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The complement system is an essential element of host development and immune 

homeostasis. This immunoregulatory enzyme cascade is driven by serine protease activation and 

plays critical roles in the recognition of danger signals associated with pathogens and damaged or 

apoptotic self-molecules. Due to its potent effector functions and ability to drive overwhelming 

innate and adaptive immune responses against a particular target, tight regulation is vital to prevent 

damage to host tissues. In the event of complement dysregulation, humans are known to become 

susceptible to an ever-growing number of autoimmune, inflammatory, and neurodegenerative 

disorders. A detailed understanding of the molecular mechanisms that drive protein function, and 

specifically complement activation, is fundamental to the design and development of specific 

complement-directed therapeutics.  

The complement system is comprised of three distinct pathways that differ in the molecular 

targets that drive pathway activation. The initiating proteases of the classical and lectin pathways 

are set apart from other serine proteases in that they undergo autocatalytic activation in the 



 
 

presence of a molecular trigger without necessitating extrinsic factors for full enzymatic activation. 

Using structural data derived from the enzyme-product complex of self-associated lectin pathway 

MASP-2 proteases, we elucidate the conformational changes that occur during autoactivation in 

the initiating proteases of the classical and lectin pathway. Our structural model provides an 

empirically derived alternative mechanism for autocatalysis that has not been previously described 

in the complement proteases.   

Using structural information derived from X-ray crystallography and autocatalysis as well as 

known interactions between bacterial inhibitors utilized for host complement evasion, we pursued 

multiple avenues for rational small-molecule drug design aimed at C1r and C1s, which are 

initiating proteases of the classical pathway. Molecular dynamics studies and chemical 

modification of compounds were used to guide the optimization and development of competitive 

small-molecule inhibitors against the active site of C1r. Structure-activity relationship data was 

generated through the bioisosteric replacement of chemical moieties of another lead compound to 

drive noncompetitive C1r inhibition. Moreover, advancements in technology building off protein-

ligand interaction fingerprints derived from known structures were utilized in collaborative 

machine learning and artificial intelligence methods for the rational design of novel C1s inhibitors. 

Additional optimization of small-molecule compounds may ultimately lead to novel therapeutic 

options for diseases mediated by aberrant classical pathway activation. 

To aid in future endeavors in small-molecule drug screening and design, we developed a 

novel platform and methodology for evaluating targets outside of the complement system that 

requires the presence of lipid bilayers for activity. Using surface plasmon resonance, we 

established a bilayer model to mimic biological membranes to aid in protein characterization and 

screen for inhibitors capable of high affinity binding to the target surface as well as those that block 



 
 

protein association to the membrane, thereby inhibiting protein function. As such, biofunctional 

assays, such as surface plasmon resonance, can serve as powerful tools for aiding structure-based 

drug design strategies. Together, the structural insights gleaned from the enzyme-product complex 

of MASP-2, as well as surface plasmon resonance binding assays, allowed us to identify three 

small-molecule compound hits against both C1r and C1s using different methodologies and means 

of inhibition, validating differing strategies of inhibitor design. The identification of these hits, in 

addition to the development of a novel SPR screening platform, has led to the generation of in-

depth structural data and method systems to guide future continued optimization efforts that may 

one day lead to the design of a small-molecule therapeutic option for diseases marked by 

autoimmune and inflammatory pathologies. 
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CHAPTER 1: INTRODUCTION 

1.1 Complement system background 

The complement system is a complex series of plasma-circulating precursor proteins 

involved in innate immune surveillance that, when active, play a critical role in early development, 

defense against pathogens, and host homeostasis. To perform these functions, complement 

activation relies on the recognition of danger-associated signals or triggers, which include but are 

not limited to pathogens, misfolded proteins, damaged cells, and immune complexes. Activation 

can occur through three distinct pathways: the classical pathway, the lectin pathway, and the 

alternative pathway, which are distinguished by pathway-specific molecular initiation events [1]. 

