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The complement system is an organized proteolytic cascade of dozens of proteins
that functions in the recognition, opsonization, and lysis of pathogenic and altered-host cells.
Bloodborne pathogens like the etiologic agent of Lyme disease, Borrelia burgdorferi, encounter
complement during their bloodmeal and in their dissemination through the body. Therefore, to
avoid complement mediated destruction, these pathogens have developed mechanisms that aid in
complement evasion and defense. The spirochete B. burgdorferi, has nearly a dozen known
complement recruiting or inhibiting surface exposed lipoproteins. Here, we uncover a novel
inhibitory mechanism for two surface exposed lipoproteins, ErpB and ErpQ, that were recently
identified using a lipoprotein gain of function library. Using surface plasmon resonance, ErpB
and ErpQ were found to bind C1 complex proteases C1r and C1s with high affinity. Gel-based

biochemical assays showed that ErpB and ErpQ specifically inhibit C1s-mediated cleavage of



both C2 and C4 making them the only known bacterial inhibitors of C1s. Furthermore, they were
shown to block C1s outside of the active site indicating that they function by a novel mechanism.
Additional site-directed mutagenesis of C1s exosites revealed determinants for high affinity
inhibitor interactions that have been shown to be important for C1s recognition of C4 outside of

the active site.

The discovery of a novel mechanism of complement inhibition by a medically-relevant
human pathogen expands our knowledge of host pathogens interactions and contributes to
previously unknown pathophysiological immune evasion by B. burgdorferi. Mechanistic studies
on ErpB and ErpQ also support further understanding of molecular interactions between
complement proteases and their substrates, which provides alternative means for the

development of specific complement therapeutics toward complement-mediated diseases.
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CHAPTER 1: Introduction

The Complement System

The complement system is an ancient proteolytic cascade that participates in the
surveillance and destruction of pathogenic and altered-self cells. Consisting of dozens of
proteins, the complement system comprises three interrelated, but differentially activated
pathways, the classical pathway (CP), lectin pathway (LP) and alternative pathway (AP)? (Fig
1). Each pathway differs by the source of activation and is differentiated primarily by pattern
recognition molecules (PRM) that function to identify foreign or altered moieties on cell
surfaces. The potent effector functions of complement activation make it a prime target for
global and local regulation at the site of stimulation®. Altogether the functional aspects of

complement activation make it a unique and important addition to the innate immune system.

The classical pathway is initiated by the recognition of immune complexes through the
first component of complement C1. C1 is a large 766 kDa complex made of three
subcomponents: i) a hexameric collagen-like recognition molecule with six globular domains
known as C1q, and ii) a heterotetramer of the serine proteases C1r, and C1s,*%. Upon
recognition of immune complexes, a dramatic conformational change in the C1 complex (i.e.
C1gC1r.C1sy) is induced and allows zymogen C1r to become activated through an autocatalytic
mechanism. Subsequent cleavage of proenzyme C1s by C1r enzyme ensues to fully activate C1.
C1s enzyme then proteolytically cleaves complement component C4 into two components, a
soluble C4a and C4b which covalently reacts to nearby surfaces via a thioester bond. C4b
promotes binding of C2 which is subsequently cleaved by C1s into C2b, the C4b membrane
bound fraction, and C2a which acts as a mild anaphylatoxin’. The lectin pathway, described

below, converges with the formation of this C4b2b complex.



The lectin pathway recognizes foreign carbohydrate surfaces, primarily terminal mannose
residues, by its PRMs mannose-binding lectin (MBL), collectins, and ficolins®. Subsequent
activation of the pathway occurs through MBL associated serine proteases (MASPSs), which bind
to MBL forming MBL/MASP complexes. MASP-1 is thought to be the activator of the LP
through a mechanism of auto activation and subsequently cleaves adjacent MASP-2
complexes?®, Activated proteases MASP-1 and MASP-2 cleave complement component C4,
which like C1s, produces membrane bound C4b and solution-phase C4a'!. C4b then binds C2
which is promptly cleaved by MASP-2 into C2b, the C4b bound fraction, and C2a. The
formation of the C4b2b, a C3 convertase, represents the convergence of the CP with the LP (Fig

1).

The alternative pathway does not recognize surface patterns of cells, rather is
constitutively active under normal conditions through a process known as “tick-over.” This
mechanism for activation is underpinned by the unique nature of the initiating molecule of the
AP, complement component C3, to be spontaneously hydrolyzed by water into C3 (H20).
Subsequent recognition of C3(H-0) by factors B and D (FB and FD, respectively) to C3(H20)Bb
can opsonize surfaces in proximity*2. Upon opsonization the C3(H20)Bb complex acts as a C3
convertase cleaving nearby C3 molecules, forming an amplification loop to fully opsonize the
target and elicit the formation of the AP C3 convertase C3bBb. Through proper activation this
amplification loop on appropriate surfaces is not easily stopped by complement regulators and
works as a positive feedback loop. Though differentially activated the three pathways converge
at the level of the C3 convertase, therefore proceeding activation steps and termination of all

three pathways are amplified by the AP,



Cooperatively these pathways initiate the formation of the C3 convertase to promote
cleavage of C3. Cleavage of C3 into C3a, a potent anaphylatoxin towards the recruitment of
neutrophils and macrophages, and C3b, which is added to C3 convertases, C4b2b and C3bBb,
respectively to create C5 convertases. C5 is then cleaved into soluble anaphylatoxin, C5a, and
C5b which binds to the target surface and recruits C6, C7, C8, and C9y, creating the membrane
attack complex (MAC). MAC is a large porin-like structure that functions to disrupt membrane
potential causing cell lysist*3. The effector functions of the complement system contain
inflammatory and destructive properties, which gone unregulated cause a multitude of
pathologies. Therefore, there is a critical need for pathway specific and global mechanisms of

regulation>14,

Regulators of Complement Activity

To avoid activation of complement on healthy host cells, close regulation of complement
is carried out by both membrane bound and soluble regulatory factors, collectively known as
regulators of complement activity (RCA)*®. Functional redundancy in this way allows for
multiple levels of control over different activation pathways as well as different conditions in the
milieu. Regulatory control is placed at three main steps in the cascade: activation, amplification,

and termination.

The activation of the classical and lectin pathways is controlled by several proteins
through both direct inhibition and cofactor recruitment. Direct inhibition of the CP and LP is
achieved through C1 esterase inhibitor (C1-INH)*!617 C1-INH is a member of the serine
protease inhibitor (SERPIN) family of protease inhibitors, whose mechanism involves
noncompetitive covalent neutrophilic attack of the catalytic serine®!°. This covalent attack

irreversibly inhibits protease function and prevents further downstream proteolytic events. C1-



INH is unique as it is capable of complexing with C1r, C1s, MASP-1, MASP-2, and several
coagulation proteases as well as functioning to dislodge the proteases from C1 complex.
Moreover, C1-INH is known to make noncovalent interactions with the C1 complex, which are
independent of its final inhibitory state?®. In addition to its regulation over the complement
cascade, C1-INH has effector functions over the contact and fibrinolytic systems making it a
promiscuous regulator of blood proteases. More recently, roles for proteins ApoE4 and SRPX2
have shown that there are other methods for immune regulation of complement in immune
privileged sites like the brain?>?2, Though these inhibitors have been implicated in their
association with a C1g-related mechanism of action rather than direct protease interaction
making them distinct regulators of the CP. Although more research is needed to determine the

molecular mechanisms of each of these proteins is needed.

Amplification of the complement cascade occurs through the formation of C3
convertases, which each produce more C3 convertases through the alternative pathway. To
prevent overactivation of these convertases, the complement system employs a variety of
regulators that control the CP/LP and/or the AP. Regulation of the convertases happens at several
levels, chiefly they are impacted by negative regulators which work to disassemble them on host
surfaces. The first defense in formation of the convertases comes in the form of structural
deficiencies, which make the convertases extremely labile and unstable with a half-life of <1 min
at 37° C%24, The apparent instability of the complex allows for the complement system to
employ decay accelerating factor (DAF), which functions to catalyze the destabilization of the
convertases as a negative regulator’>?. In addition to DAF, factor H is a long 20 complement
control protein (CCP) containing macromolecule which also has decay accelerating factor

ability, as well as the ability to recruit factor | (F1) for inactivation through cofactor ability?®. Fl



is a serine protease which functions to cleave C3b and C4b into inactive fragments iC3b and
C4d, respectively. This occurs to destabilize C3 convertases to limit activation on competent host
surfaces and ameliorate aberrant activation of complement. As cofactors to Fl, factor H (FH), C4
binding protein (C4BP) is an octopus-like molecule that recognizes the S protein on host cells
and binds deposited C4b and recruits FI. Complement receptor 1 (CR1, CD35) and membrane
cofactor protein (MCP, CD46) are membrane bound receptors that recognize C3b and C4b that

are deposited on the surface, subsequently they recruit FI for inactivation?’.

Ultimately the most dangerous step in the activation of complement, must also be
controlled to deter unintended host cell lysis by the formation of MAC. Clusterin (CLU) and
vitronectin (\VVn) were found to impede the development by binding to hydrophaobic interaction
domains in components C7, C8, and C9. By binding these moieties, CLU and Vn effectively
solubilize these components into the environment away from the activating surface?®?°, The
glycosylphosphatidylinositol-linked (GPI-linked) CD59, also known as the MAC inhibitory
protein, is a membrane bound negative regulator that interacts with C9 and prevents

polymerization® (Fig 1).

Under normal homeostatic conditions the activation and regulation of complement is
tightly controlled and represents a major arm of the innate immune system functioning in the
surveillance, opsonization, and clearance of foreign cells. Coupled with the effector functions of
complement, the system also informs adaptive immune responses with soluble anaphylatoxins
C3a and C5a, which each act as powerful cytokines®'*, Their functions include mediating

chemotaxis as potent chemoattractant toward mast cells, neutrophils, and monocytes, as well as



directly function to elicit degranulation and vasodilation important for the destruction of cells

and improvement of vascular permeability around the site of acute inflammation?®.
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Figure 1. Scheme of complement activation and regulation in the host. Activation of the
three initiating pathways of complement with zymogen proenzymes denoted ‘Pro’ (blue) and
with active enzymes (purple). Proteolytic cleavage of complement components is nonreversible
and therefore multiple redundant mechanisms for regulation (green) are needed. All three
pathways converge at the level of the C3 convertase with further procession eliciting the porin
effector, membrane attack complex, which causes loss of membrane potential and elicits cells
lysis. Abbreviations: ApoE4, Apolipoprotein E4; SRPX2, Sushi Repeat Containing Protein X-
Linked 2, SRPX2; MBL, mannose-binding lectin; MASP, MBL associated serine protease; C1-
INH, C1 esterase inhibitor; C4BP, C4 binding protein; Fl, factor I; MCP, membrane cofactor
protein; DAF, decay accelerating factor; CR1, complement receptor 1; FB, factor B; FD, factor

D:; FH, factor H.

