mediating serum resistance through interaction with Factor H (Riley et al., 2012). Factor
H is a protein that acts as a regulator of the alternative pathway of the complement by
disrupting C3 convertase activity. Depletion of factor H from normal human serum
diminishes rickettsial survival, and factor H-binding results in lower deposition of C3 and

MAC on the surface of Rickettsia. These results show that factor H binding partially
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inhibits the alternative pathway, contributing to R. conorii survival in serum. Finally,
expression of the cleaved form of rOmpB (rOmpB B-peptide) in the outer membrane of
E. coli is sufficient to protect the bacteria against the bactericidal properties of human
serum, further supporting rOmpB role in immune evasion (Riley et al., 2012). Recently,
Engstrom and colleagues demonstrated that rOmpB also promotes autophagy evasion
(Engstrom et al., 2019). rOmpB prevents ubiquitination of bacterial surface proteins and
subsequent recognition by autophagy receptors and is required to form a capsule-like
layer. As previously mentioned, this work shows that rOmpB is essential for R. parkeri
growth in macrophages and organ colonization in mice by acting as a protective shield

to inhibit antimicrobial autophagy (Engstrom et al., 2019).

Parvulin-like peptidyl-prolylcis-transisomerase (PrsA) is an outer membrane-
anchored protein that acts as a foldase, important in folding secreted proteins, including
toxins and virulence factors (Emelyanov & Demyanova, 1999; Jakob et al., 2015).
Expression of the R. prowazekii homolog in E. coli confirmed its peptidyl-prolyl cis/trans
isomerase activity (Emelyanov & Loukianov, 2004). As observed in rOmpB, PrsA also
interacts with histone H2B, facilitating infection in a tick cell line and suggesting an

additional role in adhesion (Thepparit et al., 2010).

Adr2 is a rickettsial outer membrane protein that has been identified in all
pathogenic species of Rickettsia. Garza and colleagues demonstrated that Adr2
expression in E. coli is sufficient to mediate serum resistance, suggesting its role in
immune evasion through interaction with vitronectin, a glycoprotein that inhibits the
formation of MAC, inhibiting bacterial lysis (Garza et al., 2017). Furthermore, it has been
suggested Adr2 role as an adhesin, in R. prowazekii and R. rickettsii (Vellaiswamy et al.,
2011). However, the expression of Adr2 in a non-adherent strain of E. coli is not
sufficient to mediate adherence to mammalian endothelial cells (Garza et al., 2017).
Therefore, Adr2's role in adhesion and invasion is still conflicting and needs to be further

elucidated.

Surface cell antigen 2 (Sca2), a surface protein of SFG Rickettsia, is another
example of a protein with moonlight activity. Cardwell and Martinez showed that

expression of Sca2 in a heterologous system is sufficient to mediate adherence and
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invasion of mammalian epithelial and endothelial cells (Cardwell & Martinez, 2009).
Additionally, it has been demonstrated that Sca2 is a bacterial actin assembly factor that
functionally mimics eukaryotic formin proteins (Haglund et al., 2010; Madasu et al.,
2013). Sca2 nucleates unbranched actin filaments that are observed in Rickettsia and
associates with growing barbed ends. Furthermore, this protein requires profilin (an
actin-binding protein that promotes assembly) for efficient elongation (Haglund et al.,
2010). Sca2 also inhibits the activity of capping protein, promoting actin filaments
growth. These results demonstrate Sca2's role in promoting actin filament nucleation
and elongation to assemble actin tails, important in Rickettsia motility (Haglund et al.,

2010; Madasu et al., 2013).

1.5.2 Aspartic protease from Rickettsia conorii (APRc)

Previous work from our laboratory identified an aspartic protease that is highly
conserved in Rickettsia, named aspartic protease from Rickettsia conorii (APRc) (R. Cruz
et al., 2014). APRc is a membrane-embedded protein that presents an intramembrane
region and a soluble region that is present in the outer side of the cell (Figure 3). This
protease shares several features with other retropepsin-like proteases. In order to be
functional, APRc needs to be in a symmetric homodimer and presents an active site

where each monomer contributes one catalytic aspartate.

APRCs7.231
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Figure 3: Schematic representation of full-length aspartic protease APRc. APRc is predicted to present three
transmembrane domains at the N-terminal (TM1, TM2 and TM3) and a soluble domain at the C terminus (APRcCg7-231).
Dashed lines with red * represent the cleavage sites of APRc autocatalytic activity identified by Edman degradation.

The black box represents the catalytic active site DTG. Image obtained from (Teixeira & Sim&es, Unpublished).
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Li and colleagues demonstrated that APRc monomer folding is similar to the
canonical form of retropepsins, despite the low sequence similarity (Li et al., 2015).
However, the quaternary structure of APRc dimer diverges from the canonical form of
retropepsins because the catalytic aspartate residues of each monomer are not close.
The formation of this structure can be due to the presence of an extended C terminus,
where the His tag is present, a crystallization artifact, or a combination of both since this
does not support the previously reported APRc enzymatic activity (Li et al., 2015). APRc
presents autoprocessing activity in vitro upon incubation of its recombinant soluble
domain fused with GST (rGST-APRcs7-231) at pH 6.0, appearing intermediate cleavage
products APRcos-231 and APRcyg-231, and the activated form APRcios-231 (Figure 4), whose
cleavage sites were confirmed through Edman sequencing: Tyr92-Ala93, Met98-Ser99,
and Ser104-Tyr105 (Figure 3). On the other hand, when the catalytic aspartate was
mutated (D140A), changing the aspartic acid by alanine, there was an impairment of the
APRc multistep processing of the recombinant soluble domain of APRc (Figure 4). These
results demonstrate that the autoprocessing activity is dependent on the catalytic
aspartate residue. Additionally, APRc autocatalytic activity using rGST-APRcs7-231 has also
been observed in E. coli and in eukaryotic cells (Teixeira and Simdes, Unpublished). In
these systems the final putative form APRci0s-231 was detected, without the formation
of the intermediate forms, suggesting that APRc autoprocessing is faster in vivo than in
vitro. Furthermore, in the presence of oxidized insulin B chain, a substrate usually
cleaved by aspartic proteases, there is the appearance of insulin fragments concomitant
with the appearance of the activation product APRc10s-231, demonstrating rGST-APRcs-
231 enzymatic activity and suggesting that the protein needs to undergo processing in
order to be active towards the substrate. In the presence of the protease inhibitor EDTA
and specific inhibitors of the retropepsin human immunodeficient virus-1 protease (HIV-
1 PR) that is important in HIV maturation, APRc is significantly inhibited, supporting that
APRc is a retropepsin-like protease (R. Cruz et al., 2014). On the other hand, APRc is

insensitive to the presence of the classical aspartic protease inhibitor pepstatin A.
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Figure 4: APRc autoprocessing activity in vitro. SDS-page with Coomassie blue staining of the recombinant
soluble domain of APRc fused with GST (rGST-APRcs7-231) produced in E. coli. APRcs7231 (44 kDa) presents
autoprocessing activity resulting in the formation of three products: intermediate forms APRco3-231 and APRcgs.231 and
final form APRcios-231. The catalytic aspartate mutant rGST-APRc(D140A)s7.231 was also evaluated but as opposite as
observed in the wild-type form, there is not the formation of cleavage products, demonstrating impairment of the

autocatalytic activity. Image obtained from (R. Cruz et al., 2014).

Cruz and colleagues have demonstrated that APRc catalyzes the in vitro
processing of Sca5/0OmpB and ScaO/OmpA autotransporter proteins that mediate
adhesion and invasion of host cells by Rickettsia, suggesting its role as a modulator of
rickettsial surface virulence factors (R. Cruz et al., 2014). Transactivation assays using
total membrane fractions of E. coli enriched in rOmpB incubated with the activated APRc
soluble domain (APRci0s-231) demonstrated that in the presence of APRcios-231 there is a
decrease of the full-length form of rOmpB and an increase of rOmpB-Bbarrel, the
cleaved form of OmpB (R. Cruz et al., 2014). Additionally, when the active site mutant
form of APRc was used, the rOmpB proprotein was not cleaved. These results were also
obtained when using rOmpA (R. Cruz et al., 2014).

As mentioned before, Rickettsia can modulate the host cells, preventing
apoptosis. In fact, APRc might be involved in the modulation of cell death processes
during rickettsial infection (Teixeira and Simdes, Unpublished). When the GFP_APRc-
fusion WT constructs were expressed and active in mammalian cells it caused
morphological alterations that are observed in cell death processes such as nuclear
condensation, membrane blebbing, and the presence of fragmented cellular material

(Teixeira and Simdes, Unpublished). Cells expressing the previously mentioned
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construct also present a significant increase in cleaved caspase-3 positive cells and
cleaved PARP was slightly increased. Additionally, it was observed an increase in the
percentage of annexin V-APC*/DAPI" cells (Teixeira and Simdes, Unpublished). These
data support that APRc may trigger apoptosis. Although, it is necessary to perform
additional assays in order to confirm this cell death phenotype.

Bacterial surface proteins that display non-immune Ig binding activity are
important in immune evasion because they confer protection against complement
attack, decreasing opsonization and phagocytosis (Sidorin & Solov’eva, 2011). Curto and
colleagues have shown that APRc presents non-immunogenic Ig-binding activity and is
involved in serum resistance (Curto et al., 2021). R. africae and R. massiliae can bind
human IgG at the cell surface, both from isolated human IgG and normal human serum
(NHS). Total protein extracts from R. montanensis, R. massiliae, R. parkeri, and R. africae
probed with human IgG antibody presented protein bands with molecular weights
similar to the molecular weights of APRc. Indeed, when the protein extracts from the
previously mentioned species were incubated with APRc-blocked human IgG antibody
there was an impairment of IgG binding, suggesting APRc interaction with IgG (Curto et
al., 2021). Moreover, APRc can bind IgG from different species (human, rabbit, and
mouse) in a concentration-dependent manner and can bind different classes of Ig (IgG,
IgM, IgA), presenting stronger interaction with IgG. APRc interacts with the Fab region
of the antibodies, being one of APRc interacting regions between the amino acids 150-
166. Additionally, the binding is independent of the catalytic activity. Interestingly, E.
coli expressing the full-length protease or the catalytic mutant display resistance to
complement-mediated killing, although the differences in protection (higher in the WT)
suggest that APRc interferes with other serum components. Furthermore, IgG
contributes to the observed serum resistance. Its deposition is increased on the surface
of APRc-expressing E. coli and when IgG and IgM are depleted there is increased C3
deposition on R. massiliae surface (Curto et al., 2021). Taken together, APRc-Ig
interaction is important for immune evasion, possible acting as a shield to protect
against complement deposition.

As previously referred, Rickettsia is transmitted by arthropod vectors to the host,

being the serum one of the first barriers that bacteria encounters. Pull-down assays
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using recombinant APRc110-231HisShort and APRc110-231HisShort(D140N) incubated with
NHS demonstrate differences between the two forms of APRc (Curto et al., 2021). It is
visible a difference between the profiles of the eluted proteins of APRc110-231HisShort
and APRci10-231HisShort(D140N) in the region between 50 and 75 kDa, presenting an
additional protein band and less intensity in the wild type form (Figure 5). Taken
together these and the results of the serum resistance assays, we hypothesize that APRc
potentially binds and cleaves other proteins from human serum. Furthermore, the
protein bands of the mentioned region were excised from the gel and analyzed by mass
spectrometry in order to identify putative substrates. Preliminary data suggests that
complement proteins C3 and C4 might be candidate APRc substrates.
APRC-WT -  + +

APRc-D140N = £ = + o+
NHS

Q<
¥ L

» &

L N
& o A N
") Q/\){Q &

Figure 5: APRc targets components from human serum. SDS-page stained with Coomassie blue of normal human
serum (NHS), not-linked (unbound) and eluted samples of the soluble form of APRc (APRc-WT) and the soluble form
of the catalytic aspartate mutant (APRc-D140N) fractions. The black boxes represent the regions that present
different protein profiles in APRc-WT when comparing with APRc-D140N, suggesting that this aspartic protease
presents substrates in human serum. APRc protein band is present at approximately 14 kDa in the eluted samples.

Image obtained from (Curto et al., 2021)
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1.6 Research objectives

Moonlighting proteins represent a vast group of virulence factors in many
pathogenic bacteria. Given the reduced genomes of the organisms belonging to the
genus Rickettsia, understanding the importance of this multitasking phenomenon to
expand their virulence landscape is of paramount relevance. Since proteases can be
involved in different stages of bacterial pathogenesis (Marshall et al., 2017), rickettsial
protease APRc might also present this purpose and possibly present moonlight activity,
performing more than one function in the bacterial infectious process and progression.
These characteristics, along with the previously mentioned results, support APRc
moonlighting, being a good target to develop new therapies against rickettsioses.
However, there is a need to explore more about APRc protein-protein interactions as
well as its substrates to acknowledge its moonlight activity.

Curto and colleagues study demonstrated that APRc-lg interaction promotes
immune evasion, and that this interaction occurs mainly with the antibody’s Fab region.
Furthermore, this study suggests that APRc presents substrates in human serum (Curto
et al, 2021). Preliminary data suggests that C3 and C4 are putative
substrates/interactors. As previously mentioned, it has been described that the classical
and MBL pathways regulator C4BP can mediate immune evasion in relevant pathogens,
such as S. pyogenes and S. aureus (Hair et al., 2013; Jenkins et al., 2006). Moreover, it
has been described few proteins that bind both C4BP and Ig, including proteins M22 and
Arp4 from S. pyogenes (Carlsson et al., 2003; Johnsson et al., 1996; Pleass et al., 2001,
p. 89). Since APRc has the ability to bind 1gG, C4BP rises as a potential substrate of this
aspartic protease.