Despite differences in initiation mechanism, each pathway is comprised of a series of amplifying, 

sequential enzymatic reactions that possess common effector functions that promote inflammation 

and converge at the level of C3, ultimately resulting in the formation of the lytic membrane attack 

complex (MAC) (Fig. 1) [2].    
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FIGURE 1. The complement pathways. Complement is activated by three canonical pathways: 

the classical, lectin, or alternative pathways. Activation of the classical complement pathway 

begins when the pattern recognition protein C1q binds to target surfaces resulting in the 

autoactivation of the zymogen C1r proteases to proteolytically cleave and activate C1s within the 

C1 complex. Similarly, the lectin pathway is activated by lectin pathway-specific pattern 

recognition proteins in complex with mannose-binding associated serine proteases (MASPs). In 

contrast, the alternative pathway is constitutively activated at low levels by a spontaneous 

hydrolytic event known as ‘tick-over.’ Both the classical and lectin pathways converge at the 

cleavage of C2 and C4 to generate the classical/lectin pathway C3 convertases, C4b2b. Alternative 

pathway activation results in the formation of C3 convertases in the form of C3bBb. C3 convertases 

cleave the central molecule of the cascade, C3, into C3a and C3b, resulting in an amplification 

loop that produces increasing quantities of surface-bound C3b. At high surface concentrations of 

C3b, C3 convertases bind an additional C3b molecule, resulting in a switch of substrate specificity 

to C5. Cleavage of C5 by these C5 convertases (i.e., C4b2bC3b and C3bBbC3b) results in the 

release of the anaphylatoxin C5a and the formation of the pore-like lytic structure called the 

membrane attack complex (MAC) (i.e., C5b-C9). 

 

For many years following its discovery, the complement system had been solely attributed 

to the antimicrobial effector roles it played to “complement” antibody-antigen complexes. 

Recognized as a critical arm of innate immunity, complement acts as both a sentinel and first line 

of defense against pathogens. While possessing common effector functions across all three 

pathways, the classical and lectin pathways share more common features starting with the 
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recognition of danger-associated signals from pathways initiating pattern recognition molecules 

(PRMs).  

The PRM of the classical pathway, C1q, is a highly complex multimeric protein composed 

of six globular heads, each formed by interacting collagen-like stems with the globular regions. 

Hundreds of molecular determinants ranging from pathogen-derived macromolecules, eat-me 

signals stemming from cellular damage and debris, altered self-structures such as misfolded or 

aggregated proteins, and immune complex formation, among others have been identified as ligands 

by the C1q globular heads or antigen recognition domains [3]. In canonical classical pathway 

activation, C1q functions in complex with heterotetrameric serine proteases, C1r and C1s, which 

rely on C1q for activity (Fig. 2A)  [4].  

Initiation of the classical pathway begins with the recognition and binding event of C1q to 

a target surface resulting in a binding-induced conformational change that allows for C1r 

autoactivation. Activated C1r then cleaves its substrate, proenzyme C1s, which results in C1s 

activation. This activation of the C1 complex allows for the cleavage of complement components 

C4 and C2, wherein C4a and C2a fragments are released, and C4b and C2b associate to form C3 

convertase (C4bC2b) for the cleavage of C3 on the pathogenic surface, resulting in the generation 

and release of potent anaphylatoxin, C3a, and covalent binding of C3b to hydroxyl groups present 

on the target surface through the exposure of an internal thioester bond [5].  

The lectin pathway follows similar methodologies of C3 convertase generation as that of 

the classical pathway. Lectin pathway activation is initiated by the binding event of associated 

pattern recognition molecules, resulting in subsequent serine protease activation. Mannan-binding 

lectin (MBL), ficolins (M-ficolin, L-ficolin, and H-ficolin), and collectins (collectin-K1 and 

collectin-L1) recognize and bind carbohydrate ligands containing terminal mannose or N-
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acetylglucosamine residues through their carbohydrate recognition domains [6,7]. Lectin pathway 

PRMs differ from C1q in that they can form a complex with both homodimers and heterodimers 

of their pathway-specific initiating proteases, MBL-associated serine protease-1 (MASP-1) and 

MASP-2 (Fig. 2C) [8]. Upon binding to a pathogenic surface, a conformational change is induced 

in the PRM, allowing for autoactivation of the MASPs and then MASP-2 cleavage of downstream 

complement components C4 and C2 for the generation of the C3 convertase complex (C4bC2b) 

[9]. 

 

FIGURE 2. Structure of C1 and MBL in complex with their initiating serine proteases, 

C1r/C1s and MASP-2, respectively. (A) The C1 complex is made up of the recognition molecule, 

C1q, with six globular heads for multivalent attachment and the proteolytic homodimers, 
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C1r2C1s2. Upon C1 fixation to a target site, C1r autoactivates and cleaves pro-C1s, yielding 

enzymatically active C1s with its serine protease domains extending beyond the C1q stalks to 

provide a binding site for its natural substrates C4 and C2. (B) The C1r monomer comprises six 

domains, starting with the CUB1, EGF, and CUB2 at the N- terminus and the proteolytically-active 

CCP2 and the serine protease domains terminating at the C-terminus. The CCP2-SP domains can 

be recombinantly expressed to form stable and functionally active truncations. 