Lyme Disease

In the 1960’s and 70’s children of Old Lyme, CT were found to be experiencing
symptoms of childhood arthritis, chronic fatigue, and skin rashes. This alarmed the community
and lead two mothers to become patient advocates gathering information from affected families.
They noticed that all children had experienced tick bites shortly before ailment, it was then that
research community started documenting cases of what they called Lyme Arthritis®. It was not
until 1982 that a researcher named Willy Burgdorfer, who studied rocky mountain spotted fever,
described the now established etiologic agent of Lyme Disease, Borrelia burgdorferi®>3. Further
research efforts have identified many more species that make up the Lyme Disease spirochetes

making up the newly proposed gen. nov. Borreliella®3.

Borreliella are a gram-negative extracellular pathogens known for its distinct spirochetal

morphology, which is unique in its method of motility through a system of between 7-11




periplasmic flagella®’. The vector borne spirochete is transmitted through the bloodmeal of an
infected Ixodes spp. tick. Sterile naive tick larvae first encounter infected reservoir hosts such as

the white-footed mouse, Peromyscus leucopus, and become infected®,

Naive Infected Infected
Larva Nymph Adult

Incidental
Dead-end Hosts

B. burgdorferi Erythema
- B, migrans

Competent
Reservior Hosts

Figure 2. Borrelia burgdorferi transmission through tick life cycle. The life cycle of the tick
begins with the birth of naive spirochete-free larvae. Upon first feeding with reservoir hosts such
as birds, squirrels, or mice larva then become infected. Ticks then molt to become nymphs,
which can infect competent reservoir hosts. The tick then molts again to become an adult, which
feeds on a third host, often this host is larger such as a deer to promote mating. Figure was

created with Biorender.com.

After a second feeding with other small reservoir hosts as a nymph, which can infect these
animals, ticks then feed on larger hosts such as deer, wolves, or humans. These incidental hosts
are unable to transmit the spirochete back to naive ticks and are therefore known as dead-end

hosts® (Fig. 2). Transmission to humans results in Lyme disease.

Primary presentation of the illness is associated with the formation of erythema migrans,

a characteristic bull’s eye rash, which represents the dissemination of bacteria near the surface of




the skin (Fig. 2). Later stages include dissemination of Borreliella in various host tissues
including the joints, heart, and central nervous system®. To disseminate into these tissues,
Borreliella enters the vasculature and like many hematogenous organisms must have

mechanisms for the evasion of the host immune system.

Borreliella infection can be treated with a 14-day course of Doxycycline, Amoxicillin, or
Cefuroxime. However, patients have also developed an autoimmune response to B. burgdorferi
which is known as Post-Treatment Lyme Disease Syndrome (PTLDS)*. Unfortunately, despite
many years of research, detection methods for early Borreliella infection are inefficient and there
is no vaccine for Lyme disease at this time*.. With over 470,000 expected new cases per year in
the US and over 47,000 reported cases, Lyme disease leads as the number one vector-borne

disease and places fifth on the list of highest notifiable infections list*2.

Redundant Mechanisms of Complement Evasion by Borreliella

Upon transmission to the host via a bloodmeal, Borreliella spirochetes are inundated with
complement attack and therefore need mechanisms to avoid complement-mediated lysis. Notably
Borreliella encodes an extensive catalog of redundant proteins that target and inhibit several
levels of complement activation. To date 11 proteins have been characterized as complement
inhibitors in two categories: direct inhibition and complement regulatory acquiring surface
proteins (CRASPs)**°. Nine of these have been described in B. burgdorferi making up nearly
11% of the total known surface lipoproteome. This functional and diverse redundancy of
inhibition has allowed B. burgdorferi to become a model organism for complement evasion.
However due to the challenging genetic makeup of Borrelia spp., it has been difficult to

ascertain reasons underlying the high level of redundancy**“°.
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Figure 3. Known Borreliella complement evasion proteins. Inhibition of complement by
Borreliella spirochetes is a highly redundant process making up a significant portion of the outer
surface lipoproteome. Direct and indirect mechanisms of complement evasion are achieved
though inhibition of proteolytic activity, recruitment of RCA, and direct inhibition of MAC.

Figure reproduced from*4,

Direct complement inhibition occurs through four characterized but mechanistically
distinct proteins all of which have been shown to be upregulated upon entrance into the host.
OspC was shown to inhibit both the CP and LP through binding of C4b and sterically occluding
the binding of component C2, thus inhibiting downstream effectors of two pathways before the
formation of the CP/LP convertase. CspA, BGA66/BGAT71 (made by B. bavariensis), and CD59-
like molecule have been described to direct inhibit MAC through binding of components C7 and
C9 and preventing C9 polymerization*~*°. However, the CD59-like molecule has not been
associated with a gene to date*®. Finally, BBK32 has been found to have complement inhibitory

capabilities restricted to the C-terminus®®°L. The mechanism for classical pathway inhibition of

10




complement was recently described and remains the only microbial inhibitor of C1r through

occlusion of the active site®2.

As described earlier, the complement system exhibits multiple levels of regulation to
control inappropriate or aberrant activation. Another method of evasion used by B. burgdorferi is
the recruitment of these RCAs to the surface using CRASPs. These CRASPs fall into 2
categories: FH/FHL-1 (factor H-like) binding or C4BP binding. Both of which highjack the host
negative regulation components to evade complement effector functions. CspA, CspZ, and ErpC
are capable of binding both FH and FHL-1 to negatively regulate the formation of the C3
convertase®®**. FH binds FI, which proteolytically degrades C3b into an inactive form iC3b,
alternatively it also contains decay accelerating factor abilities which disassociate the AP C3
convertase C3Bb into C3b%3%, The role of CspA here is multifunctional in that its ability to
inhibit the formation of MAC is independent of its ability to bind and utilize FH. CRASPs ErpA
and ErpP, are able to bind FH to utilize its negative regulatory ability but are unable to bind the
highly similar FHL-1. Recruitment of yet another negative regulator C4BP is performed by
borrelial p43, which then recruits FI. FI then proteolytically cleaves C4b into inactive iC4b, thus

inhibiting the downstream effects of both the CP and LP.

Although the genetic makeup and functional redundancy of complement inhibition make
it difficult to determine the importance of each individual inhibitor. In vivo studies of the
importance of complement protection have been reported in mice deficient in C1g and C3 with
each deficiency resulting in higher bacterial loads>® 8. Alternatively, mice deficient in FH, FB,
or C5 exhibited only modest differences in pathogenesis placing more emphasis on the classical

pathway and adaptive immune response*3°%%0, Altogether these proteins represent a variety of

11



redundant mechanisms that protect B. burgdorferi from complement mediated harm making

them contributors to pathogenesis.

OspE/F Related Protein Family

Paralogous gene families are proteins of the same genetic origin existing in the same
species often contributing similar functions and are a common feature in the proteome of
Borreliella®®2, As a result of the work completed by Dowdell et al. (discussed further in the next
section), it is now known that B. burgdorferi B31 expresses several of these paralogous families
including Mlp, Rev, and Erp proteins on the surface 62, The OspE/F related protein (Erp)
family of proteins have been shown to be expressed upon entrance into hosts, and identified as
highly immunogenic makers for the host immune response®-%°, However, a small sub-group of
these Erp paralogs are distinguished from the larger family by their similarity in their leader
peptides®®. These OspE/F-like leader peptide (Elp) proteins make up an assortment of Erp
proteins including Erps B, O, M, Q and X% Although other paralogous Erps A, C, and P have
been shown to interact with complement little is known about the function of other Erp/Elp

proteins®.

Gain of Function Library Identifies C1 Interacting Molecules

Previously it has been difficult to determine outer surface lipoproteins contributions to
virulence in B. burgdorferi as the lipoproteome was not fully known. Recently Dowdell et al.
exhaustively described the outer surface lipoproteome using a gain of function protein expression
system in a highly passaged non-infectious strain B31e-2%6. This study individually expressed
each of the proposed 127 lipoproteins in B. burgdorferi and assessed their ability to be digested

by external proteases. Altogether they identified 83 unique proteins that were susceptible to
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Figure 4. Gain of function spirochete library screen identifies C1 binding lipoproteins
ErpB and ErpQ. 96-well plate coated with C1 Complex with each overexpression strain
denoted by its lipoprotein. Bacterial binding was determined by Absaosnm Over time with strains
above 3 standard deviations (o3) over the mean intensity of the bottom 80% of strains that bind
least efficiently colored. (Inset) Elp proteins in a separate binding assay to show specificity
towards ErpB and ErpQ. BB0460 is a periplasmically expressed protein that was used as a
control. BSA was used as a negative control to show background sensitivity and specificity.

Figure adapted from Pereira, 2020°7.

protease degradation on the outer membrane. By studying surface exposed proteins, we can

better characterize the interactions associated with the host pathogen axis.

In collaboration with the Zuckert Lab, Dr. Michael Pereira and Dr. Beau Wager, in Dr.

Jon Leong’s lab sought to find other proteins that interact with complement proteins as well as
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many other relevant ligands®’. Using an ELISA-based screen they found that two spirochete
strains expressing ErpB and ErpQ bound C1-coated wells significantly more than spirochetes
expressing other surface lipoproteins (Fig. 4). This system also identified the known C1
interacting lipoprotein BBK32, as well as another paralog to ErpB/Q, ErpX, which was later
found to not interact with C1 in a significant way (Fig 4 inset). This finding supports further

interaction with the complement system that was previously unknown.

Given the collective insight of many years of research, Borreliella is emerging as a model
organism for the study of complement evasion and employs many mechanisms to inhibit the
innate immune response*44, This study describes the novel mechanism of inhibition of
complement protease C1s through interaction with a known exosite. Thus, contributing to our
knowledge of CP evasion techniques by an important human pathogen, and providing insight

into mechanisms of C1 activation.
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CHAPTER 2: Materials and Methods

Plasmids constructed and oligonucleotides

All plasmid constructs and oligonucleotides are listed in Table 1. Propagation of
plasmids was performed in E. coli DH5a and protein expression was performed using
transformed E. coli BL21(DE3). Cells were cultivated using Terrific Broth (Fisher Scientific)
supplemented with 50 pg/mL kanamycin or 100 pug/mL carbenicillin, for pT7HMT or pGEX4T-

2 containing strains, respectively.

GST associated constructs pGEX4T-2, pMP17 and pMP18 containing erpQ and erpB
respectively, were provided by Dr. John Leong’s lab and served as template DNA for all Erp

containing plasmids constructed in this study.

C1s constructs were constructed using native amino acid sequences P09871 (Uniprot)
with construct specific domain truncations. Domain truncations were E. coli optimized double
stranded DNA synthesized gBlocks (IDT) with flanking 5 BamHI and 3’Notl restriction sites

with a STOP codon. Subsequent digestion and insertion of DNA into pT7HMT was performed.

Erp oligonucleotides primers were designed with 5> BamHI and 3’ Notl restriction
enzyme sites and 3’ STOP site for insertion into pT7HMT. Due to a BamHI site in erpB the full-
length (ErpB 19-378) gene was designed with a 5° Sall site. PCR was completed with Q5 Master
mix (NEB) according to manufactures instructions with gradient PCR with from 60-70° C.
Subsequent ligation of product was performed with T4 DNA ligase (NEB) and sequence
validated using Simple Seq (Eurofins). All plasmids were transformed to appropriate strain using
chemically competent cells with incubation of 1 puL plasmid with 20 pL. competent cells on ice

for 5 min. After incubation cells were quickly submerged into a 42° C dry bead bath for 90 sec



followed by a subsequent incubation on ice for 2 min. Transformed cells were then recovered
using 300 pL LB Broth (Fisher Scientific) for 1 hr at 37° C and plated on LB agar with

appropriately supplemented antibiotic.
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Table 1. Primers and Constructs.