Therefore, this work aims to unveil APRc moonlighting by further analyzing APRc
non-immune Ig-binding and by analyzing C3, C4, and C4BP as putative APRc substrates
in serum. Recombinant soluble and biotinylated APRc constructs will be expressed in E.
coli and purified. APRc binding to different IgG isoforms will be assessed. Additionally,
APRc binding to light chains, a component of the Fab region, will be evaluated. C3, C4
and C4BP surface deposition on E. coli and Rickettsia will be assessed. Furthermore,
APRc binding and cleavage of these complement proteins will be evaluated in the

presence of isolated proteins and in a more complex system (human serum). The
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potential contribution of IgG to these interactions will be also assessed. Finally, the
formation of C3 and C4 complexes at the surface of bacteria, as well as APRc’s impact

on the activation of complement pathways will be evaluated.
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Chapter Il - Material and Methods

2.1. Materials

The rabbit polyclonal anti-C3 antibody (PA5-21349), the anti-mouse 1gG (whole
molecule)-Peroxidase antibody (A9044), the anti-rabbit IgG (whole molecule)-
Peroxidase antibody (A0545), IgG from human serum (12511), IgG1 « light chain from
human myeloma plasma (15154), 1gG1 A light chain from human myeloma plasma
(15029) and « light chains (Free) from human myeloma sera (K3388) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The goat anti-mouse 1gG (H+L) Highly Cross-
Adsorbed Secondary Antibody, fluorescein isothiocyanate (FITC; A16079), the goat anti-
rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, FITC (F-2765) and the rabbit
anti-goat 1gG (H+L) Secondary Antibody, HRP (#81-1620) were produced by Invitrogen
(Carlsbad, CA, USA). The purified mouse anti-human C3a/C3a(desArg)/C3 antibody
(#518102) and biotin mouse anti-human C3a/C3a(desArg)/C3 antibody (#518002) were
purchased from Biolegend Way (San Diego, CA, USA). The mouse anti-human C4BPa (sc-
398720), the mouse anti-human C4BPp (sc-514553), the mouse anti-C4a (sc-271181),
and the mouse anti-human C3 (sc-28294) were acquired from Santa Cruz Biotechnology
(Dallas, TX, USA). Human IgG1 (31R-1087), IgG2 (31-Al18), IgG3 (31-Al19) and IgG4 (31-
1009) antibodies were produced by Fitzgerald Industries International (Acton, MA,
U.S.A). The goat anti-human C3 (A213) and the goat anti-human C4 (A205) were
produced by Complement Technology (Tyler, TX, U.S.A). The rabbit polyclonal anti-APRc
raised towards the sequence Cys-Tyr-Thr-Arg-Thr-Tyr-Leu-Thr-Ala-Asn-Gly-Glu-Asn-Lys-
Ala was produced by GenScript (Piscataway, NJ, EUA).

The purified complement proteins C4 (A105), C4BP (A109) and pre-activated
Zymosan from Saccharomyces cerevisae (B400) were purchased from Complement
Technology were produced by Complement Technology (Tyler, TX, U.S.A). Normal
Human Serum (from male AB clotted whole blood; H6914) and complement C3 from
human serum (C2910) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Human
complement I1gG/IgM depleted serum (34010) and Human Serum Type AB Sterile Male
Off-Clot Pooled (34006) were purchased from Pel-Freez (Rogers, AR, U.S.A). Umbilical

Cord Serum was donated by Crioestaminal (Cantanhede, Portugal). Streptavidin-
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Horseradish peroxidase (HRP; #3999S) was purchased from Cell Signalling Technology
(Danvers, MA, EUA). WIESLAB® Complement System Screen RUO kit (COMPL300RUO)
was purchased from Svar Life Science (Lundavagen, Malmo, Sweden). E. coli TOP10F
and BL21 Star (DE3) competent cells were

prepared according with the calcium chloride method.

2.2 Expression and purification of the soluble forms of APRc

2.2.1 Protein expression

To purify the wildtype and corresponding catalytic mutant soluble forms of APRc
(APRc110-231), competent BL21 Star (DE3) E. coli were transformed with pET23a plasmids
encoding APRc110-231 WT and APRc110-231 D140N with a Histag in the C-terminal (APRc110-
231 HisShort). E. coli were grown in LB medium pH 7.4 containing 100 pug/mL of ampicillin
at 37°C with agitation until the O.Deoonm Was between 0.6 and 0.7. When the culture
reached this absorbance, protein expression was induced by the addition of 0.1 mM
isopropyl-B-d-thiogalactopyranoside (IPTG) for 4h at 30°C with agitation. The cultures
were centrifuged at 2246 x g for 20 min at 4°C in an Avanti J-26S XP| Centrifuge using a
JLA 8.1000 rotor. Supernatant was discarded and the pellets (corresponding to 2L of
expression) were resuspended in 40 mL of 20 mM sodium phosphate containing 500

mM NaCl and 10 mM Imidazole pH 7.4 (Buffer A) and stored in -20°C.

2.2.2 Bacterial lysis followed by immobilized metal affinity

chromatography (IMAC) using Ni Sepharose

The pellets were thawed at room temperature and added to an Emulsiflex-C3
(Avestin, ON, Canada) previously washed and equilibrated in Buffer A, where the cells
were mechanically lysed using high-pressure. After, the lysates were harvested at
17418 x g for 20 min at 4°C in an Avanti J-26S XPI Centrifuge using a JA 25.50 rotor. The
supernatant was collected and ultracentrifuged at 144028 x g for 20 min at 8°C in an
Optima™ L-100 XP Ultracentrifuge (Beckman Coulter) using a 90Ti rotor. The
supernatant was collected and loaded in a previously charged and equilibrated in Buffer

A Histrap HP 5 mL column (GE Healthcare Life Sciences). The column was subjected to
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a program of four-step gradient of imidazole (50 mM, 150 mM, 200 mM, and 500 mM)
using 20 mM sodium phosphate containing 500 mM NaCl and 500 mM Imidazole pH
7.4 at a flow of 5 mL/min in an AKTA FPLC system (Amersham Biosciences). Absorbance
was measured at 280 nm. Since imidazole presents absorbance at 280 nm, prior to the
purification the newly charged Histrap HP 5 mL column with Ni Sepharose™ High
Performance was subjected to the previously mentioned program, to evaluate the
baseline absorbance on each gradient step. The collected protein (200 mM imidazole
step) was dialyzed overnight in a 3.5 kDa Spectra/Por®3 dialysis membrane in 5L 20 mM
HEPES pH 7.4 at 4°C with agitation. This allows to decrease NaCl and Imidazole

concentration in the samples and exchange the buffer to HEPES.

2.2.3 Cationic Exchange Chromatography

The next day, the dialyzed samples were ultracentrifuged at 144028 x g for 20 min
at 8°C in an Optima™ L-100 XP Ultracentrifuge (Beckman Coulter) using a 90Ti rotor.
The supernatant was collected and injected into a MonoS™ 5/50L column of cationic
exchange (GE17-5168-01; GE Healthcare) previously equilibrated in 20 mM HEPES pH
7.4. A program with a linear gradient of NaCl (0 to 1M) was performed using the buffer
20 mM HEPES containing 1M NaCl pH 7.4 at a flow of 0.75 mL/min in an AKTA FPLC
system (Amersham Bioscience). Absorbance was measured at 280 nm. Eluted fractions
were evaluated by SDS-PAGE as described in section 2.11. Protein concentration of each
fraction was evaluated using a NanoDrop 1000 spectrophotometer (Thermo Fisher

Scientific) and samples were frozen at -80°C.

2.2.4 Size exclusion chromatography (SEC)

The oligomerization state of the constructs was assessed by analytical-size exclusion
chromatography using a high-pressure liquid chromatography (HPLC) system
(Shimadzu). The collected fractions were injected in a Superdex 200 5/150 GL column
(Cytiva) previously equilibrated in 20 mM HEPES pH 7.4 containing 100 mM NaCl. An
isocratic program was conducted with the mentioned buffer at a flow of 0.25 mL/min

and measured at an absorbance of 220 nm. To estimate the size of our protein,
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ribonuclease A (13.69 kDa) and carbonic anhydrase (29 kDa) were also injected in the

column.

2.3 Expression and purification of biotinylated APRc

2.3.1 Protein expression

To purify biotinylated APRc, competent BL21 Star E. coli containing the
pDW363AMBP (encoding the biotin protein ligase birA) were transformed with a
pCoofy plasmid expressing the soluble form of APRc with the N-terminal containing a
Histag and the C-terminal containing a biotin accepting peptide (avi-tag; HisAPRcC110-231-
avi). BirA ligase recognizes the avi-tag present in the APRc construct, promoting
biotinylation in the presence of biotin. E. coli were grown in LB medium containing 100
ug/mL of ampicillin, 50 pg/mL of kanamycin and 50 uM biotin at 37°C with agitation.
When the culture reached an O.Dgoonm between 0.6 and 0.7, protein expression was
induced at a final concentration of 0.1 mM IPTG overnight at 20°C with agitation. After,
the cultures were centrifuged at 2246 x g for 20 min in an Avanti J-26S XPI Centrifuge
using a JLA 8.1000 rotor centrifuge. Supernatant was discarded and the pellets
corresponding to 2L of expression were resuspended in Buffer A and stored in -20°C

until further use.

2.3.2 Bacterial lysis followed by IMAC using Ni Sepharose

The pellets were thawed at room temperature, and the bacterial lysis and centrifuge
steps were conducted as previously described for the APRc110-231His construct in section
2.2.2. The supernatant was applied in a Histrap HP 5 mL column (GE Healthcare Life
Sciences) where it was subjected to a four-step gradient of imidazole (50 mM, 150 mM,
200 mM, and 500 mM) using 20 mM sodium phosphate containing 500 mM NacCl and
500 mM Imidazole pH 7.4 at a flow of 5 mL/min in an AKTA FPLC system (Amersham
Biosciences). Absorbance was measured at 280 nm. Previously, the newly charged
Histrap HP 5 mL column with Ni Sepharose™ High Performance was subjected to the
same program to evaluate the baseline absorbance on each level of the gradient. The

collected samples (150 mM imidazole step) were dialyzed overnight in a 3.5 kDa

28



Chapter Il — Material and Methods

Spectra/Por®3 dialysis membrane in 5L of 20 mM Tris-HCI pH 8 at 4°C with agitation.
This allows to decrease the concentration of NaCl and Imidazole in the samples and

exchange the buffer to Tris-HCI.

2.3.3 Anionic Exchange Chromatography

The next day, the samples were ultracentrifuged at 144028 x g for 20 min at 8°C in
an Optima™ L-100 XP Ultracentrifuge (Beckman Coulter) using a 90Ti rotor. The
supernatant was collected and injected into a MonoQ™ 5/50 GL column of anionic
exchange (GE17-5166-01; Amersham Biosciences) previously equilibrated in 20 mM
Tris-HCl pH 8. A program with increasing gradient of NaCl (0 to 1M) using the buffer 20
mM Tris-HCl containing 1 M NaCl pH 8 at a flow of 0.75 mL/min was performed in an

AKTA FPLC system (Amersham Biosciences). Absorbance was measured at 280 nm.

2.3.4 3C protease digestion and histidine chains removal

The collected fractions were incubated overnight with 50 mM Tris-HCl pH 7.5
containing 150 mM NaCl and 1 mg/mL of HRV 3C protease at 4°C. The 3C protease
recognizes the consensus cleavage site downstream the histidine chains sequence,
cleaving them from the constructs. To evaluate histidine chains cleavage, samples from
each pool were denatured and assessed by SDS-PAGE as described in section 2.11. In
order to remove the histidine chains and HRV 3C protease from the solution, the
digestion was incubated with previously washed in 20 mM Tris-HCl pH 8.0 Ni
Sepharose™ High Performance beads (GE17-5268-01, Cytiva) for 15 minutes at room
temperature with agitation. The supernatant was filtered by Whatman Puradisc syringe
0.2 um filter to remove the Ni Sepharose High Performance beads. The filtered solution
was dialysed twice against 5 L PBS pH 7.4 in a 3.5 kDa Spectra/Por®3 dialysis membrane
for 2 h and overnight at 4°C with agitation. The next day, a sample of the fractions was
denatured and assayed by SDS-PAGE following Coomassie blue staining as described in
section 2.11. Protein concentration of each fraction was evaluated using a NanoDrop
1000 spectrophotometer (Thermo Fisher Scientific) and the samples were frozen at -

80°C.

29



Chapter Il — Material and Methods

2.4 Flow cytometry

Flow cytometry assay was used to analyze C3, C4, and C4BP deposition on the
surface of Rickettsia massiliae and APRc-expressing E. coli. R. massiliae were fixed in 4%
paraformaldehyde (PFA) for 20 minutes at room temperature with agitation. After, the
bacteria were washed twice in 1 mL phosphate-buffered saline (PBS; 137 mM NaCl, 2.7
mM KCI, 10 mM NaxHPOg4, and 1,8 mM KH;PO4, pH 7.4) and incubated with 100 pL of
Hanks' Balanced Salt Solution (HBSS), 50% Normal Human Serum (NHS) and 50% Normal
NHS depleted in IgG and IgM (NHSAIgG/I1gM) for 1h at 37°C with rotation. Serum
sensitive BL21 Star (DE3) E. coli were transformed with the empty backbone vector
pET28a, full-length active site mutant APRc and full-length wild type APRc. The
transformed bacteria were grown at 37°C with agitation in LB medium containing 50
pug/mL kanamycin and when the O.Deoonm Was between 0.6 and 0.7, the protein
expression was induced with 0.1 mM IPTG overnight at 20°C with agitation. At the end,
an 0O.Deoonm Of 2 in 4 mL of each construct was centrifuged at 3000 rpm for 20 minutes
at 4°C using a Megafuge 40R centrifuge (Thermo Scientific). Supernatant was discarded
and the cells were resuspended in 4 mL of ice-cold PBS and 1 mL was dispensed per
condition. E. coli were centrifuged and fixed in 4% PFA for 20 minutes at room
temperature with agitation and washed twice in 1 mL PBS. Fixed E. coli were
resuspended in 100 pL of HBSS, 40% NHS and 40% NHSAIgG/IgM for 20 min at 37°C with
rotation. All preparations were washed twice in PBS and blocked in PBS containing 2%
bovine serum albumin (BSA) for 1h at RT with agitation. Samples were probed with 100
puL of the rabbit polyclonal anti-C3 (PA5-21349; 1:100); the mouse anti-C4BPa (sc-
398720; 1:250); the mouse anti-C4BPB (sc-514553; 1:250) or the mouse anti-C4a (sc-
271181; 1:250) in PBS, 2% BSA, for 1h at RT with agitation and washed three times in
PBS. After washing, samples were incubated with 150 L of the anti-rabbit IgG FITC (F-
2765; 1:500) or the anti-mouse IgG FITC (A16079; 1:500) conjugated secondary
antibodies for 1h at RT with agitation, washed three times in PBS and resuspended in
300 pL of PBS. Results were analyzed with a Becton Dickinson Accuri™ C6 cell analyzer
instrument and with FlowJo software 10.3. Each condition presents about 10000 counts.