 

The initiating pathway proteases C1r, C1s, and the MASP-1, and MASP-2 proteins of the 

classical and lectin pathways, respectively, are structurally and functionally homologous serine 

proteases sharing many structural features. Each protein is comprised of six domains, including 

the N-terminal noncatalytic domains responsible for PRM complex interactions facilitating 

pathway activation: CUB1 (complement C1r/C1s, Uegf, and bone morphogenetic protein-1) 

domain, epidermal growth factor-like (EGF) domain, CUB2 domain, and the C-terminal domain 

consisting of two complement control protein (CCP1 and CCP2) domains, and the catalytic serine 

protease (SP) domain (Fig. 2 B, D). The essential catalytic function of the SP domain originates 

from the presence of the catalytic triad composed of serine, histidine, and aspartate residues.  

The alternative pathway is constitutively active and performs spontaneous hydrolysis of  

C3 into anaphylatoxin C3a and covalently-linked opsonin C3b(H20) on surfaces lacking 

complement regulatory molecules promoting phagocytosis by immune cells [10]. Bound C3b 

fragments associate with serum-phase Factor B, which undergoes cleavage by Factor D into 

fragments Ba and Bb [11]. This event results in the formation of the alternative pathway C3 

convertase, C3bBb. All three pathways converge at the level of C3, wherein the alternative 
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pathway serves as an amplification loop, enhancing classical and lectin pathway activation and 

subsequent recruitment of immune cells through chemotactic means and opsonization.  

At sufficiently high densities within the classical and lectin pathways, C3b associates with 

the existing C4bC2b complex to form the C5 convertase (C4bC2bC3b) [12]. Similarly, C5 

convertase is formed through the alternative pathway when C3b molecules covalently bind the 

C3bBb complex, C3bBbC3b. Regardless of pathway origin, the C5 convertase cleaves 

complement component C5 into potent chemoattractant C5a and into C5b, initiating the assembly 

of the multimeric membrane attack complex (C5b-C9 or MAC), leading to osmotic lysis of the 

target membrane through perforations of the cell membrane by polymerized C8 and C9 molecules 

[1]. Moreover, the generation of anaphylatoxins C3a and C5a molecules recruit and activate 

immune cells, such as mast cells, basophils, eosinophils, and neutrophils, to the site of infection 

or tissue injury, resulting in local inflammation [5]. This recruitment event requires recognition of 

highly conserved pentapeptide sequences, LGLAR for C3a and MQLGR for C5a, present on the 

C-terminus of C3a and C5a by their cognate receptors [13]. Anaphylatoxins are also responsible 

for increased vasodilation, vascular permeability, induce contraction of smooth muscles, and 

expression of proinflammatory cytokines [13–15]. 

Beyond its established effector roles in innate immunity, the complement system has 

recently been recognized as an essential player early development, especially during 

embryogenesis, organogenesis, and tissue remodeling. During the early phase of pregnancy, 

extensive tissue remodeling of the endometrium of the uterus into decidua occurs for embryo 

attachment and fetal growth to take place [16]. In early development, complement proteins 

contribute to placental immune defense against pathogens and promote trophoblast migration to 

the decidua, supplying the embryo with nourishment [16]. Additionally, studies have shown that 
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complement is heavily involved in proper development by maintaining tissue integrity and 

homeostasis through the clearance of cellular debris, which occurs during extensive cell 

proliferation, differentiation and remodeling, hallmarks of the early stages of development [12].  

During neural development, an excessive number of neuronal connections are made, which 

must undergo synaptic pruning to ensure efficient signaling and prevent enhanced excitatory 

synaptic connectivity, which could result in disorders relating to epilepsy [17]. Classical pathway 

components C1q and C3 have been shown to play critical roles in tagging unwanted synapses for 

elimination by microglia expressing complement receptor 3 (CR3) [18–20]. Complement 

expression in early CNS tissue, especially that of C1q, C3, C5, their respective complement 

receptors (C1qR, C3aR, and C5aR), and MASPs have been shown to be critical for neural crest 

cell migration, and knockdowns or mutations in these genes results in impairment of neural crest 

migration and craniofacial defects [21–23]. 