TTTTTTGCGGCCGCTTACTGACTGTCACTGATGTATC

C%‘;g}ga Vector Primers Ref.
PMP18 | pGEX4T- ]
erpB > Leong Lab
ErpB 19-
. pT7THMT AAAAAAGTCGACAAGAATTATGCAATTAAAGA This Study
TTTTTTGCGGCCGCTTAATCTTCTTCATCATAATTAT
BB Ll | (77HMT |  AAAAAAGGATCCGCGGAACAAAGTGATGGTCAACAA .
378 This Study
TTTTTTGCGGCCGCTTAATCTTCTTCATCATAATTATCC
BB 138- | yr7mmT AAAAAAGGATCCAAACAAGAGAATACAGAAGA .
378 This Study
TTTTTTGCGGCCGCTTAAATCTTCTTCATCATAATTATCCT
EpB 138- | yr7mmT AAAAAAGGATCCAAACAAGAGAATACAGAAGA .
288 This Study
TTTTTTGCGGCCGCTTAGTCGTTATCATCTTCCAAAT
BB 182- | 77HMT |  AAAAAAGGATCCCAAGAAAGAAAAGCTAAGGCAGA .
378 This Study
TTTTTTGCGGCCGCTTAAATCTTCTTCATCATAATTATCCT
ErpB 243-
e pT7THMT AAAAAAGGATCCATTGATGTTATAAAAGAGCA This Study
TTTTTTGCGGCCGCTTAATCTTCTTCATCATAATTATCC
ErpB288- | 0T7HMT | AAAAAAGGATCCGACGAAGGATTAGGAAAGCTATTA .
378 This Study
TTTTTTGCGGCCGCTTAATCTTCTTCATCATAATTATCC
PMP17 | pGEX4T- ]
erpQ > Leong Lab
ErpQ 19-
s pT7THMT AAAAAAGGATCCAAGAATTTTGCAACTGGTAA This Study
TTTTTTGCGGCCGCTTACTGACTGTCACTGATGTATC
ErpQ103- | r7pmT AAAAAAGGATCCATAGAACAAAGTGATGGTCAAC .
343 This Study
TTTTTTGCGGCCGCTTATGCTTTTAATACTAATGCAT
ErpQ 19-
e pT7THMT AAAAAAGGATCCAAGAATTTTGCAACTGGTAA This Study
TTTTTTGCGGCCGCTTAATTTTCATTGATCTCATCTA
ErpQ168- | ropmt AAAAAAGGATCCCAGCAGCGTAAAGCTAAAGCTGA .
343 This Study
TTTTTTGCGGCCGCTTACTGACTGTCACTGATGTATC
EpQ168- | \ropmT AAAAAAGGATCCCAGCAGCGTAAAGCTAAAGCTGA .
328 This Study
AAAAAAGCGGCCGCTTAATCTTTAAGATATTTTTTAAC
Erpgégl' PTTHMT | AAAAAAGGATCCCGTGAAGAAGCTGAACAGCAGAAACGT | piic o
TTTTTTGCGGCCGCTTACTGACTGTCACTGATGTATC
Erp&gﬂ' PT7THMT AAAAAAGGATCCATTGATGTTATAAAATGGCA
This Study
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Table 1. Primers and constructs cont.

Construct .

Name Vector Cloning Strategy Ref.
Clr CCP2-SP_ | pT7HMT - Rushing et al®®
Cls CCP2-SP pT7HMT Gene designed with gBlock This Study
C1s CCP2-SP pT7HMT Gene designed with gBlock This Study

S632A

Cls CCP1- . . .
CCP2-SP pT7THMT Gene designed with gBlock This Study
Clégngz' pT7THMT Gene designed with gBlock This Study
Cls CuB2- . . .
CCP1-CCP2 pT7THMT Gene designed with gBlock This Study
Cls CCP1- . . .
CCP2-SP ABE pT7HMT Gene designed with gBlock This Study
Cls CCP1-
CCP2-SP pT7THMT Gene designed with gBlock This Study
Hinge
Cls CCP1-
CCP2-SP pT7THMT Gene designed with gBlock This Study
ABE/Hinge

Protein Expression and Isolation

Following fresh transformation into E. coli BL21(DE3), cells were grown overnight in 10
mL of Terrific Broth supplemented with 100 pg/mL kanamycin. The next day the cells were
inoculated into 1L of Terrific Broth supplemented with 100 pg/mL kanamycin at 37° C and
monitored to an ODeoo between 0.6 - 0.8. Cells were then induced with 1 mM Isopropyl B- d-1-
thiogalactopyranoside (IPTG) and transferred to 16° C overnight. Cells were then centrifuged at
6,000 RPM and resuspended in 100 mL Ni-NTA-binding buffer (20 mM Tris (pH 8.0), 500 mM
NaCl, 10 mM Imidazole (pH 8.0)) and lysed through microfluidization with an LM-10
Microfluidizer (Microfluidics). Crude lysate was then centrifuged again at 25,000x g and
supernatant flowed over a gravity-flow column with His resin (Gold Bio). After washing the
resin with 25 mL Ni-NTA-binding buffer protein was slowly eluted with 15 mL Ni-NTA-elution
buffer (20 mM Tris (pH 8.0), 500 mM NaCl, 500 mM imidazole (pH 8.0)) and exchanged back

into Ni-NTA-binding buffer using a Hi-prep Desalting 26/10 column (GE Healthcare) on an
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AKTA pure (GE Healthcare). Removal of His-myc affinity tag then followed with incubation of
50 pg tobacco etch virus (TEV) protease and 5mM B-mercaptoethanol at room temperature
overnight. Digested proteins were then isolated from their tag by collecting their flow through on
a 5mL HisTrap-FF column (GE Healthcare). Further isolation of the proteins by size exclusion
chromatography was performed using a HiLoad 26/600 Superdex 75pg column equilibrated to
HBS (10 mM HEPES pH 7.3, 140 mM NacCl). Monodisperse peaks were collected and analyzed

by SDS-PAGE for purity and stored at -80° C until use.

Constructs in pGEX4T-2 were expressed and isolated according to manufacturer’s

instructions (GE Healthcare) with no further isolation.

Recombinant C1r CCP2-SP was expressed and isolated as previously described®. C1s
constructs (Table 1) were similarly expressed and isolated with the following modifications. C1s
is produced as a zymogen and is not capable of autoactivating. Activation of C1s proenzyme
constructs was performed by incubation with 25 nM C1r enzyme (Comp Tech) overnight at 37°
C and subjected to analytical gel filtration with a Superdex 200 Increase 10/300 GL (GE
Healthcare). The smaller of 2 monodisperse peaks was collected, analyzed by SDS-PAGE, and

utilized for binding experiments.

Surface plasmon resonance

Binding of C1 and its sub-components to GST-ErpB and GST-ErpQ was performed at
25°C using a Biacore T200 (GE Healthcare) as previously described®*®, with the following
modifications. GST-ErpB and GST-ErpQ were amine coupled to the CMD200 (Xantec
bioanalytics) at 10 pg/ml in 10 mM sodium acetate pH 4.0 or 10 mM sodium acetate pH 3.5 for
ErpQ1s1-343 and ErpBas»-378. Final immobilization densities shown in resonance units (RU) are

presented in Table 2. HBS-T Ca2" (10 mM HEPES (pH 7.3), 140 mM NacCl, 0.005% (v/v)
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Tween 20, 5 mM CaClz) was used as the running buffer and a flowrate of 30 ul min™* was used in

all experiments. All analytes were buffer exchanged into running buffer prior to experimentation.

C1 complex (Complement Technologies) was injected over ligands in a two-fold
concentration series: .59, 1.2, 2.3, 4.7, 9.4, 18.8, 37.5, 75, and 150 nM for 120 sec, followed by
180 sec dissociation. The surface was then regenerated by injecting 2 M NaCl for 60 sec 3 times
consecutively, bringing the response to baseline. The same approach was used for proenzyme
C1r, C1r enzyme, proenzyme C1s, and C1s enzyme (Complement Technologies). A separate
ranking experiment was completed on the same surface with C1 components C1, Clq, C1r

enzyme, and C1s enzyme at 150 nM.

Recombinant activated enzymes and truncations were similarly analyzed, using a two-
fold concentration series of 0.39, 0.78, 1.6, 3.1, 6.3, 13, 25, 50, 100, and 200 nM. Steady state
analyses were performed on each sensorgram series using the Biacore T200 Evaluation Software
3.1 (GE Healthcare) and a 1:1 (Langmuir) binding model. All SPR experiments were completed

in triplicate.
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Table 2. SPR Immobilization Densities

Ligand Immobilization Density (RU) Figures Surface was Used
GST-ErpQ 451.1 Figure 5 and 6
GST-ErpB 555.1 Figure 5 and 6
GST-ErpQ 495.8 Figure 7
GST-ErpB 537.9 Figure 7

ErpQ 19-343 986.3 Figure 14
ErpQ 168-343 473.1 Figure 14
ErpB 138-378 449.5 Figure 14
ErpQi19-343 206 Figure 16
ErpQais1-343 311 Figure 16
ErpBig-3rs 574.7 Figure 16

Inhibition of C4b deposition by recombinant B. burgdorferi lipoproteins

Direct inhibition of classical pathway activation was assessed by ELISA. Three pg/ml of
classical pathway activator Human IgM (Innovative Research) in 100 mM Na,CO3/NaHCO3
coating buffer, pH 9.6, was immobilized overnight at room temperature in high-binding
polypropylene microplates (Grenier bio-one). Between each step described below plates were
washed 3X with 100 ul/well of TBS-T (50mM Tris (pH 8.0),150 mM NacCl, 0.05% (v/v)
TritonX-100). Unbound regions of the plate were then blocked with PBS-T-BSA (137mM NacCl,
2.7 mM KCI, 10mM NazHPQO4,1.8 mM KH2POg4, 1%(w/v) bovine serum albumin, and 0.05%
(v/v) Tween-20) for 1 hour at 37°C. Classical pathway-mediated complement activation was
then induced by adding 2% final pooled Normal Human Serum (Innovative Research) in a two-

fold dilution series of each inhibitor of interest in CP Buffer (10 mM HEPES (pH 7.3), 0.1%
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(w/v) gelatin type A, 140 mM NaCl, 2 mM CaClz, 0.5 mM MgCl.), and incubated at 37°C for 1
hour. A 1:300 dilution anti-C4 antibody (HYB 162-02) (Santa Cruz Biotechnology) in CP Buffer
was then added, and plates were incubated at 37°C for 1 hour. A 1:3000 dilution of goat anti-
mouse HRP secondary antibody (Thermo Scientific) was then added at room temperature with
light rocking for 1 hour. Activation of HRP conjugated antibody was detected at room
temperature using 1-step Ultra TMB ELISA (Thermo Scientific) for 10 min with rocking in the
dark. The reaction was stopped by adding .16 N sulfuric acid, and the absorbance was measured
at 450 nM on an EnSight multimode plate reader (PerkinEImer). Data were in-column
normalized using cells containing serum only, or buffer with no serum, as 100% and 0% signal,
respectively. All experiments were performed in triplicate and 1C50 values were determined

using a variable four-parameter nonlinear regression analysis using GraphPad Prism 8.1.2.