To confirm protein expression in E. coli, an O.Dsoonm Of 1 was harvested for 3 min
at 16 000 x g at RT and resuspended in 100 uL BugBuster Protein Extraction Reagent
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(Novagen) for 20 min at room temperature with agitation. The samples were denatured
with 6x SDS sample buffer for 10 min at 90°C and evaluated by Western blot analysis

with rabbit anti-APRc antibody as described in the section 2.12.

2.5 Enzyme-linked immunosorbent assay (ELISA)

To confirm the biotinylation of purified APRc fractions, Nunc MaxiSorp high
protein-binding capacity 96 well ELISA plates (Thermo Fisher Scientific) were incubated
with 1 pg/well of BSA and higG for 2 h at 37°C. The wells were washed three times in
PBS containing 0.05% Tween (PBS-T) and blocked in 200 uL PBS-T containing 3% BSA for
2h at 37°C. The wells were washed 4 times in PBS-T and 100 uL of each fraction of
biotinylated APRc (200 pug/mL) were added per well for 1h at 37°C. Wells were washed
4 times in PBS-T and were incubated in 1:2000 HRP-conjugated Streptavidin (#3999S,
Cell Signaling Technology) in PBS-T containing 3% milk for 1h at 37°C. After incubation,
the wells were washed four times in PBS-T and were incubated with 100 uL TMB ELISA
substrate (34028, Thermo Fisher Scientific) for 15-30 minutes at room temperature,
protected from light, and the reaction was stopped with the addition of 100 uL 2M
sulfuric acid. The plate was read at an absorbance of 450nm in a BioTek PowerWave
Microplate Spectrophotometer. Experiment was performed with triplicates.

To analyze APRc effect in C3a production in serum, Nunc MaxiSorp high protein-
binding capacity 96 well ELISA plates (Thermo Fisher Scientific) were incubated
overnight at room temperature with 5 pg/mL purified anti-human C3a (518102,
BioLegend). The wells were washed three times in PBS-T and blocked in 200 uL PBS-T
containing 3% BSA for 2h at 37°C. The wells were washed 4 times in PBS-T and 100 pL of
the samples were added per well for 1h at 37°C. The serum samples were previously
incubated with APRc110-231 HisShort in human umbilical cord serum (UCS) for 1h at 37°C
with agitation and were diluted 1:1000 in PBS. As a positive control was used Zymosan
(1:20 in serum, Complement Technology), and as a negative control was used PBS. The
wells were washed four times in PBS-T buffer and probed with 1 pug/mL of biotinylated
anti-human C3a (518002, BioLegend) for 1h at 37°C. Wells were washed 4 times in PBS-
T and were incubated in 1:2000 HRP-conjugated Streptavidin (#3999S, Cell Signaling
Technology) in PBS-T containing 3% milk for 1h at 37°C. After incubation, the wells were
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washed four times in PBS-T and were incubated with 100 uL TMB ELISA substrate
(34028, Thermo Fisher Scientific) for 15-30 minutes at room temperature, protected
from light, and the reaction was stopped with the addition of 100 puL 2M sulfuric acid.
The plate was read at an absorbance of 450 nm in a BioTek PowerWave Microplate
Spectrophotometer. Experiment was performed with triplicates and significance was
determined through one-way ANOVA with Tukey’s multiple comparisons test using
GraphPad Prism v 8.0.2 263 (GraphPad Software, Inc., CA, USA).

To analyze APRc interaction with complement proteins, IgG1 light chains, free «
light chain and IgG isotypes (1, 2, 3 and 4), Nunc MaxiSorp high protein-binding capacity
96 well ELISA plates (Thermo Fisher Scientific) were incubated with 1 ug/well of negative
control BSA and complement proteins (C3, C4, C4BP), I1gG1 light chains and free k light
chains, or IgG1, 1gG2, I1gG3 and IgG4 for 2h at 37°C. The wells were washed three times
with PBS-T and blocked with PBS-T, 3% BSA. After blocking, the wells were washed four
times and coated with different concentrations of biotinylated APRc110-231 (0 pg/well, 1
ug/well, 2.5 pg/well, 10 pug/well, 22.5 pg/well, 30 pg/well, 40 ug/well) for 1h at 37°C.
For the experiments testing APRc-binding to the complement proteins, the wells were
also incubated with higG (20 pg/well, Sigma-Aldrich) in this step. Wells were washed
four times with PBS-T and were incubated with 1:2000 HRP-conjugated Streptavidin
(#3999S, Cell Signaling Technology) in PBS-T containing 3% milk for 1h at 37°C. Wells
were washed four times in PBS-T and were incubated with 100 uL TMB ELISA substrate
(34028, Thermo Fisher Scientific) for 15-30 minutes at room temperature, protected
from light, and the reaction was stopped with the addition of 100 uL 2M sulfuric acid.
The plate was read at an absorbance of 450nm in a BioTek PowerWave Microplate
Spectrophotometer. Experiment was performed with triplicates and significance was
determined through one-way ANOVA with Tukey’s multiple comparisons test or Kruskal-
Wallis with Dunn’s multiple comparisons test using GraphPad Prism v 8.0.2 263

(GraphPad Software, Inc., CA, USA).
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2.6 APRc-k light chains complex formation assay

To evaluate the formation of APRc-k light chains complexes, APRc and «k light
chains were incubated in different APRc:k light chains molar ratios (1:1, 2:1 and 3:1)
diluted in PBS for 1h at 37°C with agitation. APRc and « light chains alone were used as
controls. The samples were injected in a Superdex 200 5/150 GL column (Cytiva)
previously equilibrated in PBS pH 7.4 using a HPLC system (Shimadzu) and evaluated by
SEC. The performed program used the mentioned buffer at a flow of 0.25 mL/min and
absorbance was measured at 220 nm. Carbonic anhydrase (29 kDa) was injected in the

column as a reference to evaluate APRc110-231HisShort dimerization.

2.7 Pull-down assay with HisMag Sepharose Nickel beads

2.7.1 Human Serum

Pull-down assays using HisMag Sepharose Nickel beads were performed to
evaluate complement proteins C3, C4 and C4BP as APRc substrates. Previously washed
30 pL of His Mag Sepharose™ Nickel beads slurry (GE28-9673-90, Cytiva) were incubated
with 300 pL PBS and 85 pg of APRci10-231 HisShort or APRc110-231 HisShort D140N for
1h30min at room temperature with agitation. These constructs present a histidine tag
that has affinity for nickel, resulting in a specific interaction with the beads. After
incubation, the beads were washed three times with 1 mL PBS and incubated with 240
puL of Human Umbilical Cord Serum (UCS; Crioestaminal), NHS (H6914, Sigma-Aldrich),
NHS (34006, Pel-freez) or NHSAIgG/1gM (34010, Pel-freez) diluted 15x in PBS for 4h at
37°C with agitation. The supernatant was collected before the incubation (To), and the
beads were sequentially washed with 1 mL PBS, 1 mL PBS containing 200 mM NaCl and
1 mL PBS containing 0.1% Tween to remove non-specific interactions. The beads were
eluted in 50 pL of 6x SDS sample buffer diluted in PBS and denatured at 90°C for 10
minutes. Finally, the magnetic beads were separated in a MagRack™ 6 (GE28-9489-64,
Cytiva) and the supernatant containing APRc and bounded proteins (Teluted) Was
collected. Denatured samples were loaded into 12.5% polyacrylamide gel and assessed

by SDS-PAGE and Western Blot as described in the sections 2.11 and 2.12, respectively.
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2.7.2 Purified complement proteins

APRc pull-down assays with purified C3, C4 and C4BP were conducted using
HisMag Sepharose nickel beads. Previously washed 10 uL of His Mag Sepharose Nickel
beads slurry (GE28-9673-90, Cytiva) were incubated with 150 pyL PBS and 28 ug of
APRci110-231HisShort or APRci10-231HisShort D140N for 1h at room temperature with
agitation. After incubation, the beads were washed three times with 1 mL PBS and
incubated with 7 pug of C3, C4 or C4BP with and without 7 pg of hlgG (12511, Sigma-
Aldrich) for 5h at 37°C with agitation. A condition of 7 ug of the purified complement
proteins with and without 7 ug hlgG in PBS was used as a control. Before the incubation,
a sample from the supernatant was collected (To). After incubation, beads were
sequentially washed with 1 mL PBS, 1 mL PBS containing 200 mM NaCl and 1 mL PBS
containing 0,1% Tween to remove non-specific interactions. The beads were eluted in
50 uL of 6x SDS sample buffer diluted in PBS and denatured at 90°C for 10 minutes.
Finally, the magnetic beads were separated in a MagRack™ 6 (GE28-9489-64, Cytiva)
and the supernatant containing APRc and bounded proteins (Teuted) Was collected.
Denatured samples were loaded into a 12.5% polyacrylamide gel and assessed by SDS-

PAGE and Western Blot as described in section 2.11 and 2.12, respectively.

2.8 Incubation assay with HisMag Sepharose Nickel beads

APRc incubation assays with purified C3, C4 and C4BP were conducted using
HisMag Sepharose nickel beads. Previously washed 10 uL of His Mag Sepharose Nickel
beads slurry (GE28-9673-90, Cytiva) were incubated with 150 pL PBS and 28 pg of
APRci110-231HisShort or APRcii0-231HisShort D140N for 1h at room temperature with
agitation. After incubation, the beads were washed three times with 1 mL PBS and
incubated with 7 pug of C3, C4 or C4BP with and without 7 ug of higG (12511, Sigma-
Aldrich) for 5h at 37°C with agitation. A condition of 7 pg of the purified complement
proteins with and without 7 ug hlgG in PBS was used as a control. Before the incubation,
a sample from the supernatant was collected (To). After incubation, the solution was
denatured (Tsinal) and assessed by SDS-PAGE and Western Blot, as described in sections

2.11 and 2.12, respectively.
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2.9 C3, C4 complex formation at the surface of bacteria

To identify cross-linking between C4 and C3 proteins and bacteria, 2.56 x 108 R.
massiliae and an 0.Deoonm=1 of E. coli expressing the empty backbone vector pET28a,
full-length D140N APRc and full-length APRc WT were suspended in HBSS and incubated
with HBSS or 40% NHS (Pel-Freez) for 1h at 37°C with rotation. Bacteria were washed
twice in 1 mL of HBSS and resuspended in a final volume of 60 uL. Samples were
denatured, and results were obtained by performing SDS-PAGE and Western Blot
analysis, as described in sections 2.11 and 2.12, using polyclonal anti-C3 (A213),
polyclonal anti-C4 (A205) and rabbit polyclonal anti-APRc antibodies.

2.10 Complement System activation assay

To determine APRc effect in the activation of complement pathways was used
the WIESLAB® Complement System Screen RUO (COMPL300RUO; Svar Life Science). This
kit is used for the determination of complement deficiencies in human sera and
qualitative determination of functional classical, alternative and MBL pathways. The
assay combines the specific activation of each complement pathway with the use of
labeled antibodies against the terminal complex C5b-9, whose levels are proportional to
the complement activity. Previously washed 10 uL of His Mag Sepharose™ Nickel beads
slurry (Cytiva) were incubated in 150 puL PBS and 28 ug of APRc110-231 HisShort or APRc110-
231 HisShort D140N for 1h at room temperature with agitation. After incubation, the
beads were washed three times with 1 mL PBS and incubated with 25 uL of NHS (34006,
Pel-freez) for 1h at 37°C with agitation. Serum and the positive and negative controls
were diluted according to the kit protocol: 1:101 in classical pathway diluent, 1:101 in
MBL pathway diluent and 1:18 in alternative pathway diluent. Samples diluted with the
MBL pathway diluent were left at room temperature for 25 minutes. Ninety-six-wells
plate coated with human IgM (classical pathway), coated with mannan (MBL pathway)
and coated with lipopolysaccharide (LPS; alternative pathway) was incubated with 100
pL of the corresponding diluted samples and diluents (blank) per well for 1h at 37°C. The
wells were washed three times in washing buffer and incubated with 100 pL of the

conjugate to each well and incubated for 30 min at room temperature. After incubation,
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the wells were washed three times in washing buffer and were incubated with 100 plL
of substrate solution for 30 minutes at room temperature, protected from light. The
reaction was stopped with the addition of 100 uL 5 mM EDTA and the plate was read at
an absorbance of 405 nm in a BioTek PowerWave Microplate Spectrophotometer.

Experiment was performed with duplicates.

2.11 SDS-PAGE

To separate protein samples by size was performed a SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). Samples were denatured using 6x SDS sample solution (4x
Tris-HCI, 30% glycerol, 10% SDS, 0.012% bromophenol blue, 0.6 M dithiothreitol [DTT]
pH 6.8) at 90°C for 10 min and were applied onto a 12.5% polyacrylamide gel. The gel
electrophoresis was run using running buffer (100 mM Bicine, 100 mM Tris base) for 15
min at 120V and after at 170V in a Mini-PROTEAN Tetra Cell system (Bio-Rad). The gel
was stained with Coomassie Brilliant Blue solution (50% methanol, 10% acetic acid, 0.2%
Coomassie Brilliant Blue), followed by unstaining with a solution containing 25%
methanol and 5% acetic acid. Images were obtained using a VWR imager (VWR
international). To evaluate the proteins molecular weight, was used the Precision Plus
Protein™ All Blue Prestained Protein Standards (Biorad) with the following known
molecular weights: 250 kDa, 150 kDa, 100 kDa, 75 kDa, 50 kDa, 37 kDa, 25 kDa, 20 kDa,
15k Da and 10 kDa.