Additional studies have shown that anaphylatoxins C3a and C5a promote cell migration 

and adhesion, especially during angiogenesis, through induced expression of growth factors such 

as vascular endothelial growth factor [24,25]. Moreover, it has been suggested that complement 

plays a direct role in cell adhesions through its effects on cell-matrix interactions [26]. There, too, 

is mounting evidence that C3 and C5 may have influential roles in the differentiation of skeletal 

muscle at sites of tissue development and regeneration, demonstrated in studies where there was 

increased expression of these proteins at sites involved in tissue regeneration [27,28]. This is 

further supported by a number of studies showing that mice deficient in C3 and C5 were lacking 

in their ability to regenerate damaged livers and administration of exogenous C5 proteins allowed 

for liver repair [29–32]. Overwhelmingly, complement activation during early development is 
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critical for embryonic implantation, defense against infection, promotion of cell migration and 

adhesion, synaptic plasticity, tissue homeostasis and cell differentiation, and angiogenesis.  

As previously implicated, the complement system also interacts and crosstalks with several 

other physiologically relevant pathways, resulting in a pronounced influence over other biological 

systems. Best described is the intricate network of interactions and cooperativity between the 

complement and coagulation systems to coordinate rapid immune responses, inflammation, and 

hemostasis to sites of injury and prevent infection via vascular injury through those sites. 

Thrombin, involved in blood coagulation, most notably through the conversion of fibrinogen to 

fibrin, is a serine protease structurally similar to those found to activate the classical and lectin 

pathways [33]. In addition to its interactions with blood coagulation factors, thrombin can directly 

activate complement components through the cleavage of C3 and C5 to induce proinflammatory 

effects, and it is not alone in its ability to do so. Human coagulation factors XI, Xa, IXa, and 

plasmin have also been identified as serine proteases capable of C3 and C5 cleavage by acting as 

natural convertases [34]. Following cleavage, C3a and C5a, as well as MAC, can induce 

procoagulant responses through the induction of increased expression of tissue factors and platelet 

activation, resulting in aggregation and the exposure of prothrombinase assembly sites amplifying 

the inflammatory response [33,35]. This connection is best highlighted in the treatment of 

paroxysmal nocturnal hemoglobinuria (PNH) and atypical hemolytic uremic syndrome (aHUS). 

Both diseases are marked by complement dysregulation and thrombosis, where inhibition of C3 

by compstatin or C5 with α-C5 monoclonal eculizumab, results in a decrease in hemolysis, 

thrombosis, and tissue factor expression in patients with either disease [33,36]. Interestingly, in 

vitro studies have demonstrated free-C1q inhibition of coagulation factor XII, suggesting a 

noncanonical role for C1q in the inhibition of coagulation [37]. 
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As previously discussed, complement activation and the generation of anaphylatoxins can 

have profound effects on inflammasome activation through the recruitment of immune cells, such 

as neutrophils, monocytes, macrophages, and dendritic cells to the site of injury or infection (Fig. 

3). The inflammasome is made up of innate immune system receptors and sensors, such as 

complement, whose role is to mount immune responses against danger-associated stimuli [38]. 

Anaphylatoxin-mediated activation of leukocytes can also cause increased inflammation through 

the triggering of cellular responses, such as degranulation, cytokine production, upregulation of 

adhesion molecules, and enhancement of phagocytic activity via complement receptor activation 

[13,39,40]. Target surfaces opsonized by C1q, C3b, and iC3b promote increased phagocytosis 

through receptor interactions present on neutrophils and macrophages, which also results in the 

increased production of proinflammatory cytokines and recruitment of additional immune cell 

support, whereas C5a receptor activation results in immune cell activation, polarization, and 

chemotaxis [40]. One feature common to immune cell receptor expression is the co-expression of 

toll-like receptors (TLRs) and complement receptors, which can also drive magnified 

inflammatory effects through enhanced pathway signaling and immune cell activation [41]. For 

example, costimulation of complement C3a receptor (C3aR) and TLR-4 present on human 

monocytes and monocyte-derived macrophages induces the production of proinflammatory 

molecules like IL-1β, tumor necrosis factor-alpha (TNF-α), IL-6, and prostaglandin E2 (PGE2) 

[14]. In vivo studies further support complement and TLR co-activation wherein cobra venom 

factor (CVF) synergizes with LPS to cause both an increase in complement activation and IL-6 

production [14].  