Inhibition of C1r CCP2-SP and C1s enzyme activity by synthetic peptide cleavage

C1r CCP2-SP enzyme and C1s enzyme assays were performed in HBS-Ca2* (10 mM
HEPES (pH 7.3), 140 mM NaCl, 5 mM CaCl2). 25 uM BBK32-C or GST-ErpQ were incubated
with final concentrations of 1.5 nM C1r CCP2-SP or 5 nM C1s enzyme for 10 min at room
temperature. C1r CCP2-SP enzyme assays were performed with the addition of 300 uM Z-Gly-
Arg-Thiobenzyl Ester (MP Biomedical) and 100 uM 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB)
(TCI) just prior to measurement®8°. C1s enzyme assays were performed with the addition of 100
UM Z-L-Lys Thiobenzyl Ester HCI (Sigma) and 100 uM DTNB just prior to measurement’®.
Final reaction volumes were 80 pL for both assays. Abss1> measurements were conducted on an
EnSight multimode plate reader (PerkinElmer) after 1 hour both C1r enzyme assay and C1s
enzyme assays at 25° C. Data were in-column normalized by including the C1s enzyme or C1r

enzyme with respective substrate as 100% activation, and no enzyme as 0% activation.
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C1r enzyme cleavage inhibition of proenzyme C1s

Inhibition of C1r enzyme cleavage of proenzyme C1s was assayed by incubation
of 1 uM C1r enzyme with 1 pg of proenzyme C1s with a 2-fold curve of inhibitor in HBS-Ca2+
in a final volume of 10 pL. The reaction was then incubated at 37° C for 1 hr and was stopped by
addition of 5uL reducing SDS-PAGE loading buffer (150 mM Tris pH 7.0, 12% Sodium dodecyl
sulfate (SDS), 6% B-mercaptoethanol, 30% glycerol, 0.05% bromophenol blue). Cleavage of
proenzyme C1s was determined by 10% SDS-PAGE analysis with BBK32-C used as a control

for inhibition.

C1s enzyme cleavage inhibition of natural substrates C2 and C4 by Erp proteins

Inhibition of C1s enzyme direct cleavage was assayed by incubation of 6.25 nM C1s
enzyme with a twofold curve of inhibitor and 1.25 pL C2 (.5 mg/mL) or 1.25 uL C4 (1 mg/mL)
in HBS-Ca2" for a final volume of 10 pL. The reaction was then incubated at 37° C for 1 hr and
was stopped by addition of 5uL reducing SDS-PAGE loading buffer (150 mM Tris pH 7.0, 12%
Sodium dodecyl sulfate (SDS), 6% B-mercaptoethanol, 30% glycerol, 0.05% bromophenol blue).
Cleavage of substrates was determined by 10% SDS-PAGE analysis and subsequent
densitometry with Image Lab (Bio-Rad). C2 cleavage was determined by formation of the C2b
band by normalizing to an enzyme C2 control 100% and non-enzyme treated C2 at 37° C. C4
was in lane controlled via densitometric analysis of the common C4f which migrates at ~70kDa.
The development of the C4a’ chain was monitored by taking the ratio of C4a’ over the sum of
C4a, C4a’ and C4P. IC50’s for both substrates were determined using a normalized four-

parameter curve.
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Amplified luminescence homogenous proximity assay

Amplified luminescence homogenous proximity assay (ALPHA) were performed
according to manufactures recommendations with the following modifications. Direct ALPHA
experiments were performed with 12.5 nM GST-ErpQ and 150 nM His-C1r-CCP2-SP in the
presence of 20 pg/mL GST-Donor beads and 20 pug/mL His-Acceptor beads. Indirect ALPHAS
were performed with 12.5 nM GST-ErpQ and 150 nM His-BBK32-C in the presence of 20
pg/mL GST-Donor beads and 20 pg/mL His-Acceptor beads. All experiments were carried out
with the addition of a twofold concentration curve of non-tagged species to assess competition or
simultaneous binding. Reactions were carried out in HBS-T Ca?* in 25 pL total volume in 96-
well Y2Area ALPHAplates™ (Perkin-Elmer) and incubated in the dark for 1 hr at room
temperature. ALPHA signal was collected using an EnSight plate reader (Perkin-Elmer) with an
excitement of 680 nm for 40 ms and emission accumulated for 130 ms. Kp’s were approximated
using the Cheng-Prussoff equation and determined using a normalized four-parameter curve in

GraphPad 8.0 (Prism)’*.
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CHAPTER 3: ErpB and ErpQ Bind to C1 Complex Proteases C1r and C1s and Potently
Inhibit the Classical Pathway of Complement

ErpB and ErpQ specifically bind to C1 proteases
Screening of the gain-of-function expression library against various ligands, including
complement components, by the Leong lab showed that expression of borrelial lipoproteins ErpB
and ErpQ resulted in enhanced binding to C1 complex (Fig 4). To better describe these
interactions, GST-ErpB and GST-ErpQ was covalently immobilized on a biosensor chip and
analyzed for interactions with C1 complex as an analyte by surface plasmon resonance (SPR)
(Appendix A). In agreement with the gain of function data collected by the Leong Lab (Fig 4),

recombinant GST-ErpB and GST-ErpQ both bound C1 with high affinity (Fig 5A).
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Figure 5. Recombinant GST-ErpB and GST-ErpQ form high affinity interactions with C1
complex. A) Multi cycle SPR sensorgrams of a two-fold dilution series of C1 complex (0.6-150
nM) over GST-ErpB or GST-ErpQ. Top curve represents 150 nM C1 injection with HBS-T Ca?"
running buffer. B) Steady state fits of adjacent multi cycle curves with RU at steady state (black
squares) and steady state fits (red line). Sensorgrams and fits are a shown as a representative set

with all experimentation performed in triplicate.

Steady state fits of these data reveal similar high affinity binding of recombinant GST-ErpB

(Kp,ss=5.6 nM) and GST-ErpQ (Kp,ss =11 nM) to C1 (Fig 5B, Table 3).

The C1 complex is made up of three subcomponents: i) the pattern recognition molecule
Clq s a large collagen-like hexameric protein with six globular domains, which is bound to the
heterotetrametric serine proteases of C1, C1r»Sy, ii) the initiating protease of the CP, C1r, exists
as a zymogen heterotetramer with its substrate iii) protease C1s (Fig 6A). To determine what
subcomponent the Erps were interacting with, 1 employed a surface plasmon resonance (SPR)
based ranking study in which each subcomponent is used as an analyte assaying for their ability
to bind covalently surface bound Erp. Single injections of 150 nM were employed using C1

complex (Clgrzs2), Clr, Cls, and Clq over GST-ErpB and GST-ErpQ. Based on increase in RU
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Figure 6. GST-ErpB/Q bind to C1 complex with high affinity. A) Cartoon model of C1
complex C1q (green), C1r (red) and C1s, (cyan). B) Analysis of SPR ranking study to
determine specificity of GST-Erp constructs for C1 subcomponents. C1 complex components
were injected at 150 nM in HBS-T Ca?* individually over surface immobilized GST-ErpB or
GST-ErpQ. Injections of the full C1 complex, protease C1r, and protease C1s promoted binding
whereas C1q did not produce significant binding. Sensorgrams are representative sample of

experimentation in performed in triplicate.

and subsequent slow off rate the data show that ErpB/Q interact with C1 complex serine protease
components C1r and C1s, but not C1q (Fig 6). Altogether the data presented support that ErpB
and ErpQ form high affinity interactions with the C1 complex through binding of the serine

proteases C1r and C1s.

Functionally C1 complex exists as a zymogen, which upon recognition of immune
complexes on activating surfaces becomes enzymatically competent. This activation is induced
by dramatic conformational changes in each of the components of C1, including the proteases.
The activation of the proteases allows them to perform their catalytic functions and induces
differential surfaces for the recognition of their substrates (Appendix B)"?>-"*. Due to these
apparent differences we wanted to know if conformational changes were important in the
recognition of ErpB and ErpQ. Using an SPR-based approach we immobilized GST-Erp proteins
and injected a series of zymogen and active C1r and C1s. Interestingly the ligands were able to
distinguish between the activation states of both C1r and C1s, with both Erp proteins
preferentially binding to the activated enzymes over the proenzyme forms (Fig 7). These

experiments revealed that there was a ~68-fold difference in affinity of C1s enzyme recognition
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Figure 7. GST-ErpB/Q preferentially bind to active C1r and C1s over proenzyme Clr and
C1s. SPR analysis of enzymatic conformational sensitivity was used to determine preference in
binding of GST-ErpB (A-B) and GST-ErpQ (C-D). A twofold series of injections were
performed (200-0.8 nM) with each form of C1r (A, C) or C1s (B, C) in HBST-Ca®*. Enzyme
forms bound with higher affinity as shown in steady state fits in the third panels (A-D). All forms

of C1r and C1s bound, except C1r proenzyme. All experiments were performed in triplicate.

over its proenzyme form in GST-ErpB and a ~38-fold difference in GST-ErpQ binding (Table

3). C1r recognition was even more impeded by the proenzyme conformation with little to no
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binding for proenzyme (Fig 7A, C). Furthermore, we determined the steady state affinities of the
proteases and found that GST-ErpB preferentially bound C1s enzyme (Kp,ss = 3.9 nM) over C1r
enzyme (Kp,ss = 100 nM) a ~25-fold change in affinity. This was consistent with values obtained
for GST-ErpQ with C1s enzyme (Kp,ss = 97 nM) over C1r enzyme (Kp,ss = 4.5 nM) a ~22-fold
change in affinity (Table 3). These data support high affinity binding of enzymatically active
forms of C1 protease components C1r and C1s over their proenzyme forms to ErpB and ErpQ

and emphasize the importance of conformational dynamics in protein interaction.

Table 3. Steady State Affinities for ErpB and ErpQ Analytes

Ligand Analyte Kb.ss (nM) Ligand Analyte Kb.ss (nM)
GST-ErpQ C1 Complex 11+2.0 GST-ErpB C1 Complex 56+15
Cls Enzyme 45+0.84 Cl1s Enzyme 3.9+0.40
C1lr Enzyme 130 + 29 C1r Enzyme 100 + 22
Cls
Cls Proenzyme | 168 + 60 Proenzyme 270 £ 45
Clr
C1r Proenzyme n.d. Proenzyme | n.d.
Cls CCP1- Cls CCP1-
ErpQio-343 CCP2-SPWT | 150+0.5 | ErpQ 1g2378 | CCP2-SP WT 360 + 16
Cls CCP1- Cls CCP1-
CCP2-SP CCP2-SP
Hinge 320+ 12 Hinge 574 £110
Cls CCP1-
Cls CCP1- CCP2-SP
CCP2-SP ABE n.d. ABE n.d.
Cls CCP1- Cls CCP1-
CCP2-SP CCP2-SP
Hinge/ABE n.d. Hinge/ABE n.d.
C1s CCP1-
ErpQ 181343 | CCP2-SPWT | 210+0.5
C1s CCP1-
CCP2-SP
Hinge 370+ 0.5
Cl1s CCP1-
CCP2-SP ABE n.d.
Cl1s CCP1-
CCP2-SP
Hinge/ABE n.d.
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ErpB and ErpQ are inhibitors of the Classical Pathway

After learning of their high affinity interactions with the classical pathway proteases we
were interested in determining if ErpQ and ErpB could inhibit the C1 complex at the level of C4
deposition. To determine the function of these proteins an ELISA-based complement assay was
used, which takes advantage of the covalent nature of C4 deposition by CP activation. Using a
potent borrelial inhibitor known to inhibit the classical pathway, BBK32-C, as a control we
found that GST-ErpB and GST-ErpQ both inhibit the classical pathway at the level of the C1
complex (Fig 8A). Though not nearly as potent as BBK32-C (18 nM), GST-ErpB (330 nM) and

GST-ErpQ (260 nM) both specifically and efficiently classical pathway activation.