2.12 Western Blot analysis

To detect specific proteins and potential cleavage fragments in the samples was
performed Western Blot analysis. After the SDS-PAGE, the proteins were
electrotransfered to a previously activated in methanol Amersham Hybond 0.2 um PVDF
membrane (Cytiva) using a Trans-Blot Electrophoretic Transfer cell (Bio-Rad) with the
buffer containing 25 mM Tris, 192 mM glycine and 20% methanol, for 1h40min at 100V,
at 4°C. The membrane was blocked with the proteins upwards with Tris-buffer saline
(TBS; 20 mM Tris and 137 mM NacCl) containing 2% BSA for 1 h at room temperature

with agitation. After, the membrane was probed with one of the following primary
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antibodies for 1h at room temperature with agitation: rabbit polyclonal anti-C3 antibody
(1:2000 in TBS-T, 2% BSA; PA5-21349) produced by Sigma-Aldrich, mouse anti-human
C3 (1:500 in TBS-T, 2% BSA; sc-28294), mouse anti-human C4a (1:500 in TBS-T, 2% BSA;
sc-271181), mouse anti-human C4BPa (1:500 in TBS-T, 2% BSA; sc-398720) or mouse
anti-human C4BPB (1:500 in TBS-T, 2% BSA; sc-514553) purchased from Santa Cruz
Biotechnology, goat polyclonal anti-C3 (1:64000 in TBS-T, 2% BSA; A213) or the goat
polyclonal anti-C4 (1:64000 in TBS-T, 2% BSA; A205) obtained from Complement
technology or the anti-APRc (1:500 in TBS-T, 2% BSA) produced by GenScript. The
membrane was washed five times (each 5 minutes) in TBS-T and incubated with the
corresponding secondary antibody for 1h with agitation: anti-Mouse IgG (1:5000 in TBS-
T, 2% BSA; A9044), anti-rabbit 1gG (1:40000 in TBS-T, 2% BSA; A0545) or anti-goat IgG
(1:5000 in TBS-T, 2% BSA, #81-1620). Finally, the membrane was washed five times
(each 5 minutes) using TBS-T. The membrane was incubated with the NZY advanced ECL
substrate (NZYTech) for 3 minutes, and chemiluminescence was detected using a VWR
imager. Molecular weights were inferred by comparison with the Precision Plus

Protein™ All Blue Prestained Protein Standards (Biorad).
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Chapter Il — Results

3.1 Purification of the soluble form of recombinant APRc

In order to conduct this study a shorter soluble form of APRc (APRciio-
231HisShort) containing a histidine tag was purified. This construct presents the C-
terminal histidine tag directly fused to the APRc sequence since previous experiments
from our laboratory demonstrated that the use of a linker sequence had an impact in
APRc binding to non-immune Ig. APRc110-231HisShort and the respective catalytic dead
mutant (APRci10-231HisShort_D140N) were recombinantly expressed in E. coli and
purified by immobilized metal affinity chromatography (IMAC) with Ni Sepharose and
cationic exchange chromatography. Oligomerization state of APRc was evaluated by size
exclusion chromatography (SEC).

BL21 star strain of E. coli presenting the plasmid pET28a_APRciio-
231HisShort_D140N or pET28a_APRciio-231HisShort were grown until an 0.Deoonm
between 0.6 and 0.7, protein expression was induced for 4h at 30°C and the pellets were
collected and frozen. Bacteria were lysed and the soluble part of cellular extracts was
subjected to IMAC. The histidine-tag presents affinity for the nickel ions in the column,
allowing the separation of the recombinant proteins from the other soluble
components. Proteins were subjected to a four-step gradient of imidazole (50 mM, 150
mM, 200 mM, and 500 mM) at a flow of 5 mL/min and absorbance was measured at 280
nm. As shown in the Figure 6A,D, the recombinant proteins were eluted in the step of
200 mM Imidazole (region between the dotted lines). Previous purifications have
demonstrated that APRc dimeric forms are eluted in this imidazole step.

The collected samples from each construct were independently dialysed
overnight against 20 mM HEPES buffer pH 7.4. Samples were ultracentrifuged to remove
any precipitates and were applied in a cationic-exchange column. The histidine tag
present in the constructs APRc110-231HisShort and APRc110-231HisShort_D140N gives them
positive charge at a pH 7.4, enabling their binding to the column. Each construct was
subjected to an increase gradient of NaCl (0 to 1M), competing with the Na* ions and
resulting in their elution. Fractions were collected from the region between the dashed

lines, as shown in the chromatograms of Figure 6B,E, and were evaluated by SDS-PAGE.
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The soluble domain of APRc presents a molecular weight of approximately 14 kDa
(Figure 6C,F). The weak homodimerization of this protease makes it difficult to visualize

the dimer under these conditions.
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Figure 6: Purification of APRcii0-231HisShort_D140N and APRcii¢-231HisShort by IMAC using Ni Sepharose and
cationic exchange chromatography. (A) Supernatant containing APRcii0-231HisShort_D140N or (D) APRciio-
231HisShort was loaded in a Histrap HP 5 mL column previously equilibrated in buffer 20 mM sodium phosphate, 500
mM NaCl, 10 mM Imidazole pH 7.4. Soluble protein pool was subjected to a four-step gradient of imidazole (50 mM,
150 mM, 200 mM, and 500 mM; grey dashed line) using the buffer 20 mM sodium phosphate, 500 mM NaCl, 500 mM
Imidazole pH 7.4 with a flow of 5 mL/min and measured at 280 nm. The black dashed lines indicate the region where
the protein was eluted (200 mM). (B,E) Collected fractions from the previous step were dialyzed overnight in 5L 20
mM HEPES pH 7.4 at 4°C and were injected in a MonoS column previously equilibrated in 20 mM HEPES pH 7.4 and
cationic exchange chromatography was conducted. A linear NaCl gradient (0 to 1 M; grey dashed line) using the buffer
20 mM HEPES containing 1M NaCl pH 7.4 at a flow of 0.75 mL/min was performed. Absorbance was measured at 280
nm. The black dashed lines represent the collected pool of purified APRc forms. (C) SDS-PAGE followed by Coomassie
blue staining of the three collected fractions of APRc110-231HisShort_D140N or (F) APRci10-231HisShort after cationic-

exchange chromatography (Fc1, Fc2, Fc3).

Since APRc needs to be in a homodimer to present catalytic activity (R. Cruz et
al., 2014), the oligomerization state of the purified fractions of histidine tagged APRc
were evaluated by analytical SEC. The purified proteins were injected in a Superdex

column previously equilibrated in 20 mM HEPES buffer pH 7.4 containing 100 mM NacCl.
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Proteins were subjected to a program with the mentioned buffer at a flow of 0.25
mL/min and absorbance was measured at 220 nm. Molecular weight of each construct
was estimated by running the standard molecular weight proteins carbonic anhydrase
(29 kDa) and ribonuclease (13.69 kDa). As expected, dimeric APRci10-231HisShort and
APRCc110-231HisShort_D140N (hereby named APRc) present approximately 25 kDa, eluting
closer to carbonic anhydrase elution volume. Fractions 1 and 2 from both constructs
represent the most concentrated purified fractions (Figure 7A,B). For the following
experiments the dimeric fractions 1 and 2 from APRci10-231HisShort and APRciio-

231HisShort_D140N were used.
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Figure 7: Evaluation of APRc oligomerization state by size exclusion chromatography. (A) The three purified fractions
of APRci110-231HisShortD140N and the (B) three purified fractions of APRc110-231HisShort were analysed by analytical
size exclusion chromatography using a Superdex column previously equilibrated in 20 mM HEPES buffer pH 7.4
containing 100 mM NaCl. The program used the mentioned buffer at a flow of 0.25 mL/min and absorbance was
measured at 220 nm. To estimate the molecular weight of the fractions, carbonic anhydrase (CA; 29 kDa) and

ribonuclease (Ribo; 13.69 kDa) were also injected in the column for reference.
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3.2 Purification of biotinylated APRc soluble form

HisAPRci110-231avi was recombinantly expressed in E. coli and purified by IMAC
with Ni Sepharose and anionic exchange chromatography. The histidine tag from the
construct was cleaved by HRV 3C protease and removed with Ni beads. Finally, samples
were dialyzed against PBS pH 7.4.

BL21 star strain of E. coli containing the plasmid pDW363AMBP and encoding the
plasmid pCoofyl APRc110-231 were grown until an O.Deoonm between 0.6 and 0.7,
protein expression was induced overnight at 20°C and the pellets were collected and
frozen. Bacteria were lysed and the soluble part of the cellular extracts was subjected
to IMAC. This construct also presents a histidine-tag, allowing the binding to the column.
Proteins were subjected to a four-step gradient of imidazole (50 mM, 150 mM, 200 mM,
and 500 mM), and the fraction eluted at the 150 mM imidazole step was selected (Figure
8A).

The collected samples from each construct were independently dialysed against
20 mM Tris-HCI pH 8 overnight, ultracentrifuged and applied in an anionic-exchange
column. HisAPRci10-231avi presents negative charge at pH 8, which enables the binding
to the column. Each protein was subjected to an increase gradient of NaCl (0 to 1M),
competing with the Cl" ions and resulting in their elution (Figure 8B). Three different
pools corresponding to the first peak, second peak and descendent from the second
peak were collected (Figure 8B) and evaluated by SDS-PAGE (Figure 8C).

To remove the histidine-tag from the construct, the three pools were incubated
with HRV 3C Protease overnight at 4°C. This protease recognizes the consensus cleavage
site downstream the histidine tag sequence, cleaving it. The cleavage was assayed by
SDS-PAGE. As seen in Figure 8D, after digestion there is the appearance of a protein
band with approximately 14 kDa (corresponding to APRc) and the appearance of a
protein bands below 10 kDa (corresponding to the histidine tags). The cleaved histidine
tags and the HRV 3C protease were removed by using Ni beads and the proteins were
dialyzed in PBS pH 7.4 for 2h and overnight (Figure 8E).

The biotinylation of the purified pools of APRc was assessed by ELISA. In this
assay a 96-well plate was incubated with BSA and human IgG and was incubated with

200 pg/mL of APRc of each pool. Human IgG was used as coating since it is known that
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APRc is a Ig-binding protein (Curto et al., 2021). Only the Pools 2 and 3 present signal,
confirming their biotinylation (Figure 9). Pool 3 presents higher signal than Pool 2,
however the protein concentration is much lower. Due to this, for the following ELISA

experiments the Pool 2 of biotinylated APRc was used.
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Figure 8: Purification of biotinylated APRc by IMAC with Ni Sepharose and anionic exchange chromatography. (A)
Supernatant containing HisAPRc110-231avi was loaded in a Histrap HP 5 mL column previously equilibrated in buffer 20
mM sodium phosphate, 500 mM NaCl, 10 mM Imidazole pH 7.4. Protein pool was subjected to a four-step gradient
of imidazole (50 mM, 150 mM, 200 mM, and 500 mM; grey dashed line) using the buffer 20 mM sodium phosphate,
500 Mm NaCl, 500 mM Imidazole pH 7.4 with a flow of 5 mL/min. Absorbance was measured at 280 nm. The black
dashed lines indicate the region where the protein was eluted (150 mM imidazole). (B) Collected fractions were
dialyzed overnight in 5L 20 mM Tris-HCI pH 8 at 4°C and were injected in a MonoS column previously equilibrated in
buffer 20 mM Tris-HCl pH 8 and anionic exchange chromatography was conducted. A linear NaCl gradient (0 to 1 M;
grey dashed line) using the buffer 20 mM Tris-HCI containing 1M NaCl pH 8 at a flow of 0.75 mL/min was performed.
Absorbance was measured at 280 nm. The black dashed lines represent the three collected pools (pooll, pool 2, pool
3) with the biotinylated HisAPRci10-231 construct. (C) SDS-PAGE followed by Coomassie blue staining of the fractions
of the three collected pools of biotinylated HisAPRc110-231 before (Initial pool; dialyzed pool from 150 mM imidazole
step) and after ultracentrifugation (Fcl, Fc2, Fc3, Fc4, Fc5, Fc6, Fc7, Fc8). (D) SDS-PAGE followed by Coomassie blue

staining of the three collected pools before (To) and after digestion with 3C protease to cleave the histidine tag (Tfinal).
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(E) SDS-PAGE followed by Coomassie blue staining of the three collected pools upon 3C protease and histidine tag

removal, before (To) and after (Tfina) dialysis with PBS pH 7.4 for 2h and overnight.
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Figure 9: Evaluation of the biotinylation of purified recombinant APRc by ELISA. 96-well plates were incubated with
1 pg of BSA and human IgG (higG) and were incubated with 200 pg/mL of APRc. The three pools of purified APRc were
tested. To detect the signal streptavidin-HRP at 450 nm was used. Results are represented in mean + standard

deviation from three replicates.