Next, we were interested in whether the expression of these proteins on B. burgdorferi
B31e-2 imparted protection from CP-mediated cell lysis. The Leong Lab assayed for the ability
of ErpB and ErpQ to confer protection to serum Killing under classical pathway activation in a
B31e-2 background. Using Borrelia B31 specific antibodies they were able to effectively
activate the classical pathway initiating the killing of CP sensitive spirochetes. Only spirochetes
expressing BBK32, ErpB or ErpQ were able to deter CP-mediated killing whereas
periplasmically expressed BB0460 was killed relative to an isotype control, which was not

specific for Borrelia and therefore did not activate the CP (Fig 8B).
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Figure 8. ErpB and ErpQ are inhibitors of the classical pathway activation and promote
serum survival of B. burgdorferi. A) Dose dependent classical pathway inhibition was assayed
by selectively activating the CP through immobilized IgM. Two-fold dilutions of inhibitor were
incubated with 2% normal human sera in CP buffer. A monoclonal antibody against C4d was
used to determine C4b deposition amount. Data were completed in triplicate and normalized to
sera only and no sera controls. B) Classical pathway sensitivity was determined through
activation of the classical pathway by a Borrelia specific antibody. Only spirochetes expressing
classical pathway inhibitors were able to deter killing compared to nonspecific isotype control. In
both experiments BBK32-C and GST-BB0460 were included as positive and negative controls of

CP inhibition, respectively. Data in B completed by Dr. Michael Pereira (unpublished data).

Collectively the data presented depict functional cause and effect of expression of ErpB
and ErpQ to confer protection against classical pathway mediated killing. With an ascribed
function of classical pathway inhibition elucidated we sought to understand the molecular
mechanisms of this interaction. This led us to determining the functional domain on ErpB and
ErpQ that fully contributes to its complement inhibitory abilities. To achieve this, | truncated
ErpB and ErpQ in a successive manner where the C4b deposition ELISA was utilized to screen
for residual complement inhibitory function. Successful expression of native full length untagged

ErpQ (ErpQue-343) allowed for analysis of truncations without effects that a tag such as GST or
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His may be able to contribute. First, | selected a region in the C-terminus denoted ErpQ1o0s-343 in
addition to a pair of complementing N- and C- terminal constructs, ErpQ1e-216 and ErpQ217-343,
respectively (Fig 9). However, only the longer C-terminal ErpQ1o3-343 conferred ErpQig-343-like
inhibition, which led to the construction of several more constructs assaying the N-terminal
amino acids of each construct between 103 and 217. This led to the creation of ErpQ1si-343,
which conveyed full CP inhibitory capacity. Interestingly, when a similar construct ErpQies-343
was truncated by only 15 amino acids from the C-terminus there was a ~6-fold difference in ICso

(Table 4). Using this approach, I implemented a similar series of truncations (Fig 9).
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Figure 9. Identification of C-terminal complement inhibitory domain of ErpQ. A) Graphical
representation of ErpQ constructs presented in (B) by length of bar. Constructs that inhibited
C4b deposition similarly to the full-length molecule (green), intermediate difference in inhibitory
ability (yellow), and not detectable inhibition (red). B) Classical pathway inhibition of ErpQ
truncations was assayed by C4b deposition with 2% normal human sera in the presence of
immobilized IgM. Dose dependent inhibition of CP by ErpQ truncations was determined with a

twofold concentration series performed between one and three times.

on ErpB to identify its complement inhibitory domain. Unfortunately, expression and isolation of

ErpB1g-378 Was not achieved as protein yields from this construct were not of sufficient quantity
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to validate similarity or difference from GST-ErpB. However, The C-terminal construct ErpB111-
a7g effectively and potently inhibited CP mediated deposition of C4b in the ELISA assay

similarly to the GST-ErpB (Fig 10). Further narrowing of the inhibitory domain from both
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Figure 10. Identification of C-terminal complement inhibitory domain of ErpB. A)
Graphical representation of ErpQ constructs presented in (B) by length of bar. Constructs that
inhibited C4b deposition similarly to the full-length molecule (green), intermediate difference in
inhibitory ability (yellow), and not detectable inhibition (red). B) Classical pathway inhibition of
ErpQ truncations was assayed by C4b deposition with 2% normal human sera in the presence of
immobilized IgM. Dose dependent inhibition of CP by ErpB truncations was determined with a

twofold concentration series performed between one and three times.

the N- and C-terminus resulted in a similar pattern to that of ErpQ truncations with portions of
the C-terminus contributing to inhibition and the N-terminal half not conveying complement
inhibitory capability. The truncations used led to the discovery of the complete inhibitory domain
ErpBisi-37g. Taken together this implicates the importance of the C-terminal half of ErpB and
ErpQ in and their importance for complement inhibitory function in the context of the full-length

proteins.




Table 4. CP ELISA IC50 Data

Protein ICs0 (NM) | 95% C.I. (nM) Protein ICs0 (NM) | 95% C.1. (nM)
GST-ErpQ 260 190 - 340 GST-ErpB 330 200 - 570
ErpQig-343 220 150 - 450 ErpBii1-378 330 240 - 480
ErpQ103-343 100 53 -200 ErpB243-378 n.d. n.d.
ErpQ217-343 n.d. n.d. ErpB2ss-378 n.d. n.d.
ErpQ263-343 n.d. n.d. ErpBiss-2ss 1500 1100 - 2300
ErpQies-343 200 150 to 340 ErpBuss-a7s 300 220 - 430
ErpQis1-343 120 85 to 200 ErpBis2-378 290 250 - 330
ErpQies-32s 700 305 to 1600 BBK32-C 18 15 - 23
ErpQie-216 n.d. n.d.
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CHAPTER 4: Elucidating the Mechanism of ErpB/Q-Mediated Classical Pathway
Inhibition
ErpB and ErpQ inhibit C1s through a novel mechanism
With the identification of the inhibitory domain, we were then interested in determining

the mechanism of CP inhibition. The most probable hypothesis was the ability of ErpB and ErpQ
to inhibit CP enzymes from cleavage of their natural substrates. This broke down the inhibition
into two steps: i) C1r cleavage of its natural substrate C1s proenzyme and ii) C1s cleavage of its
natural substrate C4. Testing this hypothesis involved the use of a gel-based technique which
takes advantage of the formation of differential products formed in the cleavage of scissile loops
on the substrates. These experiments were performed with ErpQ19-343 to monitor full activity of
the inhibitor without the tag. First ErpQz9-343 was incubated with C1r enzyme and C1s proenzyme
for an hour at 37° C. Despite high affinity interaction with C1r enzyme, ErpQ19-343 exhibited no
inhibition of C1r mediated cleavage of C1s proenzyme (Fig 11). Alternatively, incubation of

ErpQu9-343 with C1s enzyme and its natural substrate C4 yielded a complete inhibitory curve with
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Figure 11. ErpQag-343 is not an inhibitor of C1r enzyme cleavage of C1s proenzyme. To
determine if ErpQ1o-343 was able to inhibit C1r mediated cleavage of C1s proenzymes we
employed SDS-PAGE analysis of substrate products in the presence of inhibitors. A twofold
dose of ErpQ1e-343 was performed in the presence of C1r enzyme and C1s proenzyme. In each
lane labelled above the gel only controls containing only C1s proenzyme, denoted Pro C1s, or
BBK32-C, a potent C1r inhibitor, were capable of inhibiting formation of C1s enzyme chain 1.

This is a representative gel and was performed in triplicated.

an ICso of ~10 uM (Fig 12A and 12B). This positive result then led us to assay for the inhibition
of the downstream C1s enzyme substrate component C2. Inhibition of C2 cleavage was
markedly more effective with an ICso~1.4 uM (Fig 12C and 12D). This represents the first
microbial inhibitor of the classical pathway complement protease C1s and furthermore is the first
biologically derived C1s inhibitor shown to block C2 cleavage. Further validation of the
complement inhibitory domain truncations of ErpB and ErpQ in this assay showed that both

were able to block C1s enzyme mediated C2 cleavage in this assay (Fig 13). Here we do note a
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Figure 12. ErpQao-343 is a potent inhibitor of C1s mediated cleavage of natural substrates
C4 and C2. Determination of C1s substrate cleavage inhibition by ErpQi9-343 was performed by
SDS-PAGE analysis. SDS-PAGE gels, contents denoted above each, of twofold dose curves
with ErpQuo-343 in the presence of 6.25 nM C1s enzyme and substrates 2.5 pg C4 (A) or 1.25 g
C2 (B) for 1 hour at 37° C. ErpQ1e-343 was able to inhibit band formation of C4a’ (A) and C2b
(B), whereas BBK32-C was unable to inhibit C1s enzyme. Densitometric analysis of band
intensity was performed on the formation of C4a’ (A) and C2b (B) in panels (C) and (D),

respectively. 1Cso values reported are an average of three independent gels.

modest ~3-fold difference in inhibition by ErpQus1-343 (ICs0 ~300 nM) over ErpBigz-378 (ICso
~800 nM). Collectively these data support the previous findings of CP inhibition through binding
of C1s enzyme and potently inhibit deposition of C4, and subsequent inhibition of C2 cleavage,

through a mechanism isolated to the C-terminus.
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Figure 13. Complement inhibitory fragments ErpQusi-343 and ErpBuis2-37s maintain
inhibition of C1s mediated cleavage of C2. Determination of C1s substrate cleavage inhibition
by ErpQus1-343 and ErpBago-343 was performed by SDS-PAGE analysis. (A, C) SDS-PAGE gels of
twofold dose curves with each inhibitor in the presence of 6.25 nM C1s enzyme and substrates
1.25 pg C2 for 1 hour at 37° C. ErpQisi-343 and ErpBis2-343 were able to inhibit band formation of
C2b (A, C), ErpQ1e-343 was used as a positive control for inhibition. Densitometric analysis of
band intensity was performed on the formation C2b (A, C) in panels (B) and (D), respectively.

ICso values reported are of a single experiment.

Figure 14. Model of full length C1s. Cartoon model of full length C1s (SASDB: SASDBZ7).
Each domain is labelled underneath with colors distinguishing segments of the molecule.
Abbreviations: CUB, complement C1r/C1s — Uegf — Bmpl; EGF, Epidermal Growth Factor;

CCP, Complement Control Protein; SP, Serine Protease.