3.3 Evaluation of APRc binding to different IgG isoforms

Previous work from our laboratory demonstrated that APRc binds to different types
of immunoglobulins, presenting more interaction with IgG (Curto et al., 2021). To further
unveil APRc binding to IgG, the interaction with the four isoforms of this immunoglobulin
(1gG1, 1gG2, 1gG3 and 1gG4) was evaluated. These isoforms present over 90% homology,
mainly differing in the hinge region and the N-terminal CH2 domain, a component of the
heavy chain (Vidarsson et al., 2014). Ninety-six-well plates were coated with IgG1, 1gG2,
lgG3 and 1gG4 and incubated with different concentrations of APRc: 0 pug/well, 1 pg/well,
2.5 pg/well, 10 pg/well, 22.5 pg/well, 30 pug/well, 40 pug/well. APRc binds to the 1gG1,
IgG2 and IgG3 in a concentration-dependent manner, binding preferentially to IgG1 and
IgG3 (Figure 10A,B). On the other hand, 1gG4 binding is similar to the control BSA, being
observed differences only after the 22.5 pg/well concentration. Although the
absorbance values of 1gG1, 1gG2 and IgG3 are higher in Figure 10A than IgG1 and IgG4
absorbance values in Figure 10B, they cannot be compared since different incubation

times with the substrate were used. To compare them and to further confirm APRc
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preference, a 96-well was coated with 1gG1, 1gG2, 1gG3, and IgG4 and incubated with
22.5 pg/well and 40 pg/well of APRc. As previously observed, APRc binds more to
isoforms 1 and 3 in both concentrations, although there are no statistical differences in
the 22.5 pg/well condition. The isoforms 2 and 4 do not present statistical differences
when compared to BSA in both concentrations, although both absorbance values

increase in the 40 ug/well (Figure 10C).
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Figure 10: APRc ability to bind different I1gG isoforms was evaluated by ELISA. (A) 96-well plates were coated with 1
ug/well of BSA and IgG isoforms (1,2,3) and incubated with different concentrations of biotinylated APRc. (B) 1
ug/well of BSA, IgG1 and IgG4 were used as coating in a 96-well plate and incubated with different concentrations of
biotinylated APRc. To detect the signal was used streptavidin-HRP at 450 nm. Results are represented in mean *
standard deviation from three replicates. (C) 96-well plate were coated with 1 ug/well of BSA and IgG isoforms
(1,2,3,4) and incubated with two different concentrations of biotinylated APRc (22,5 pg/well and 40 ug/well). To
detect the signal was used streptavidin-HRP at 450 nm. Results are represented in mean * standard deviation from
three replicates. Significance was determined using a one-way ANOVA followed by Tukey’s multiple comparisons test

using GraphPad Prism 8 (ns, non-significant; *, P < 0.05; **, P < 0.01; ***, P <0.001).
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3.4 Evaluation of APRc binding to the antibody light chains

Previous work from our laboratory also demonstrated that APRc binds preferentially
to the antibody Fab region (Curto et al., 2021). This region is responsible to bind the
antigen and is composed by one variable and one constant domain from each light and
heavy chain (Charles A Janeway et al., 2001). To further analyse this interaction, 96-well
plates were coated with BSA, IgG1 with k light chains and 1gG1 with y lights chains and
incubated with different concentrations of APRc. Obtained results demonstrate that
APRc binds to both IgG1l with « light chains and IgG1l with y lights chains in a
concentration-dependent manner, binding preferentially to the antibody with « light
chains by ~2-fold (Figure 11A). A part of this binding could be due to interaction with
the antibody heavy chains, however it’s clear that changing only the type of light chains
alter the binding. To further validate APRc-k light chains interaction, 96-well plates were
coated with BSA, IgG1 with k light chains and free k lights chains and incubated with 22.5
ug/well and 40 pug/well of APRc. At the lower used concentration, there is a statistical
difference between the IgG1 with k light chains and free « lights chains when compared
to the BSA control (Figure 11B). Furthermore, there are no visible differences between
the two experimental groups, however, when the concentration increases IgG1 with «
light chains presents higher binding to APRc than the free k lights chains conditions.
These results demonstrate that APRc binds to k light chains alone, although this protease
can also interact with other antibody regions.

To confirm APRc-k light chains complexes formation, APRc was incubated with « light
chains at different molar ratios and evaluated by SEC. The profile of the used fraction of
APRci110-231HisShort presents two peaks, being one of them in a dimeric form (Figure
11C). For two of the tested APRc:k molar ratios we observe a shoulder at lower elution
volumes (~2mL), that is not present when both proteins were independently run (Figure
11D). These results suggest the formation of higher molecular weight complexes

between both proteins.
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Figure 11: APRc ability to bind k and y light chains was evaluated by ELISA. (A) 96-well plates were coated with 1
pg/well of BSA 1gG1 « light chain and IgG1 y light chain and incubated with different concentrations of biotinylated
APRc. To detect the signal was used Streptavidin-HRP at 450 nm. Results are represented in mean + standard
deviation from three replicates (B) To further assess APRc binding to « light chains, 96-well plates were coated with
1ug/well of BSA, 1gG1 k light chains and free k light chains incubated with 22.5 pug/well and 40 pg/well of biotinylated
APRc. Bars represent the mean value * standard deviation. Significance was determined using a one-way ANOVA
followed by Tukey’s multiple comparisons test using GraphPad Prism 8 (ns, non-significant; *, P < 0.05). (C) Formation
of APRc-k light chains complexes was evaluated by size-exclusion chromatography (SEC). APRciio-231HisShort
dimerization was assessed by comparing with carbonic anhydrase (CA; 29 kDa). (D) APRc and «k light chains were
incubated in PBS with varying molar ratios APRc: k light chain (1:1, 2:1, 3:1) in PBS and injected in a Superdex column
previously equilibrated in PBS pH 7.4. Proteins were subjected to an isocratic run at a flow of 0.25 mL/min in the same

buffer. Absorbance was measured at 220 nm. The black arrow highlights the appearance of a shoulder.

3.5 Evaluation of complement proteins as APRc

interactors/substrates

Preliminary data demonstrates that C3 and C4 proteins are potential APRc
substrates from human serum. Additionally, it has been reported a few bacterial
proteins that bind Ig as well as complement protein C4BP, causing immune evasion

(Carlsson et al., 2003; Johnsson et al., 1996; Pleass et al., 2001, p. 89). Since APRc
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presents lg-binding activity, we hypothesize that it might also bind C4BP. In these
following experiments we wanted to unveil if C3, C4, and C4BP are APRc substrates.
First it was evaluated the binding of the three potential substrates (C3, C4, and
C4BP) to the surface of Rickettsia by flow cytometry. R. massiliae were fixed and
incubated with Hanks' Balanced Salt Solution (HBSS), 50% Normal Human Serum (NHS)
and 50% Normal NHS depleted in IgG and IgM (NHSAIgG/IgM). The latter one was used
to assess the impact of IgG and IgM depletion in the binding of the complement proteins.
Blocked bacteria were probed with antibodies against each of the complement proteins
and further probed with a FITC-coupled antibody. R. massiliae binds to all the tested
complement proteins, although binding is more evident for C3. R. massiliae binds to C3
in both NHS and NHSAIgG/IgM, presenting more deposition in the NHSAIgG/IgM
condition (Figure 12A). These results anticipate that IgG binding by Rickettsia may exert
a protective effect reducing C3 binding at the surface of the bacteria. On the other hand,
we observe binding of C4 and C4BP only in the NHS condition, suggesting that the
depletion of 1gG and IgM impacts their deposition (Figure 12B,C). However, for CABP the
low protein levels detected in the NHSAIgG/IgM serum (Figure S2) can limit this

deposition, making it difficult to draw any conclusion.
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Figure 12: Flow cytometry analysis of C3, C4 and C4BP deposition at the surface of Rickettsia massiliae. R. massiliae
were fixed and incubated with HBSS (grey trace), 50% NHS (blue trace), or 50% NHSAIgG/IgM (pink trace). After
incubation, samples were blocked at RT, washed, and incubated with (A) anti-C3 antibody, (B) anti-C4a antibody or
(C) anti-C4BPa antibody at RT for 1h. Each condition was incubated with anti-rabbit IgG FITC-conjugated antibody for
1h at RT and resuspended in PBS. Results were obtained with the FL1-A channel (FITC). Each condition presents about
10000 counts.
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3.5.1 Evaluation of C3 as an APRc substrate

After acknowledging that C3 binds to Rickettsia surface, we wanted to assess if C3
binds specifically to the protease APRc. To do this, we used the surrogate model of E.
coli expressing this protease. It has been demonstrated that the full-length APRc
integrates in the outer membrane of E. coli and presents the soluble catalytic domain
oriented to the extracellular site (R. Cruz et al., 2014).

E. coli expressing the empty vector, full-length APRc and the corresponding
catalytic dead mutant were fixed and incubated with HBSS, 40% NHS and 40%
NHSAIgG/1gM. Blocked bacteria were incubated with anti-C3a antibody and probed with
a FITC-coupled antibody. Full-length APRc expression was confirmed with the protein
band with ~25 kDa, presenting more expression of the mutant than the wild-type form
(Figure 13A). Bacteria expressing the empty vector present C3 deposition in both
serums, presenting more binding in the serum depleted in IgG and IgM (Positive % 26.02
vs 41.19, respectively; Figure 13B). Bacteria expressing APRcFL_D140N and APRcFL
present deposition only when the IgG and IgM are depleted (Figure 13C,D). One
plausible explanation for this result is that APRc binding to IgG may be competing with
APRc-C3 binding in NHS. Furthermore, C3 binds more to the surface of E. coli expressing
the wild-type protease than the mutant form (Positive % 34.88 vs 23.3 respectively),
suggesting that the proteolytic activity increases C3 binding/deposition. However, the
observed binding in both APRc forms is lower than the control with the empty vector.

APRc-binding to complement protein C3 was also evaluated by ELISA. Ninety-six-
well plates were incubated with BSA and C3 and incubated with different concentrations
of APRc. The results demonstrate that APRc binds to C3 in a concentration-dependent
manner, however this interaction seems to saturate at the concentration 22.5 ug/well
(Figure 14A). Moreover, APRc-C3 interaction seems to be unstable/transient since it
decreases in the 10 pg/well concentration. To analyse the potential role of 1gG in this
interaction, 96-well plate was incubated with BSA and C3 and incubated with 22.5
ug/well and 40 pg/well of APRc and 20 pg/well of human 1gG. As previously observed
APRc binds to C3 in both concentrations, although it is not statistically different.
Furthermore, the conditions with C3 and IgG also increase absorbance when compared
to the control BSA with IgG, being slightly lower than the condition with only C3 (Figure
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14B). Therefore, under the tested conditions, the presence of IgG have no positive

impact on APRc-C3 interaction.
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Figure 13: Flow cytometry analysis of C3 deposition on the surface of E. coli expressing APRc. (A) Western blot

analysis with anti-APRc antibody of total protein extracts equivalent to an ODgyonm of 1 from BL21 Star DE3

strain of E. coli expressing empty vector backbone pET28a (pET), full-length active site mutant APRc (APRcFL_D140N)

and full-length APRc (APRcFL). (B) BL21 Star DE3 E. coli expressing pET, (C) APRcFL_D140N and (D) APRcFL were fixed

and incubated with HBSS (grey trace), 40% NHS (blue trace), or 40% NHSAIgG/IgM (pink trace). After incubation,

samples were blocked at RT, washed, and incubated with primary anti-C3a antibody at RT for 1h. Each condition was

incubated with anti-rabbit IgG FITC-conjugated secondary antibody for 1h at RT and resuspended in PBS. Results were

obtained with the FL1-A channel (FITC). Each condition presents about 10000 counts.
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Figure 14: APRc ability to bind C3 in the presence and absence of human IgG was evaluated by ELISA. (A) 96-well
plate were coated with 1 pg/well of BSA and purified C3 and incubated with different concentrations of biotinylated
APRc. To detect the signal was used streptavidin-HRP at 450 nm. Results are represented in mean + standard deviation
from three replicates. (B) 1 ug/well of BSA and purified C3 were used as coating in a 96-well plate and incubated with
different concentrations of biotinylated APRc and 20 ug/well of IgG. To detect the signal was used streptavidin-HRP
at 450 nm. Results are represented in mean * standard deviation from three replicates. Significance was determined

using a Kruskal-wallis with Dunn’s multiple comparisons test using GraphPad Prism 8 (ns, non-significant).

To further evaluate APRc binding to C3 and its potential to cleave this
complement protein pull-down assays were performed. Previously incubated beads
with the wild-type and active site mutant APRc were incubated with four different
serums: UCS, NHS from Sigma, NHS from Pel-Freez and NHS depleted in I1gG/IgM. After
incubation the beads were washed, and APRc-bounded proteins were assessed.

C3 presents a molecular weight of 190 kDa and is composed by an a-chain (115
kDa) and a B-chain (75 kDa) (Pollack et al., 2021) (Figure S3). The used antibody against
C3 recognizes the C-terminal region downstream of the thioester binding that enables
the interaction of C3 with the target upon C3 activation (Figure 15A). With this antibody,
binding and cleavage of fragments containing the following regions may be visible: a-
chain (115 kDa), C3b a’-chain (101 kDa) and iC3b/C3c a’-chain fragment 2 (39 kDa)
(Pollack et al., 2021). In the latter region the thioester binding is not present.

In the four serum profiles, the a-chain and potentially the C3c/iC3b a-chain
fragment 2 (~39 kDa) are observed. Although theoretically the antibody only detects the
C3 oa-chain, a band with 75 kDa is detected in the UCS and NHSAIgG/IgM that

corresponds to the expected molecular weight of the B-chain, anticipating some
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unspecific binding. Both forms of APRc bind to C3 in the tested sera (Figure 15B-E). NHS
Sigma appears more degraded in the protein profile from the initial input comparing
with the other sera (presents a more intense band between 50 and 37 kDa and a more
tenuous band between 150 and 100 kDa). In all sera there is a decrease intensity of the
band between 50 and 37 kDa in the APRc-WT eluted fraction when compared to the
APRc_D140N. Furthermore, one (NHS Sigma) or more protein bands (UCS, NHS PF and
NHSAIgG/1gM) are additionally observed, suggesting C3 cleavage. Indeed, for both NHS
samples an additional protein band with ~37 kDa is detected. According to the antibody-
recognized region, one can assume that APRc is cleaving C3 in the region encompassing
the C3¢/iC3b a-chain fragment 2. However, further studies are required to confirm this
and if the fragment is being generated from cleavage of the a-chain (115 kDa) or C3b a’'-
chain (101 kDa), as this may impact C3 activation and the exposure of the reactive
thioester bond. Moreover, when the IgG and IgM are depleted the protein bands are
more intense, suggesting that this depletion leads to increased binding to the APRc_ WT
form, consistent with our previous observations by flow cytometry (Figure 13).