Identification of ErpB and ErpQ Binding Region on C1s

To determine the mechanism of inhibition | first sought to isolate the domains needed for
full affinity interaction with ErpB and ErpQ. This was accomplished using an array of C1s
domain truncations cumulatively making up physiologically available portions of the protein in
the C1 complex. C1s contains 6 domains each contributing to the function and orientation of the

molecule inside the C1 Complex (Fig 14). SPR analysis of 4 domain truncations with 2 different
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serine protease activation states was used with immobilized ErpQ19-343, ErpQ16s-343, and ErpBiss-
378 (Fig 15). Domain truncations omitting the serine protease (SP) domain were incapable of high
affinity interaction implicating its importance for binding. Furthermore, activation state was
again shown to be a determinant for binding affinity as enzymes C1s CCP2-SP and C1s CCP1-
CCP2-SP both bound to ErpB and ErpQ better than their proenzyme counterparts (Fig
15).Interestingly, there also seemed to be a conformational change in the C1s CCP1-CCP2-SP
proenzyme form that made it significantly impaired to recognition compared to the C1s CCP2-
SP proenzyme form that was consistent amongst all constructs (Fig 15). Although the domain
truncation analysis identifies the SP domain as the major determinant for high affinity interaction
it is only with the addition of the CCP1 domain that a WT-like conformational difference is seen.
This difference must be in part be important to the binding of ErpB/Q to C1s and therefore
should be included in subsequent analysis. However, even with the addition of the CCP1 domain
and no detectable interaction with the other N-terminal domains, the affinities of C1s CCP2-SP
and C1s CCP1-CCP2-SP enzymes do not fully replicate the binding affinities shown by C1s
enzyme. This could be explained by low affinity interactions with N-terminal domains only in
the presence of the SP domain thus proposing a two-step mechanism of binding, or possibly
artificial C1ls CCP1-CCP2-SP — C1s CCP1-CCP2-SP interactions sterically occluding CCP1

interactions in the proenzyme form that are alleviated in the enzyme form.
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Figure 15. ErpB and ErpQ bind the SP domain of C1s enzyme. Determination of C1s
binding site with 6 domain truncations of C1s. SPR ranking study with 200 nM of each domain
truncation injected over immobilized ErpQio-343, ErpQues-343, and ErpBass-37s. Analytes were
injected for 120 sec association time and disassociated for 120 sec in HBS-T Ca?*. Raw response
curves were molecular weight corrected to C1s enzyme (86 kDa). SPR analysis is a

representative curve set of triplicate experimentation.

ErpQ Does Not Interact with the Active Site of C1r or C1s

Given the affinity driven nature of the SP domain of C1s we then sought to understand
the molecular mechanism of inhibition that ErpB and ErpQ are employing. As the SP domain
contains the catalytic active site of the enzyme, we hypothesized that ErpB and ErpQ could be
occluding the active site directly (Appendix B). To determine if this was the case, | employed
the use of a colorimetric assay using small peptides that are specifically cleaved by C1r or C1s
enzymes, respectfully. These peptides interact with the active site via S,-S1-S’1 subsites of C1r
and C1s, respectively”. Steric occlusion of these pockets by ErpB and ErpQ would interfere with
proper recognition and orientation of the peptide over the catalytic site causing inhibition. Using
ErpQu9-343 as a surrogate for the inhibitory mechanism, I first tested the peptides with C1r CCP2-
SP and the peptide Z-Gly-Arg-Thiobenzyl. Corroborating the previous C1s proenzyme activation
assays (Fig 11) ErpQ was unable to inhibit C1r CCP2-SP cleavage of the peptide at 2.2 uM (22-
fold higher than its Kp) (Fig 16A). BBK32-C, a C1r-specific active site inhibitor, and nafamostat
mesylate (Futhan), an active site inhibitor of a range of proteases, were able to inhibit cleavage
of the peptide. Subsequent analysis of C1s enzyme mediated cleavage of peptide Z-L-Lys-

Thiobenzyl revealed that ErpQ was also unable to inhibit cleavage of the small peptide (Fig
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16B). Together, these results implicate a novel mechanism of complement inhibition that works

outside of the active site.
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Figure 16. ErpQ is not able to block the cleavage of a small active site peptide in C1r or
Cls. A) To determine if ErpQ was capable of inhibiting the cleavage of a small peptide by the
active site of C1r a colorimetric enzyme assay was employed. 2.2 uM GST-ErpQ was added to
1.5 nM C1r CCP2-SP with 300 uM Z-Gly-Arg thiobenzyl ester and 100 uM DTNB at 25° C for
1 hr in HBS Ca?*. Endpoint absorbance was read at 405 nm and BBK32-C was used as a control
for C1r inhibition at the same concentration. B) To determine if ErpQ was capable of inhibiting
the cleavage of a small peptide by the active site of C1s a similar colorimetric enzyme assay was
employed. 25 uM ErpQz9-343 was added to 5 nM C1s enzyme with 300 uM Z-L-Lys thiobenzyl
ester and 100 uM DTNB at 25° C for 1 hr in HBS Ca?*. Endpoint absorbance was read at 405
nm and BBK32-C was used as a negative control for C1s inhibition and futhan was used as a

positive control for C1s inhibition at the same concentrations.
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ErpB and ErpQ Bind to a Known Exosite on C1s

To determine whether known exosites were involved with ErpB and ErpQ recognition of
C1s | prepared three C1s CCP1-CCP2-SP site-directed mutant (SDM) domain truncations. The
CCP1-CCP2-SP truncation was chosen as this construct had an affinity deficit in the proenzyme
form that was alleviated in the active form. Upon activation C1s has several conformational
changes in surface loops and CCP domains that enable the recognition of C4 (Fig 16A). These
regions of specificity outside of the active site are known as exosites. C1s is known to have at
least two exosites: i) an anion binding exosite (ABE) K575-R576-R581-K583, which is formed
for D loop facilitated recognition of an electrostatically negative region containing sulfotyrosine
residues on C4, and ii) a region between CCP1 and CCP2, hereafter “Hinge” (E326-D358),

which recognizes a region in the C345C domain of C4 (Fig 17A)%73,

Using this truncation allowed me to mutate each of the known C4-exosites in C1s, as well
as in tandem for a complete C1s C4-exosite deficient mutant. SPR analysis was then employed to
determine steady state affinities towards the mutated exosites compared to C1s CCP1-CCP2-SP
wild type (WT) (Fig 17B). SPR analysis indicated that exosite mutants containing the ABE
mutation were severely attenuated in binding of ErpB and ErpQ. This indicates that the ABE
residues K575-R576-R581-K583 collectively or individually contribute to high affinity
interactions with ErpB and ErpQ. Alternatively, the Hinge mutation was found to have only a
modest ~2-fold difference in affinity compared to WT in all Erp constructs (Table 3). These data
support that the C1s ABE is an important target for ErpB/Q mediated substrate inhibition. Being

that this exosite is important for recognition of C4 these data also support a plausible mechanism
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Figure 17. ErpB and ErpQ recognize an activation dependent anion binding exosite. A)
Cartoon structures of C1s in proenzyme and active states. C1s proenzyme (PDB:4J1Y, yellow)
and C1s enzyme (PDB:5UBM, green) exhibit conformational changes upon activation. D loop
conformational change is notated in red. Residues in purple represent amino acids that were
mutated to alanine in the ABE (K575A-R576A-R581A-K583A), Hinge (E326A-D358A), or
ABE/Hinge mutants (K575A-R576A-R581A-K583A, E326A-D358A). B) Steady state fits of
corresponding analytes (C) injected over immobilized ErpQ19-343, ErpQ1s1-343, and ErpBigo-azs.
Fits were calculated with a 1:1 Langmuir model and shown on a logarithmic scale. C) Multi
cycle SPR sensorgrams of C1s CCP1-CCP2-SP mutant variants binding to surface immobilized
ErpB and ErpQ. Dose response curves were obtained with a twofold dilution (200-0.8 nM) in

HBS-T Ca?*. Sensorgrams and fits are a set representative of experiments performed in triplicate.

for enzyme inhibition outside of the active site through steric occlusion of an important exosite.

ErpQ and BBK32 Bind C1r Using a Non-Overlapping Binding Site

Although ErpB and ErpQ do not seem to inhibit C1lr-mediated cleavage of C1s
proenzyme they still form high affinity interactions that are conformationally sensitive. Due to
the high similarity (57.6%) between the SP domains of C1r and C1s we hypothesized that the
binding sites on C1r and C1s may be similar. Using an amplified luminescence proximity
homogenous assay (ALPHA, Appendix C), | determined an appropriate amount of GST-ErpQ
on donor beads to His-C1r CCP2-SP on acceptor beads for the Cheng-Prusoff equation to be
applied where 1Cso approximates the Kp’*. Using this system, | found that complement
components dose-dependently competed for GST-ErpQ binding of His tagged C1r CCP2-SP,
hereafter His-C1r CCP2-SP (Fig 18A). Within reasonable agreement of values obtained by SPR,

His-C1r CCP2-SP competed with untagged C1 complex (KpaLpHa = 1.7 nM, Kp spr = 5.6 nM),
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C1s enzyme (Kp,aLpHa = 29 nM, Kpspr = 3.9 nM), and C1r enzyme (Kp,aLpHa = 120 nM, Kp spr
= 100 nM) for GST-ErpQ binding (Fig 18A, Table 3). Furthermore, C1q was also shown to not
compete for GST-ErpQ binding in the presence of His-C1r CCP2-SP (Kp =n.d.) (Fig 18A). |
then hypothesized that BBK32-C and ErpQ may bind C1 complex at the same time, so |
designed an indirect ALPHA experiment to determine if both BBK32-C, which only interacts
with C1r, and

GST-ErpQ

C1 Complex Components with GST-ErpQ s c1r .., -,
C1 Components below

150—
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Figure 18. ErpQ competes with complement components but not BBK32-C for C1r-CCP2
SP binding. A) Direct ALPHA competition experiment with GST-ErpQ on donor beads (red)
and His-C1r CCP2-SP on acceptor beads (cyan) shows competitive binding with titrated with C1
complex components. Twofold dilution of complement components at various concentrations
was performed in HBS-T Ca?*. C1 protease components, but not C1q were able to compete for
ErpQ binding. B) Indirect ALPHA experiment with GST-ErpQ on donor beads (red) and His-
BBK32-C on acceptor beads (cyan) shows simultaneous binding with titrated C1 complex.
Twofold concentrations (40 — 0.02 nM) C1 complex was added to the reaction in HBS-T Ca?*.
ALPHA signal was normalized to positive and negative reactions with all experimentation

performed in triplicate.

ErpQ, which can interact with either C1r or C1s, could bind C1 complex simultaneously. The
formation of ALPHA signal indicates the binding of both His tagged BBK32-C, hereafter His-
BBK32-C, and GST-ErpQ to the untagged ligand, C1 complex. GST-ErpQ and His-BBK32-C
were able to generate signal at a half maximal effective concentration (ECso) of 4.8 nM

confirming that both BBK32-C and ErpQ can bind to C1 complex simultaneously (Fig 18B).

This was not necessarily surprising considering the ability for ErpQ to interact with the
neighboring protease C1s. However, ErpQ is also able to bind C1r, therefore there was a
possibility that ErpQ could be interacting on the C1r subcomponent with BBK32-C. To test
whether GST-ErpQ has overlapping binding sites on His-C1r CCP2-SP with BBK32-C |
employed the use of a direct ALPHA. Interestingly, there was no observable competition
between BBK32-C and GST-ErpQ binding of His-C1r CCP2-SP at concentrations well above
the Kp’s for each inhibitor (Fig 19A). To validate this result, I developed an indirect ALPHA to

have untagged full length C1r enzyme to generate signal with GST-ErpQ and His-BBK32-C.
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Corroborating results from the direct ALPHA, addition of C1r enzyme in the presence of GST-

ErpQ and His-BBK32-C elicited a robust response (ECso = 27 nM) (Fig 18B). Collectively this

A GST-ErpQ B GST-ErpQ
; His-Clreces sp - His-BBK32-C
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Figure 19. ErpQ has a non-overlapping binding site with BBK32-C on C1r. A) Direct
ALPHA with GST-ErpQ on donor beads (red) and His-C1r CCP2-SP on acceptor beads (cyan)
shows no competition by BBK32-C addition. Twofold concentrations of BBK32-C (2000 — 1
nM) were added to compete with GST-ErpQ and His-C1r CCP2-SP interaction in HBS-T Ca?".
B) Indirect ALPHA with GST-ErpQ on donor beads (red) and His-C1r CCP2-SP on acceptor
beads (cyan) with signal generated by the addition of common ligand C1r enzyme. Twofold

dilution of C1r enzyme (80 — 3.9 nM) was added to GST-ErpQ and His-C1r CCP2-SP reaction in

HBS-T Ca?*. Indirect ALPHA was performed in triplicate.

indicated that it was possible for BBK32-C and ErpQ to bind C1r simultaneously in the C1
complex. Upon inspection of the recently “pre-printed” small x-ray scattering structure of
BBK32-C in complex with C1r CCP2-SP, the D loop contains only three contact residues with
none of them conserved amongst both C1r and C1s (Fig 20)°2. However, C1r does contain two

basic amino acids corresponding to amino acids shown to be important for ErpB and ErpQ
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binding: K602-R608, which correspond to similarly basic R576-K583 on C1s. This indicates that

the conserved necessary high affinity amino acids in the ABE of C1s are available in the C1r D
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Figure 20. BBK32-C does not interact with residues similar to the ABE in C1s. Pairwise

alignment of SP domains of C1r and C1s. Catalytic triad colored as blue asterisks, contact

residues with BBK32-C are highlighted in red, and C1s ABE mutant residues highlighted in

yellow. Figure was adapted from Garrigues et al. 20212,

Loop. However, using the C1r CCP2-SP also includes a conserved construct D375 (D358, C1s

numbering), which is one of the two amino acids in the C1s Hinge mutant. Altogether, these

results indicate that none of the suspected amino acids that ErpQ interacts with are bound by

BBK32-C.
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CHAPTER 5: DISSCUSSION

Borreliella spirochetes cause nearly 476, 000 new cases of Lyme Disease per year in the
US with estimates of PTLDS capping nearly 2 million in some analyses*>’®. Cumulatively these
staggering statistics make Lyme Disease the number one vector-borne illness in the US. Aspects
of its pathogenesis, epidemiology, and vaccination are being pursued to reduce adverse financial
and health outcomes caused by Lyme Disease’”’8, The ability of Borreliella spirochetes to
disseminate through the vasculature has attracted much attention to their ability to inhibit and
evade innate immune responses such as the complement system**44, These evasion mechanisms
provide key insights into the overall pathogenesis of Borreliella and offer perspective on

potential vaccination targets.

The alternative and classical pathways have each been implicated in the successful
complement-mediated destruction of Borreliella. To protect against the host innate immune
response, Lyme disease causing spirochetes have evolved highly redundant and mechanistically
distinct proteins for the defense and evasion of the complement system (Fig 2)*. A primary
evasion mechanism is decorating their surface with negative regulators of complement like FH,
FI, or C4BP!. Borreliella achieve this through CRASPs ErpA, ErpP, CspA, CspZ and p43, which
bind to negative complement regulators in such a way that they are able to inhibit further
deposition of complement products*>’®. In addition to this repertoire, expression of direct
inhibitors BBK32 and OspC target C1r and C4b, respectively®€°. BBK32 inhibits C1r holding it
in a zymogen state, as well as acts as a potent active site inhibitor®>2, OspC binds to C4b and
competes with binding of C2, thereby blocking the formation of the CP/LP C3 convertase
negative influencing either CP or LP activation®. If complement activation has overwhelmed

these upstream defenses, Borreliella also expresses four proteins that inhibit the formation of



MAC CspA, BGA66, BGAT71, and a CD59-like protein®. CspA, which also binds FH, can
inhibit formation of MAC directly through interactions with C7 and interrupting the
polymerization of C9%8, B. bavariensis expresses BGA66 and BGA71, which like CspA also
bind C7 and C9, but also interact with C8 and inhibit the formation of MAC*'. Finally, a CD59-
like protein has been shown to perform CD59-like functions of MAC inhibition, but has not yet

been fully described*.

Studies completed in complement deficient mice have shown classical pathway and
alternative pathway significance upstream of C5°6-°880 However, naive serum in the presence of
B. burgdorferi has long been known to activate CP and AP in vitro leading to complement
activation of the pathways but resistance to killing®. Upon addition of specific antibody
spirochetes were immediately killed via the CP®. This paradox could be in part explained by low
affinity interactions with non-canonical ligands that could activate C1 on the surface of
Borreliella but does not explain why host-mediated Lyme clearance is not achieved. Work
contributing to the interactome between complement and these spirochetes can better describe

the implications certain vaccines may have on Borreliella.

In addition to these studies, complement is further implicated in host range specificities
across Borreliella®. Cumulatively this repertoire indicates a severe requirement for Borreliella
to produce and keep these proteins as a basis for survival in plasma and contributes to the overall
pathogenesis of Borreliella*®. However, only recently have we had tools to investigate the
surface lipoproteome for further interactions with important immune surveillance proteins*®:’.
Our collaborators in Dr. John Leong’s lab described the discovery of two novel proteins that
interacted with C1 complex through a gain-of-function library screen®’. The results of the study

presented herein describes the role of ErpB and ErpQ in Borreliella protection from CP-
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mediated cell killing through the inhibition of C1s. A multipronged approach was used to
determine the function of ErpB and ErpQ to interact with C1 complex. ErpB and ErpQ were
found to bind with high affinity to both C1 complex proteases C1r and C1s and further study
indicated that the SP domains of C1r and C1s were important for these interactions. Proteolytic
cleavage assays showed that ErpB and ErpQ inhibit C1s-mediated cleavage of natural substrates,
but not C1r. Interestingly, although both inhibitors bound the SP domains neither ErpB nor ErpQ
was able to inhibit the active site when small peptide was introduced. C1s C4-exosite mutants
then revealed that one of the main affinity drivers for ErpB and ErpQ interactions lies in a
conformationally sensitive C4-exosite only presented in the enzyme conformation of C1s.
Analysis of SPR data confirmed that ErpB and ErpQ were sensitive to activation states of both
C1r and C1s. Finally the inhibitory domain of ErpB and ErpQ was found to reside in the C-
terminus of both proteins similarly to BBK32%. In an effort to further describe the binding site of
ErpQ, we found that ErpQ and BBK32-C were able to bind to C1r CCP2-SP simultaneously®?.
Further structural studies will need to be conducted to fully describe the C1s mechanism of
inhibition as well as in vivo knock-out approaches to determine the roles of ErpB and ErpQ in

borrelial pathogenesis.

In addition to its ability to inhibit one of the serine protease components of the C1
complex, C1r, BBK32 has also been described to have multiple nonoverlapping sites enabling it
to bind both fibronectin and glycosaminoglycans (GAGs)®*8384 This multi-functional
characteristic is described elsewhere in Borrelia. For example CspA, from Borreliella, and
BhCRASP-1, from Relapsing fever spirochete B. hermsii, have both been shown to bind FH and
plasminogen®88_ Though the nature of these interactions has been implicated to both impact

the degradation of C3b in some species and not others currently it is thought that the use of
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plasmin(ogen) is for cleaving extracellular matrix (ECM) proteins to aid in borrelial
mobility®.Other important human pathogens such as Staphylococcus aureus have combined
multifunctional complement inhibitors, where the secretion of an extracellular fibrinogen binding
protein (Efb) allows S. aureus to bind fibrinogen and C3b simultaneously®’. In this case,
fibrinogen is used to create a fibrinogen shield to aid in evasion from phagocytosis supporting a
key role in control of both adaptive and innate immune responses in tandem to ensure
survival®”®, This model of dual functionality may also extend to ErpB/Q, which may have a
separate function in the N-terminal 160 amino acids that were found to not inhibit C4b
deposition. Future studies should be directed at functionality in this region of the protein
including binding to extracellular proteins that may aid in adherence to the extracellular

environment, adhesins.

To date, there has only been one non-host derived CP-specific inhibitor, BBK32%,
However, recently Pang et al. characterized a CP/LP inhibitor, gigastasin, made by the
hematophagous giant amazon leech®:7. Like BBK32, gigastasin is an active site inhibitor, but it
is capable of inhibition of C1s, MASP-2, and MASP-1 through the interaction of the ABE'.
Interestingly, gigastasin is a poor inhibitor of C1r, making the mechanism of action specific to
the proteases capable of cleaving C2. Taken together with the results presented in this study we
present a molecule that specifically inhibits the CP, but similarly binds to the ABE on C1s. This
example of convergent evolution to inhibit C1s activation of downstream components
demonstrates the importance of the function of the ABE in substrate recognition. Thus,

underpinning the significance of the study of inhibitors as tools to investigate protease function.

Complement dysregulation has long been implicated in a variety of diseases including

systemic lupus erythematosus (SLE), paroxysmal nocturnal hemoglobinuria (PNH), hereditary
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angioedema (HAE), heparin induced thrombocytopenia (HIT), cold agglutinin disease (CAD),
Alzheimer disease (AD), atypical hemolytic uremic syndrome (aHUS) and many other
diseases®!*. Therefore different activation steps have been the target of complement-related
therapeutics®®*°. Currently there are only two approved complement-targeted therapeutics, C1-
INH and eculizumab®!. C1-INH approved for therapeutic use is isolated in one of two ways i)
isolated from whole blood product under the trade name Cinryze® (Takeda Pharmaceutical) or
il) produced recombinantly in rabbits under the trade name Ruconest® (Pharming
Healthcare)®>, Both preparations are approved for the treatment of acute HAE. Eculizumab,
sold under the trade name Soliris® (Alexion Pharmaceuticals), is a monoclonal antibody raised
against C5 preventing its cleavage and downstream effector functions that has been approved for
clinical use in PNH, aHUS, and general myasthenia gravis (gMG)®*®®. In addition to these a
more recent monoclonal antibody raised against protease C1s, Sutimlimab (BIVV009, Sanofi), is
in ongoing phase 111 clinical trials for CAD®. By studying host interaction with borrelial
inhibitors, we can find new ways to target certain pathways of complement making more

efficient and potent therapeutics.