APRc cleavage of C3 B-chain (Figure S3) was also evaluated. Pull-down assays
were conducted as previously described, being used an antibody that recognizes the
portion of C3 that encompasses a region of the B- and a region of the a-chain (Figure
16A). As expected, in each serum, a protein band that corresponds to the B-chain (75
kDa) is detected, confirming APRc binding to C3 (Figure 16B-E). Contrary to the a-chain,
there are no new protein bands or smears, apart from the UCS incubation where is
visible a smear below 75 kDa. APRc-WT appears to bind more to the C3 in the UCS, NHS
Pel-Freez and NHS depleted in IgG and IgM when compared to the APRc-D140N, as

shown previously with the a-chain.
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Figure 15: APRc binding and cleavage of C3 a-chain was evaluated by pull-down assays using human serum. Pull-
down assays using HisMag Sepharose Nickel beads were independently incubated with the dimeric soluble form of
APRc wildtype (APRc-WT) and the corresponding active site mutant (APRc-D140N). After binding, the beads were
incubated with human serum diluted 15x in PBS pH 7.4 for 5 hours at 37°C with agitation. In this step was taken a
sample of the initial input (To). The beads were washed and denatured with SDS sample buffer diluted 6x in PBS buffer
(Eluted). Input and eluted samples were loaded into a 12.5% polyacrylamide gel and C3 detection was conducted by
Western Blot. (A) Schematic representation of the C3 protein. The black line represents the isoglutamyl cysteine
thioester that enables the binding to the target. The orange box represents the region that the anti-C3 antibody
encompasses (aa 1448-1655). (B) Western blot of the pull-down assay with UCS, (C) NHS from Sigma, (D) NHS from
Pel-Freez and (E) NHS depleted in 1gG and IgM (NHSAIgG/IgM) probed with anti-human C3a. The black boxes

represent the smear consistent with additional cleavage products. The black arrow highlights a new protein band.
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Figure 16: APRc binding and cleavage of C3 B-chain was evaluated by pull-down assays using human serum. Pull-
down assays using HisMag Sepharose Nickel beads were independently incubated with the dimeric soluble form of
APRc wildtype (APRc-WT) and the corresponding active site mutant (APRc-D140N). After binding, the beads were
incubated with human serum diluted 15x in PBS pH 7.4 for 5 hours at 37°C with agitation. In this step was taken a
sample of the initial input (To). The beads were washed and denatured with SDS sample buffer diluted 6x in PBS buffer
(Eluted). Input and eluted samples were loaded into a 12.5% polyacrylamide gel and C3 detection was conducted by
Western Blot. (A) Schematic representation of the C3 protein. The black line represents the isoglutamyl cysteine
thioester that enables the binding to the target. The orange box represents the region that the anti-C3 antibody
encompasses (aa 541-840). (B) Western blot of the pull-down assay with UCS, (C) NHS from Sigma, (D) NHS from Pel-
Freez and (E) NHS depleted in IgG and IgM (NHSAIgG/1gM) probed with anti-human C3p.
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Taken together, these results demonstrate that APRc interacts and cleaves C3 in
serum and that the cleavage likely occurs in the a-chain. We next ought to evaluate if
this is also seen in a less complex system, doing the pull-down assay with the protease
and purified C3 protein. IgG contribution in this interaction was also assessed. In the
Coomassie-stained SDS-PAGE there are no obvious differences between the two forms
of APRc in the presence and absence of IgG (Figure 17A). However, in all eluted fractions
there is a band with about 25 kDa that corresponds to the dimeric form of APRc, which
is less intense in the presence of IgG (Figure 17B). This is consistent with previous data
showing that APRc forms high-molecular weight complexes in the presence of IgG (Curto
et al., 2021). In the incubations with only C3, there are a few differences in the protein
profiles when comparing the eluted fraction of both APRc forms (Figure 17C). However,
the activity towards the a-chain, if any, appears to be lower than that observed in the
context of NHS (Figure 15). Contrary to our previous observations, in the presence of
IgG, APRc WT binds more to C3 than the mutant form. Moreover, there are no visible
differences between the conditions when probed with the C3 B-chain antibody (Figure

17D).
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Figure 17: APRc binding and cleavage of C3 was evaluated by pull-down assays with purified C3. Pull-down assays
using HisMag Sepharose Nickel beads were independently incubated with the dimeric soluble form of APRc wildtype
(APRc-WT) and the corresponding active site mutant (APRc-D140N). After binding, the beads were incubated with 7
ug of C3 purified protein with or without 7 ug human IgG (higG) diluted in PBS pH 7.4 for 5 hours at 37°C with agitation.
In this step was taken a sample of the initial input (To). The beads were washed and denatured with SDS sample buffer
diluted 6x in PBS buffer (Eluted). Input and eluted samples were loaded into a 12.5% polyacrylamide gel. (A) SDS-
PAGE stained with Coomassie blue of the input and eluted samples of wildtype and mutant APRc fractions. (B)
Western Blot analysis with anti-APRc antibody of the eluted fractions. (C) Western Blot analysis with anti-C3a

antibody and (D) anti-C3p antibody.

In the pull-down assays, we evaluate only the profiles of APRc-bounded proteins,
without evaluating the total protein sample. To analyse the total protein, additional
incubation assays were performed. Nickel-magnetic beads with the wild-type and active
site mutant APRc were independently incubated with purified C3 with or without human
IgG. After incubation, the samples were denatured and assessed. In the SDS-PAGE there

are no visible differences between the presence and absence of IgG, as well as between
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the two forms of APRc (Figure 18A,B). In the absence of IgG, there is the appearance of
a band between 50 and 37 kDa in the APRc-WT (Figure 18C). In the presence of IgG, it is
also visible the formation of a band between 50 and 37 kDa (Figure 18D).
Anaphylatoxin C3a is a proinflammatory mediator whose levels increase with
complement system activation. Although a protein band with 9.6 kDa corresponding to
the C3a molecular weight was not visible in the previous assays, it could be due to the
used anti-C3a antibody (data not shown). To analyse if C3 cleavage by APRc impacts the
production of the anaphylatoxin C3a, a sandwich ELISA assay was performed. Ninety-
six-well plates were incubated with purified anti-human C3a and incubated with serum
samples previously incubated alone, with wild-type APRc or zymosan. Zymosan is a
macromolecule from the wall of Saccharomyces cerevisiae that can activate the
complement system (Smith et al., 1982), being used as a positive control. The wells were
probed with biotinylated anti-human C3a, and the signal was detected with Strep-HRP.
As expected, UCS preincubated with zymosan results in the production of C3a consistent
with complement activation. However, the values of serum preincubated with APRc-WT
do not differ from those observed for the UCS, suggesting that APRc does not impact

C3a production under the conditions tested (Figure 19).
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Figure 18: APRc cleavage of C3 was evaluated by incubation assays with purified C3. Incubation assays using HisMag

Sepharose Nickel beads were independently incubated with the dimeric soluble form of APRc wildtype (APRc-WT)

and the corresponding active site mutant (APRc-D140N). After binding, the beads were incubated with 7 pg of C3

purified protein with or without 7 ug human IgG (hlgG) diluted in phosphate-buffered saline (PBS) for 5 hours at 37°C

with agitation. In this step was taken a sample of the initial input (To). 7 ug of C3 purified protein diluted in PBS was

used as a control. The beads were washed and denatured with SDS sample buffer diluted 6x in PBS buffer (Teinai)-

Input and eluted samples were loaded into a 12.5% polyacrylamide gel. (A) SDS-PAGE stained with Coomassie blue

of the Tfinal Samples incubated without higG. (B) SDS-PAGE of the Tsna samples incubated with IgG. (C) Western Blot

analysis with anti-C3a of the PBS and APRc samples incubated without higG. (D) Western Blot analysis with anti-C3a

of the PBS and APRc samples incubated with higG.
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Figure 19: APRc impact in C3a production evaluated by ELISA. 96-well plates were coated with 5 pg/mL of anti-
human C3a and incubated with serum samples previously incubated for 4h at 37°C. PBS conditions were used as a
negative control and Zymosan (0.5 mg/mL) was used as a positive control. Biotinylated anti-human C3a followed by
streptavidin-HRP was used to detect the signal at 450 nm. Results are represented in mean * standard deviation from
three replicates. Significance was determined using a one-way ANOVA followed by Tukey’s multiple comparisons test

using GraphPad Prism 8 (ns, non-significant; ***, P < 0.001; **** P <0.0001).

3.5.2 Evaluation of C4 as an APRc substrate

Since C4 binds to some level to the rickettsial surface, it was evaluated if this
complement protein could bind specifically to APRc using flow cytometry. This
experiment was conducted as previously described for C3 in section 3.5.1. APRc
expression was confirmed with the protein band with ~25 kDa, presenting slightly more
expression of the mutant than the wild type form (Figure 20A). Bacteria expressing the
empty vector present C4 deposition in the serum depleted in I1gG and IgM (Figure 20B).
Bacteria-expressing APRcFL_D140N and APRcFL do not bind to C4 in the NHS condition,
however some very residual binding of C4 is observed when the IgG and IgM are

depleted (Figure 20C,D).
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Figure 20: Flow cytometry analysis of C4 deposition on E. coli expressing APRc. (A) Western blot analysis with anti-
APRc antibody of total protein extracts equivalent to an ODgonm oOf 1 from BL21 Star DE3
strain of E. coli expressing empty vector backbone pET28a (pET), full-length active site mutant APRc (APRcFL_D140N)
and full-length APRc (APRcFL). (B) BL21 Star DE3 E. coli expressing pET, (C) APRcFL_D140N and (D) APRcFL were fixed
and incubated with HBSS (grey trace), 40% NHS (blue trace), or 40% NHSAIgG/IgM (pink trace). After incubation,
samples were blocked at RT, washed, and incubated with primary anti-C4a antibody at RT for 1h. Each condition was
incubated with anti-mouse IgG FITC-conjugated secondary antibody for 1h at RT and resuspended in PBS. Results

were obtained with the FL1-A channel (FITC). Each condition presents about 10000 counts.

To further validate APRc-binding to complement protein C4, 96-well plates were
incubated with BSA and C4 and incubated with different concentrations of APRc. The
results confirm that APRc binds to C4 in a concentration-dependent manner (Figure
21A). To analyse IgG role in this interaction, 96-well plate was incubated with BSA and
C4 and incubated with different concentrations of APRc and 20 pg/well of human IgG.
As previously observed in Figure 21A, APRc binds to C4 under both conditions, with no
significant alterations when IgG is present (Figure 21B).
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Figure 21: APRc ability to bind C4 in the presence and absence of human IgG was evaluated by ELISA. (A) 96-well
plate were coated with 1 pg/well of BSA and purified C4 and incubated with different concentrations of biotinylated
APRc. (B) 1 pg/well of BSA and purified C4 were used as coating in a 96-well plate and incubated with different
concentrations of biotinylated APRc and 20 pg/well of IgG. To detect the signal was used streptavidin-HRP at 450 nm.

Results are represented in mean * standard deviation from three replicates.

Complement C4 protein is composed by a y-chain (30 kDa), an a-chain (95 kDa)
and a B-chain (75 kDa) (H. Wang & Liu, 2021) (Figure S4). The used antibody detects the
a-chain and C4 processing derivates C4b a-chain (95 kDa) and C4d a-chain (45 kDa) (H.
Wang & Liu, 2021, p. 4), all containing the thioester binding that is crucial to bind to the
target (Figure 22A). All sera, apart from the NHS Sigma, present the C4 a-chain in the
input fractions. Furthermore, it is seen in all tested sera the presence of a band with
approximately 50 kDa, that could correspond to the C4d a-chain. In the UCS incubation,
it is not visible a major difference between the eluted fractions of the two forms of APRc,
appearing a slight increase of C4-binding in the wild type APRc (Figure 22B). On the other
hand, in a more degraded serum there is the decrease of the band between 50 and 37
kDa, suggesting C4 degradation (Figure 22C). In the NHS Pel-Freez and in the depletion
of 1gG and IgM there is increased APRc-WT binding to C4, and in the latter one there is
the formation of new protein bands below 75 kDa (Figure 22D,E). These results further
corroborate APRc-C4 binding in more complex samples as NHS, and suggest that APRc
proteolytic activity appears to favour interaction (although this was not previously

observed in the flow cytometry analysis).
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Figure 22: APRc binding and cleavage of C4 was evaluated by pull-down assays using human serum. Pull-down

assays using HisMag Sepharose Nickel beads were independently incubated with the dimeric soluble form of APRc

wildtype (APRc-WT) and the corresponding active site mutant (APRc-D140N). After binding, the beads were incubated

with human serum diluted 15x in phosphate-buffered saline (PBS) for 5 hours at 37°C with agitation. In this step was

taken a sample of the initial input (To). The beads were washed and denatured with SDS sample buffer diluted 6x in

PBS buffer (Eluted). Input and eluted samples were loaded into a 12.5% polyacrylamide gel and C4 detection was

conducted by Western Blot. (A) Schematic representation of the C4 protein. The black line represents the isoglutamyl

cysteine thioester that enables the binding to the target. The pink box represents the region that the anti-C4a

antibody encompasses (aa 1146-1300). (B) Western blot of the pull-down assay with UCS, (C) NHS from Sigma, (D)

NHS from Pel-Freez and (E) NHS depleted in IgG and IgM (NHSAIgG/IgM) probed with anti-human C4a.
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To analyse APRc effect in the total proteins and APRc-binding to isolated C4
additional incubation assays were performed. This assay was performed as previously
mentioned in C3 in section 3.5.1. There are no differences in protein profiles in the SDS-
PAGE (Figure 23A) or in the Western Blot assay both in the absence or presence of I1gG

(Figure 23B,C), with no proteolytic activity observed under these conditions.
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Figure 23: APRc cleavage of C4 was evaluated by incubation assays with purified C4. Incubation assays using HisMag
Sepharose Nickel beads were independently performed with the dimeric soluble form of APRc wildtype (APRc-WT)
and the corresponding active site mutant (APRc-D140N). After binding, the beads were incubated with 7 pg of C4
purified protein with or without 7 ug human IgG (hlgG) diluted in phosphate-buffered saline (PBS) for 5 hours at 37°C
with agitation. In this step a sample of the initial input (To) was taken. 7 pug of C4 purified protein diluted in PBS was
used as a control. The beads were washed and denatured with SDS sample buffer diluted 6x in PBS buffer (Eluted).
Input and eluted samples were loaded into a 12.5% polyacrylamide gel. (A) SDS-PAGE followed Coomassie Blue
staining of the eluted fractions of the control and experimental groups. (B) Western Blot analysis with anti-C4a of the

PBS and APRc samples incubated without and (C) with higG.