Collectively the data presented in this study support the high level of redundancy that
Borreliella has toward complement inhibition and furthers our understanding of the Lyme-
immune interactome. To our knowledge, ErpB and ErpQ represent the first microbial C1s
specific inhibitors, which also have a novel mechanism of classical pathway-specific
complement inhibition. Further study of these proteins, as well as other naturally occurring
complement inhibitors provides us with insight and targets for the development of potent and

specific therapeutics for complement related diseases.
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APPENDIX A: Surface Plasmon Resonance

Surface plasmon resonance (SPR) is a powerful biochemical technique used for a variety
of means including kinetic and steady state analyses of biomolecular interactions. SPR
experiments begin with the immobilization of the protein ligand of interest either coupled or
affinity captured onto a biosensor chip. These chips contain gold surfaces on which different
coatings for ligand binding are available. The coupling chemistry performed in this work was
completed using amine coupling. First a chip coated with carboxymethyl dextran (CMD) is
washed and equilibrated. The carboxymethyl group is then subjected to activation of its carboxyl
group by a mixture of NHS (N-hydroxysuccinimide) and EDC (N-ethyl-N’-
(dimethylaminopropyl) carbodiimide) to create NHS esters, which encourages the formation of
the acyl intermediate with an amine®”°. Ligand associated primary amines, such as lysine and
N-terminal residues, on the ligand are then activated by ensuring the pH of the solution is below
the isoelectric point of the ligand of interest. This uniform positive charge increases the charge-
charge interactions at the surface, which increases the amount of ligand to be covalently
crosslinked through the formation of an amide bond to the carboxylic acid. Control of this step is
critical for SPR experimentation as if the immobilization level is too low signal is restricted.
Alternatively, if the immobilization level is too high the movement of the analyte from the buffer
to the surface, also known as mass transport, confers problems with diffusion of analyte from the
soluble phase causing unintended masking of interactions at the surface'®1%, Finally, a short
two carbon molecule with properties of an alcohol and a primary amine, ethanolamine, is used to

quench unreacted carboxyl intermediates and return the surface to a stable state.

Subsequent experimentation may then be performed on the surface for ligand analyte

interactions. Two general approaches can be taken for analyses, Kinetic or steady state



experimentation. Kinetic analyses are used to determine association rate constant (ks, 1/Ms) and
dissociation rate constant (kq, 1/s), which can be used to determine the dissociation constant (Kp,
M)1%2, Steady state analysis is used to describe the interaction at equilibrium, where the response
at equilibrium (Reg) is dependent on the concentration of complex formed%2, Steady state affinity
can therefore be determined when Req approaches half Rmax this concentration serves as an
equivalent dissociation constant, Kp, but does not take in the dynamics of the kinetic
interaction®2, To determine kinetic constants, various concentrations of analyte in running buffer
are injected over a surface. Interaction between surface bound ligand and soluble analyte results
in a protuberance at the surface of a metal surface. The change in mass at the surface disrupts
surface plasmons, which upon interaction results in a difference in the evanescent wave which
can be measured as a difference in refractive index (Fig Al). Due to the nature of these
interactions neither species needs to be labelled and high sensitivity and specificity is obtained
given the proper experimental set up. Experimentation performed in this study was performed
using multi-cycle kinetics where a normal set up contains several doses of analyte, which are
injected over the surface and subsequently regenerated using a high-salt low-pH buffer to release
analytes from non-covalent interactions with ligands. Upon regeneration the surface is returns to
baseline levels and is ready for the next injection of analyte. Subsequent analysis of binding
events is performed using various models of binding appropriate for the mechanism of
interaction between the analyte and ligand'%21%, SPR remains a key for the description of

biophysical interactions as small as 100 Da'%.
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Figure Al. Diagram of mechanisms and principles of SPR. A) Upon grating of a light source
SPR uses total internal reflection (TIR) passed through a prism, which changes the lights
intensity at a specific angle resulting in a difference in response. This angle is proportional to the
mass change of a surface bound ligand binding to an injected analyte (Bruker.com/surface-
plasmon-resonance). B) Model of an SPR sensorgram resulting from ligand binding of analyte
with difference in resonance units (RU) over time allows us to determine kinetic parameters

correlating to association (ka), dissociation (kg), and the point at which the ligand reaches

equilibrium with the concentration of analyte, also known as steady state®,
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Appendix B: Chymotrypsin-like serine proteases

Found in all forms of life, including viruses, proteases are the subject of much research
and have incredible impact on biological systems’21%1%_Credited with the isolation of the first
protease was Theodor Schwaan, who noticed the ability of a mysterious component, which he
named pepsin, that aided in the digestion of egg albumin in gastric juices nearly 200 years
ago'%1% However, it wasn’t until 1929 that John Northrop first crystallized pepsin and
subsequently his methods led to the first ever x-ray photograph of a protein in 1934 by Bernal
and Crowfoot®®11%, Although the structures would not come until much later Northrop
crystallized many hallmark proteases such as chymotrypsin, trypsin, and pepsinogen altogether
his work earning a Nobel Prize in Chemistry in 1946%111, 22 years after his receipt of the Nobel
Prize, seminal work performed by Drenth et al in 1968 solved the first protease structure of the
cysteine protease papaint!2. Since then scientists have continued research on the mechanisms that
proteases use to recognize substrates, factors that result in their activation, and subsequent

control of activated proteases.

Proteases are enzymes which catalyze the hydrolysis of peptide bonds, thereby resulting
in degradation of their targets'*3. There are seven main groups of proteases that are named
according to unique attributes that reside in that group — cysteine proteases, threonine proteases,
aspartic proteases, glutamic proteases, metalloproteases, asparagine peptide lyases, and serine
proteasest. Perhaps one of the most studied groups is the serine proteases, which are further
characterized in three classes trypsin, chymotrypsin, and subtilisin like’>!>, The three classes
contain high homology in both secondary and tertiary motifs, which all perform the same
chemical reaction. First a target peptide interacts with substrate specificity sites on the enzyme at

which point a specific spatial arrangement of amino acids, known as a catalytic triad. The



catalytic triad of serine histidine and aspartic acid coordinate the peptide to create an acyl
intermediate promoting the leaving of the non-acylated residues’>!®, Deacylation then occurs

through the coordination of water and formation of a carboxylic acid (Fig A2A)6.

Recognition of substrates occur through both the catalytic site of the enzyme and regions
of specificity dictated by loops surrounding the catalytic site’. In the active site of the enzyme
lies substrate specificity pockets which correspond to the interactions they make with the
cleavage peptide. The numbering scheme starts with S, the last interaction on the enzyme side of
one leaving peptide and ending with Sy’ this is illustrated in (Fig A2B)”. Substrate specificity
pockets are formed upon the activation of the enzyme serving as an internal mechanism of
regulation against unintended peptide cleavage. Overall these subsites contribute to the main
difference in chymotrypsin, which cleaves C-terminal bonds next to aromatic residues, and
trypsin which has preference toward C-terminal basic amino acids!!’. Recognition of substrates
is also assisted in part by 8 surface loops, which accompanied by 2 -barrels makes up the
canonical trypsin fold'!8. These loops are labelled according to their position in trypsin and have
been assigned several functions over the years with main determinants of importance residing in
deletions and insertions (Fig A2C)"2. Insertions and deletions in surface loops also promote
differential intramolecular interactions which influence substrate specificity both contributing to

the formation of mature S sites and the recognition of substrates outside of the active sites!*811°,
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Flgure A2. Schematlc of chymotrypsin- Ilke serine protease mechanlsm of actlon A)
Catalytic mechanism of action of the serine protease cleavage of a peptide. Coordination of P1
and P1’ residues causes nucleophilic attack of the carbonyl on P1 resulting in formation of an
acyl intermediate (Top). Subsequent deacylation is performed with hydrolysis to complete
cleavage and release products (Bottom). B) Cartoon model of bovine a-chymotrypsin (PDB:
ACHA) with loops colored according to trypsin numbering'?. Catalytic triad His-57, Asp-102,
and Ser-195 are colored in yellow as stick models. C) Model of peptide enzyme interaction
nomenclature. Enzyme subsites are labelled with “S” where corresponding peptide residues “P”
the cleavage site “C” denotes the site of peptide cleavage. Residues past the P1 and S1 are
denoted with primes to indicate leaving groups. Panel (A) was reproduced from Blow et al. 1967

and (C) was reproduced from Schechter and Berger, 19677116,
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Appendix C: Amplified Luminescence Proximity Homogenous Assay

Amplified luminescence proximity homogenous assay (ALPHA) is a no wash
biochemical technique developed by Perkin-Elmer which uses a bead-based technology to assess
biomolecular interactions between two species!?l. This assay uses a two-bead system, Acceptor
and Donor, which react when in close (< 200 nm) proximity. Biomolecules of interest are
conjugated or otherwise associated with the surface of individual beads and upon interaction will
bring the beads into proximity. At steady state there should be an equal number of biomolecular
interactions occurring on the surface of these beads. The beads are then subjected to illumination
by a laser at 680 nm, which creates a singlet oxygen species using a photosensitizer on the donor
bead, phthalocyanine. This reactive singlet oxygen has a half-life of approximately 4 usec,
however if the oxygen is in close proximity to an acceptor bead it reacts with thioxenes
producing fluorophores that can be measured at 615 nm?*?%. The final measurement is taken as an
accumulation of ALPHA signal (counts), in 140 ms making the ALPHA assay an incredibly

sensitive assay format.

In a normal experiment, an 8 x 8 screen of protein concentration is performed to find the
optimal amount of each protein to add to a recommended 20 pug/mL of each bead. One can take
advantage of this grid screen approach to select a ratio of at least 10 ligand to 1 protein in order
for the approximations made by Cheng and Prusoff, ICso approximates Kp, to be effective’>!2.,
Reactions are performed in 25 pL reaction volumes in half area ALPHA plates which block out
contaminating light for improved signal. Reactions are then considered steady state at 1 hr of
incubation at room temperature. Experiments are then read on an ALPHA compatible plate

reader, such as the Perkin-Elmer Ensight.



Experiments are generally performed in one of two ways, direct or indirect. Direct
ALPHASs measure the binding of the two proteins bound at steady state (Fig A3A). This
interaction is then introduced to a competitor, which interrupts the interaction resulting in loss of
signal. Alternatively, an indirect ALPHA can be used to determine whether simultaneous binding
is able to occur. Two biomolecules which do not bind each other but have a common ligand can
create an ALPHA signal if both molecules interactions are non-overlapping (Fig A3B). The high
level of versatility and small sample size makes it a perfect candidate for the characterization of

drug-target interactions as well as small molecules!?*-1%,
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Figure A3. Model of direct and indirect ALPHA signal transduction. A) Model of direct
ALPHA interaction between biomolecules A (green) associated with the donor bead and B
(cyan) associated with the acceptor bead allows for direct measurement of interaction of A and
B. B) Model of indirect ALPHA interaction with biomolecule A (green) associated with the
donor bead and biomolecule C (pink) associated with the acceptor bead. Although both
biomolecules do not interact on their own addition of biomolecule B (cyan) mediates signal

transduction.
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