3.5.3 Evaluation of C4BP as an APRc substrate

C4BP binding to APRc was evaluated by flow cytometry. The most common C4BP
isoform is composed by seven a-chains and one B-chain (Meri et al., 2004), and we
initially evaluated C4BP deposition with anti-C4BP a-chain antibody. This experiment
was conducted as previously described for C3 in section 3.5.1. APRc expression was
confirmed with the protein band with ~25 kDa, presenting more expression of the wild-
type form than the mutant (Figure 24A). Bacteria expressing the empty vector present

C4BP deposition in both sera, being higher in the NHSAIgG/IgM (Figure 24B). Bacteria
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expressing APRcFL_D140N and APRcFL only present deposition when IgG and IgM are
depleted (Figure 24C,D). The deposition of C4BP in the wild-type form is higher than in
the mutant form (Positive % 17.8 vs 6.7, respectively). However, given the higher protein
levels of the wild-type form, we cannot infer if proteolytic activity affects this interaction
or not. As seen in the previous tested complement proteins, this deposition is lower than

the control with the empty vector.

C4BP deposition was also evaluated by flow cytometry using an anti-B-chain
antibody. APRc expression was confirmed by Western Blot, presenting slightly more
expression of the wild-type form than the mutant (Figure 25A). As seen for the a-chain,
bacteria expressing pET present C4BP deposition in both sera but more in the 1gG/IgM-
depleted serum (Figure 25B). Additionally, bacteria-expressing both APRc forms also
bind to C4BP in the NHS depleted in IgG and IgM (Figure 25C,D). The deposition of C4BP
B-chain deposition is similar between the APRcFL and APRcFL_D140N (Positive % 12.3
vs 14.8, respectively). Once again, the C4BP deposition in these conditions is lower than
in bacteria expressing the empty vector.

To validate APRc-C4BP interaction, 96-well plates were incubated with BSA and
C4BP and incubated with different concentrations of APRc. The results demonstrate that
APRc binds to C4BP in a concentration-dependent manner, starting to saturate at the 30
ug/well concentration (Figure 26A). The impact of IgG in this interaction was also
analysed by ELISA. Ninety-six-well plates were incubated with BSA and C4BP and
incubated with different concentrations of APRc and 20 pg/well of human IgG. As
previously observed APRc also binds to C4BP, but no major differences in binding are

observed (Figure 26B), suggesting no impact of IgG under the conditions tested.
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Figure 24: Flow cytometry analysis of C4BPa deposition on E. coli expressing APRc. (A) Western blot analysis with

anti-APRc antibody of total

protein extracts equivalent to an ODgoonm of 1 from BL21 Star DE3

strain of E. coli expressing empty vector backbone pET28a (pET), full-length active site mutant APRc (APRcFL_D140N)

and full-length APRc (APRcFL). (B) BL21 Star DE3 E. coli expressing pET, (C) APRcFL_D140N and (D) APRcFL were fixed

and incubated with HBSS (grey trace), 40% NHS (blue trace), or 40% NHSAIgG/IgM (pink trace). After incubation,

samples were blocked at RT, washed, and incubated with primary anti-C4BPa antibody at RT for 1h. Each condition

was incubated with anti-rabbit IgG FITC-conjugated secondary antibody for 1h at RT and resuspended in PBS. Results

were obtained with the FL1-A channel (FITC). Each condition presents about 10000 counts.
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Figure 25: Flow cytometry analysis of C4BPB deposition on E. coli expressing APRc. (A) Western blot analysis with
anti-APRc antibody of total protein extracts equivalent to an ODgoonm of 1 from BL21 Star DE3
strain of E. coli expressing empty vector backbone pET28a (pET), full-length active site mutant APRc (APRcFL_D140N)
and full-length APRc (APRcFL). (B) BL21 Star DE3 E. coli expressing pET, (C) APRcFL_D140N and (D) APRcFL were fixed
and incubated with HBSS (grey trace), 40% NHS (blue trace), or 40% NHSAIgG/IgM (pink trace). After incubation,
samples were blocked at RT, washed, and incubated with primary anti-C4BP antibody at RT for 1h. Each condition
was incubated with anti-rabbit IgG FITC-conjugated secondary antibody for 1h at RT and resuspended in PBS. Results

were obtained with the FL1-A channel (FITC). Each condition presents about 10000 counts.
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Figure 26: APRc ability to bind C4BP in the presence and absence of human IgG was evaluated by ELISA. (A) 96-well
plate were coated with 1 pug/well of BSA and purified C4BP and incubated with different concentrations of biotinylated
APRc. (B) 1 pg/well of BSA and purified C4BP were used as coating in a 96-well plate and incubated with different
concentrations of biotinylated APRc and 20 pg/well of IgG. To detect the signal streptavidin-HRP was used at 450 nm.

Results are represented in mean * standard deviation from three replicates.

C4BP presents a molecular weight of 570 kDa and is composed by seven a-chains
(75 kDa) and one B-chain (45 kDa) (Meri et al., 2004) (Figure S5). The used antibody
encompasses a region that detects the C4BP a-chain (Figure 27A), visible in all sera a
band with 75 kDa. However, in the NHSAIgG/1gM condition the signal is very faint (Figure
27E). This is due to the lower C4BP levels in this serum profile (Figure S2). In the UCS
and NHS Pel-Freez sera, the APRc-WT eluted fraction presents increased binding to the
C4BP, illustrated by the increased signal of the a-chain, especially in the latter serum
(Figure 27B,D). Also, in UCS, NHS Sigma, and NHS Pel-Freez there is the appearance of a
smear between 50 and 37 kDa (Figure 27B-D) in the pull-down samples with APR-WT,

which may indicate some proteolytic cleavage of C4BP a-chain.
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Figure 27: APRc binding and cleavage of C4BP was evaluated by pull-down assays using human serum. Pull-down
assays using HisMag Sepharose Nickel beads were independently incubated with the dimeric soluble form of APRc
wildtype (APRc-WT) and the corresponding active site mutant (APRc-D140N). After binding, the beads were incubated
with human serum diluted 15x in phosphate-buffered saline (PBS) for 5 hours at 37°C with agitation. In this step a
sample of the initial input (To) was taken. The beads were washed and denatured with SDS sample buffer diluted 6x
in PBS buffer (Eluted). Input and eluted samples were loaded into a 12.5% polyacrylamide gel and C4BP detection
was conducted by Western Blot. (A) Schematic representation of the C4BP a-chain. The blue box represents the
region that the anti-C4BPa antibody encompasses (aa 294 - 491). (B) Western blot of the pull-down assay with UCS,
(C) NHS from Sigma, (D) NHS from Pel-Freez and (E) NHS depleted in IgG and IgM (NHSAIgG/IgM) probed with anti-

human C4BPa.
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APRc-binding and cleavage of C4BP was also evaluated in a less complex system
by performing pull-down assays with the purified protein. IgG impact in the interaction
was also assessed. SDS-PAGE stained with Coomassie Blue was performed to assess if
there are visible differences between the eluted fractions. In fact, there is a visible
decrease of the a-chain in the APRc-WT in the absence of I1gG, which is not observed in
with the mutant or in the same condition with IgG (Figure 28A). This difference is also
visible in the Western Blot, presenting a less intense protein band with 75 kDa (Figure
28B). Moreover, it appears that there is an increased smear below the C4BP a-chain
upon incubation with APRc-WT than in with APRc-D140N (Figure 28A,B), supporting that
this protease may cleave C4BP in the absence of IgG. As previously observed, there are
no visible differences between the eluted fractions of both APRc forms in the presence

of 1gG (Figure 28C).
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Figure 28: APRc binding and cleavage of C4BP was evaluated by pull-down assays with purified C4BP. Pull-down
assays using HisMag Sepharose Nickel beads were independently incubated with the dimeric soluble forms of APRc
wildtype (APRc-WT) and the corresponding active site mutant (APRc-D140N). After binding, the beads were incubated
with 7 pg of C4BP purified protein with or without 7 ug human IgG (hlgG) diluted in phosphate-buffered saline (PBS)
for 5 hours at 37°C with agitation. In this step was taken a sample of the initial input (To). The beads were washed and
denatured with SDS sample buffer diluted 6x in PBS buffer (Eluted). Input and eluted samples were loaded into a
12.5% polyacrylamide gel. (A) SDS-PAGE stained with Coomassie blue of the Input and eluted samples of wildtype
and mutant APRc fractions. (B) Western Blot analysis with the input and eluted fractions without and (C) with higG
probed with anti-C4BPa. Black arrows highlight the regions where is visible decreasing intensity of the protein band

present in eluted fractions of APRc-WT.
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Total protein fractions of APRc-C4BP incubation assays were assessed by
Coomassie staining and Western blot analysis. Contrary to previous results, it is not
visible a decrease of the a-chain in the APRc-WT without IgG, however in the presence
of 1gG there is the appearance of band below 75 kDa (Figure 29A). Somewhat
surprisingly, the observed protein band in the Coomassie-stained gel is not obvious in
the Western blot (Figure 29B). Further studies are, therefore, required to evaluate if

C4BP is indeed an APRc substrate.
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Figure 29: APRc cleavage of CABP was evaluated by incubation assays with purified C4BP. Incubation assays using
HisMag Sepharose Nickel beads were independently performed with the dimeric soluble form of APRc wildtype
(APRc-WT) and the corresponding active site mutant (APRc-D140N). After binding, the beads were incubated with 7
ug of C4BP purified protein with or without 7 ug human IgG (higG) diluted in phosphate-buffered saline (PBS) for 5
hours at 37°C with agitation. In this step a sample of the initial input (To) was taken. The beads were washed and
denatured with SDS sample buffer diluted 6x in PBS buffer (Trina). Input and eluted samples were loaded into a 12.5%
polyacrylamide gel. (A) SDS-PAGE stained with Coomassie blue of the Input and eluted samples of wildtype and
mutant APRc fractions. (B) Western Blot analysis with anti-C4BPa. Black arrows highlight the appearance of a new

band in the eluted fraction APRc-WT with higG.

3.5.4 Assessing the formation of protein complexes between C3 and C4
proteins and bacteria

C3 and C4 proteins present a reactive thioester group which, when activated, is

responsible for the covalent binding to a target molecule at the surface of bacteria and

further recognition by the complement system. To start evaluating potential C3 and C4

target complexes in R. massiliae and E. coli expressing the empty vector, full-length
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APRc, and the corresponding catalytic dead mutant, bacteria were independently
incubated with HBSS or 40% NHS for 1h at 37°C. After washing twice, bacterial extracts
were denatured, and results were obtained by performing SDS-PAGE and Western Blot
analysis, using polyclonal anti-C3 and polyclonal anti-C4 antibodies. Coomassie stained
gels were performed to assess protein load. As observed in Figure 30A, the protein
profile is different in E. coli expressing APRc incubated with NHS when compared to the
empty vector, especially the wild-type form (where less protein is observed). These
results were somewhat surprising as previous results have shown that E. coli expressing
APRc are more resistant to the bactericidal effects of serum (Curto et al.,, 2021).
Interestingly, no obvious difference is visible between Rickettsia extracts incubated with
buffer and NHS (Figure 30A). Rickettsia and E. coli APRc display a similar protein profile
for C3 protein, presenting mainly one band with 75 kDa, a protein band between 50 and
37 kDa, and a smear for high-molecular weights (above 75 kDa), more obvious in E. coli
and E. coli APRc_D140N. Accounting for the molecular weight of the C3b a’-chain (101
kDa), the expected complexes should be higher than 101 kDa (Figure S3). Interestingly,
these were not the predominant bands observed (Figure 30B). Although we cannot
exclude some anomalous migration in the gel, the observed bands at 75 kDa may likely
correspond to iC3b a’ 1 chain (68 kDa), which results from cleavage of C3b by factor H
(cofactor) and factor I, complexed to a smaller target protein, and the second
predominant band may correspond to the degradation product C3dg (39 kDa). These
results anticipate a fast deposition and breakdown of C3 at the surface of bacteria, with
apparent breakdown to C3dg occurring faster in E. coli expressing APRc. It is also quite
interesting that this is the predominant profile in R. massiliae extracts. However, a time
course analysis is required to better understand C3 deposition and complex formation.

Regarding C4, R. massiliae treated with NHS display a smear with several bands
between 250 and 75 kDa (Figure 30C). This result anticipates C4-target complexes at the
surface of Rickettsia, as considering the molecular weight of C4b a-chain (86 kDa)
protein complexes are expected to be higher than 86 kDa. The protein profile is different
for E. coli and E. coli expressing APRc, with two predominant bands between 100 and 75
kDa (more intense in APRc-expressing cells). This may correspond to the C4b a-chain

complexed to a smaller protein or, alternatively, to a C4d (45 kDa)-target complex. Given
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the higher intensity of these bands in APRc-expressing E. coli and the molecular weight
of APRc (~25 kDa), we next sought to evaluate if a C4d-APRc complex could account for
these bands. The results obtained (Figure 30D) do not support this hypothesis. Although
we observe a reduction in the intensity of APRc upon NHS incubation, there are no
visible bands at higher molecular weight consistent with complex formation. These
results need to be repeated to further understand the nature of these bands and their

implication for complement activation.

A B
& mossilice E-l E. coli E. coli £ ool et .
. ET APRc_D140N APRc il - coll - coli E. coli
P R. massilie o APRC.DIAON  APRe
HBSS NHS HBSS NHS HBSS NHS HBSS NHS  kpa
" HBSS NHS HBSS NHS HBSS NHS HBSS NHS
—250 kDa
— i — 150 —250
— 100 - 150
—75 — 100
~ e 75
=] 50 - —_— -
—_— — 50
- - —:7 p—
v —3
—2
-_25
—20
—20
—15
—15
—10 —10
aC3
C D
R " E. coli E. coli E. coli 2 " E. coli E. coli E. coli
- massiliae PET APRc_D140N APRc - massillae pET APRc_D140N APRc
HBSS NHS ~HBSS NHS HBSS NHS HBSS NHS o, HBSS NHS HBSS NHS HBSS NHS HEBSS NHS o
a —250 — 250
. —150 —150
‘ — 100 — 100
= == - —7s
—50 — 50
—37 — —-—37
—_25 —25
—20 - - —20
-— —_1s —1
- 10 — 10

ach a-APRe

Figure 30: C3 and C4 binding and formation of target complexes at the surface of bacteria was assessed. R. massiliae
and BL21 Star (DE3) E. coli strain encoding the empty vector backbone pET28a (pET), mutant form of APRc
(APRc_D140N) and wild-type APRc (APRc) were incubated with 40% NHS for 1h at 37°C, washed twice and
resuspended in HBSS. Bacteria incubated with HBSS was used a negative control. (A) SDS-PAGE followed by Coomassie
blue staining of the total bacterial extracts incubated with HBSS and serum. (B) Samples were analysed by Western

Blotting and probed with polyclonal anti-C3, (C) polyclonal anti-C4, (D) or anti-APRc.
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3.5.5 APRc impact in complement system activity

With the previous experiments we have shown that APRc binds and potentially
cleaves complement proteins C3, C4, and C4BP. However, it has not been explored the
physiological impact of these interactions. To do so, the activation of the classical, MBL
and alternative pathways of the complement system were evaluated with a WIESLAB
kit, as described by the manufacturer. This kit is generally used to assess complement
deficiencies in human sera and to determine the functional classical, MBL and
alternative complement pathways. NHS Pel-Freez was incubated with APRc-D140N or
APRc-WT for 1h 37°C prior its incubation with the coated 96-well plate. The wells are
coated with specific activators of each complement pathway, and the production of
C5b-9 is measured, being proportional to the complement activity. A condition with only
NHS was used to evaluate the baseline complement activation. Although it is important
to note that these preliminary experiments were performed in duplicates only, it is
visible an impact on the activation of all pathways. In both classical and alternative
pathways, the condition preincubated with wild type APRc presents lower absorbance
than the mutant form, suggesting that the catalytic activity is important for the
inactivation of these pathways (Figure 31A,C). Interestingly, in the MBL pathway there
is @ marked decrease of complement activation, but there are no differences between
the two forms of APRc (Figure 31B), suggesting that this effect is independent of APRc’s
proteolytic activity. Representing the values as percentage of complement activation
(NHS condition with 100% of complement activation), there is a marked inhibition of
activation of the complement system for all pathways. In the classical pathway there is
a decrease to 87% and 58% activation in the APRc-D140N and APRc-WT conditions,
respectively. In the MBL pathway both forms of APRc present the same level of
activation (37%). Finally, in the alternative pathway there is a decrease to 50% for the
mutant form and 16% for the wild-type form (Figure 31D). These results are very exciting
since we used one hour of preincubation between the serum and the protease, resulting

in a large reduction of complement activation.
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Figure 31: APRc effect in the activation of the complement system was determined by ELISA. Previously incubated

NHS with the soluble catalytic aspartate mutant (APRc110-231HisShortD140N) and the soluble wild-type APRc (APRcC110-

231HisShort) was incubated in a 96-well plate coated with (A) human IgM (classical pathway), (B) mannan (MBL

pathway) and (C) LPS (alternative pathway). A condition with only NHS was used as a control. The wells were

incubated with C5b-9 antibodies and the signal was detected by using substrate solution at 405 nm. Results are

represented in mean + standard deviation from duplicates. (D) Representation of APRc impact in the complement

pathways activation. Results are expressed in percentage. 100% corresponds to the NHS condition activation.
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Chapter IV — Discussion and Future Perspectives

Moonlight proteins exert two or more functions, and are involved in many steps
of infection, being considered good targets to develop new therapies and vaccines to
treat bacterial diseases. Rickettsia is a genus of obligate intracellular bacteria
transmitted through arthropod vectors, causing mild to life-threatening diseases.
Currently, there is an increased concern about rickettsioses and their impact on global
health because of the emerging and re-emerging of pathogens, increasing geographical
distribution of its vectors, and the exponential increase of antibiotic resistance (El-Sayed
& Kamel, 2020; Parola et al.,, 2008). Therefore, identifying and characterizing new
targets is crucial to treat rickettsioses. One potential target is APRc, a highly conserved
membrane-embedded retropepsin-like homologue. APRc modulates Rickettsia surface
virulence factors Sca5/0OmpB and ScaO/OmpA, binds non-immune immunoglobulins
from the serum and mediates immune evasion, suggesting its moonlight activity (R. Cruz
et al., 2014; Curto et al., 2021). Furthermore, preliminary data suggested that APRc
presents substrates in human serum, with the complement proteins C3 and C4 emerging
as putative substrates. Since moonlight proteins may be important in virulence and
represent good targets to develop new therapies, it is important to acknowledge APRc
moonlight activity. Therefore, additional studies to analyse APRc moonlighting by
identifying and characterizing APRc substrates as well as its protein-protein interactions
are crucial.

In this study we demonstrated that APRc interacts with different IgG isoforms
and antibody light chains. APRc binds to IgG1, 1gG2, and 1gG3 in a concentration-
dependent manner, presenting stronger interaction with IgG1 and 1gG3. The selective
binding to different IgG isoforms is observed in other bacterial proteins including the
SpA virulence factor from S. aureus that binds 1gG1, 1gG2 and IgG4 and Hsp60 from H.
pylori that binds 1gG1 and IgG3 (Amini et al., 1996; A. R. Cruz et al., 2021). APRc also
binds to IgG1 presenting either k or y light chains, binding preferentially to the IgG1 with
k light chains. Moreover, this aspartic protease can bind to the « light chains, forming
APRc- k light chain complexes. This interaction is slightly lower than with the IgG1 with
k light chains, suggesting that APRc can bind to other antibody regions. This is in

concordance with the differences observed in the binding to the different IgG isoforms
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since they differ in the hinge region and a part of the heavy chain (Vidarsson et al., 2014).
Future studies are necessary to assess the antibody portions that APRc interacts within
the Fab region.

Complement proteins C3, C4, and C4BP bind to the rickettsial surface and E. coli
expressing APRc. The binding of these complement proteins seems to be dependent of
the presence of Ig, with the exception of C3 that binds more to R. massiliae upon
depletion of IgG and IgM. When the deposition was addressed in the E. coli surrogate
expressing APRc, it was observed C3, C4, and C4BP deposition (very residual for C4 and
C4BP) only in serum depleted in IgG and IgM. This interaction seems greater in C3 in the
presence of APRc-WT than the mutant APRc, suggesting that the catalytic activity
increases the deposition. Curiously, all complement proteins present greater deposition
in E. coli expressing the empty vector than in E. coli expressing the aspartic protease. It
has been described that E. coli can bind to C4BP, not being unexpected the occurrence
of surface deposition (Tseng et al., 2012). However, it was anticipated that APRc
interaction with these complement proteins would be greater than the control. We
hypothesize that this decrease may be due to a specificity for APRc or to the competition
with other human serum components such as IgG. Furthermore, C4BP deposition in the
depletion of IgG and IgM may be compromised since its protein levels are much lower
than in the other used sera. In any case, additional studies are required to support
surface binding of these complement proteins at the surface of bacteria.

Many bacterial proteins aid in the evasion of the immune system by binding and
cleaving components of the complement pathways. SplB protease from S. aureus
cleaves several complement proteins including C3, C4, and components of the MAC
complex and Neisseria meningitidis NalP protease cleaves C3 a-chain. Additionally, SdrE
and Bbp surface proteins of S. aureus bind to C4BP, resulting in immune evasion. APRc
binding of C3, C4, and C4BP was observed in different experiments using isolated
proteins and human serum. APRc binds to these complement proteins in a
concentration-dependent manner. Although not exuberant, the wild-type form of this
protease originates proteolytic products of C3a, and some residual products of C4a and
C4BPa but not of C3B in the serum (except in UCS). In the ELISA assays the IgG presence

does not change APRc binding to the complement proteins, however in the pull-down
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and incubation assays IgG presence slightly increased binding to C4. The binding and
cleavage of C3, C4 and C4BP is not as exacerbated when using the purified proteins,
comparing to the human serum, suggesting that there is at least one lacking component
from the serum that is important for APRc interaction and cleavage of these proteins.
We also validated the formation of C3 and C4 complexes at the surface of Rickettsia and
E. coli expressing APRc, which for C3 anticipates a fast turnover of C3b o’ chain. A deeper
understanding of the molecules that are targets for C3 and C4 deposition at the surface
of Rickettsia and the implications of modulating their binding for complement activation
(or not) will be critical to enhance our understanding of the complement evasion
mechanisms in Rickettsia. Moreover, additional experiments should be performed to
clarify which regions are interacting with APRc, identify their cleavage sites and unveil
serum proteins that might impact APRc-binding. The role of IgG in these interactions
should also be further evaluated using different concentrations of higG in ELISA assays.

Since APRc binds C3, C4, and C4BP it might impact production of complement
products and consequently complement system activation. APRc does not change the
levels of the anaphylatoxin C3a. However, we have demonstrated that APRc impacts the
activation of the three complement pathways. The decreased activation is greater in the
incubation with the wild-type form in both classical and alternative pathways,
suggesting that the catalytic activity promotes the inactivation of these pathways.
Interestingly, in the MBL pathway there are no differences between the two forms of
APRc, suggesting that the marked inhibition observed is independent of the catalytic
activity of APRc, and anticipating a different mechanism of action. The previously
mentioned proteins from S. aureus and Neisseria meningitidis impair C5b-9 deposition
(in the case of SpIB protease) and C3 deposition on bacterial surface, inhibiting the final
step of the complement pathways and diminishing opsonophagocytosis. Besides
impacting the complement system, APRc might also impair pathogen recognition and
aid in opsonophagocytosis evasion. Further studies are needed to evaluate if APRc
presents these roles, by assessing the role of this protease in bacterial
opsonophagocytosis in vitro.

With this work, we further characterized APRc interaction with 1gG, unveiled

human serum substrates of this protease and demonstrated that APRc inhibits the
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complement system. Taken together, these results support APRc protease as an
immune evasion factor from Rickettsia and a moonlight protein, raising exciting
questions on the mechanism(s) by which this unique protease exerts its multiple
functions, and further reinforcing its potential as a target to develop new therapeutic

tools against rickettsioses.
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PET28a-APRc, 1433, HisShort

110-EVGEIIIARNRDGHFYINAFVNNVKIKFMVDTGASDIALTKEDAQKLGFDLTKLKYTRTYLTANGENKAAPITLNSVVIGKEFKNIKGHVGLGDLDISLLGMSLLERFKGFRIDKDLLILNY

PET28a_APRC,,q.53;HisShort_D140N

110-EVGEIIIARNRDGHFYINAFVNNVKIKFMVNTGASDIALTKEDAQKLGFDLTKLKYTRTYLTANGENKAAPITLNSVVIGKEFKNIKGHVGLGDLDISLLGMSLLERFKGFRIDKDLLILNY

Figure S1: Schematic representation of the amino acid sequence of the constructs pET28a_ APRc110-231HisShort

and pET28a_APRc110-231HisShort_D140N. These constructs present the coding sequence of the short soluble form

of APRc, presenting the amino acids 110-231, fused with the C-terminal histidine tag (HHHHHH). The construct

pPET28a_APRci110-231HisShort_D140N is the catalytic dead mutant of pET28a_ APRci10-231HisShort, presenting a single

mutation where the aspartate was replaced by an asparagine. These residues are highlighted in the sequences. Image

adapted from (Barro, 2021).
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Figure S2: Protein profiles of the used serums in this study. Umbilical cord serum UCS, Normal Human serum Pel-

Freez (NHS PF), NHS Sigma and NHS depleted in IgG and IgM (NHSAIgG/I1gM) were diluted 15x in PBS and denatured.

Samples were assessed by Western Blot probed with (A) anti-C3a, (B) anti-c4a and (C) anti-C4BPa.
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Figure S3: Schematic representation of complement protein C3 processing. The C3 protein comprises one a-chain
(115 kDa) and one B-chain (75 kDa). C3 (190 kDa) is cleaved by the C3-convertase, resulting in the formation of
anaphylatoxin C3a (9 kDa) and opsonin C3b. C3b is cleaved by the Factor | and cofactors, generating the fragments
iC3b and C3f (2 kDa). The interaction of factor | and CR1 mediates the degradation of iC3b and originates C3c and
C3dg (39 kDa). The latter fragment can be cleaved by tryptic enzymes, forming C3g (4 kDa) and C3d (34 kDa). The

black dot represents the thioester bond. Dashed lines represent the disulfide bonds.
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Figure S4: Schematic representation of complement protein C4 processing. The C4 protein comprises one y-chain
(30 kDa), one a-chain (95 kDa) and one B-chain (75 kDa). C4 (~200 kDa) is cleaved by the classical pathway serine
protease Cls or lectin pathway MASP2, resulting in the formation of anaphylatoxin C4a (9 kDa) and opsonin C4b (

~191 kDa ). C4b is cleaved and inactivated by the Factor | and cofactors, generating the fragment C4d (45 kDa) and
C4c (~146 kDa ). The black dot represents the thioester bond. Dashed lines represent the disulfide bonds.
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a-chain

Figure S5: Schematic representation of the complement regulator C4BP. The most abundant C4BP isoform contains
seven a-chains (blue) and one B-chain (green). Each a-chain (75 kDa) is composed by 8 complement control protein

domains and the B-chain (45 kDa) is composed by 3. The grey circle represents the central core.
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