Outside of its roles in innate immunity, these interactions between complement and its 

cognate receptors present on immune cells, such as antigen-presenting cells (APCs), T cells, and 
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B cells also serves to prime and modulate the adaptive immune response through increased antigen 

presentation, synergistic co-stimulatory signaling, and modulation of B cell activation and 

antibody production [5,11,14,42,43]. Complement opsonization of target surfaces plays a critical 

role in complement receptor interactions on APCs to promote the uptake and processing of 

antigenic molecules, which can then be presented to T cells via major histocompatibility complex 

(MHC) molecules, resulting in their activation [42]. C3a and C5a fragments induce the 

upregulation of co-stimulatory molecules, such as CD80 and CD86, on APCs providing additional 

signals required for T cell activation through C3aR and C5aR receptor interactions on the T cell 

surface [42,44]. In addition to recruiting T cells to the site of complement activation, they have 

pronounced influence on their differentiation into effector subsets, such as Th1, Th2, or regulatory 

T cells, depending on the microenvironment, with studies having demonstrated that APC 

deficiencies in C3, C3aR, and C5aR have abrogated T cell proliferation and differentiation [43,45]. 

Moreover, complement components such as C3 and C5 are constitutively expressed by T cells, and 

C3a and C5a signaling through C3aR and C5aR enhance T cell proliferation and diminish 

apoptosis, actuating the expansion of the effector T cell repertoire following antigenic stimulation 

[42,44]. Studies have also shown that C3aR and C5aR signaling is essential for T cell homeostasis, 

and deficiencies in both result in accelerated cell death in vitro and in vivo [43].  

Interactions between complement opsonins C3 and C4 present on antigenic surfaces 

presented by follicular dendritic cells with receptors found on B cells (CR1 and CR2) also serve 

to activate B cells and promote antibody production. These interactions have been shown to lower 

the threshold of B cell activation, enhance B cell receptor signaling, and drive B cell maturation 

and differentiation [11,42,46]. One study demonstrated that C3 cleavage products (C3d or C3dg) 

bind to complement receptor 2 (CR2 or CD21, which associates with CD19) on B cells and 
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amplifies B cell stimulation and activation. When mice were depleted of C3 or CR2 activation was 

blocked, the threshold dose of antigen required to elicit antibody was raised 10-fold [11,46]. This 

co-stimulation can promote isotype switching, leading to the production of antibodies with 

different immunoglobulin subclasses, allowing for induction of long-lasting antibody responses 

and improved immunological memory, while deficiencies in CR2 have been shown to impair 

humoral immune response [47]. 

Complement interactions with APCs, T cells and B cells aid in priming and improving 

protective adaptive immune memory and response for mounting effective immune responses 

against danger signals [11,14,42,46,47]. What is more, complement crosstalk with the coagulation 

system, inflammatory pathways, and adaptive immune cells form a complex network of 

interactions that orchestrate powerful immune responses and host defense against pathogens and 

altered self-cells [5,34,37,40].  

 

 

 

 

 

 

 

 

 

FIGURE 3. The complement system is involved in a wide range of functions and roles 

involved in immune homeostasis. 
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An interesting and relatively new area of research involves the presence and role of 

intracellular complement. Traditionally, complement has been studied in the context of 

extracellular expression. However, emerging evidence suggests that several complement 

components and regulatory proteins are also present within cells, contributing to intracellular 

processes [48]. While the functions of the complosome (intracellular complement) area still an 

area of active research, and the full extent of its involvement is speculative and not yet fully 

understood, studies have implicated intracellular complement components C1q, C3, and C5 in 

maintaining cellular activation and homeostasis and regulating cellular metabolism through 

cellular growth, autophagy of damaged organelles and proteins, lipid metabolism, and 

mitochondrial function [48–50]. In response to cellular stress stemming from oxidative stress, 

inflammation, and cellular damage, intracellular complement has been shown to be upregulated or 

have increased activity, contributing to both the initiation and resolution of cellular injury. 

However, inappropriate or overactivation of the complosome may contribute to host cell damage, 

as is implied with age-related macular degeneration (AMD) [51]. Moreover, during 

autoinflammatory disease settings, a recent study suggested that intracellular C3 and C3aR 

signaling in synovial fibroblasts may be an essential element for inflammatory tissue priming [52]. 

In the cases of intracellular infection, complement has, perhaps unsurprisingly, been suggested to 

undergo activation for the clearance and lysis of pathogens with some suggesting a role for 

cytosolic C3. Interestingly, one study demonstrated that C3-opsonized cytoinvasive pathogens can 

trigger cell autonomous immunity via NFkB and IRF signaling [53]. Additionally, intracellular 

complement has been shown to be present in immune cells, such as macrophages, dendritic cells, 

and T cells, where they are suggested to influence immune cell activation, maturation, and cytokine 

production [45,49], thus having a more pivotal role in immunity than what was previously believed 
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and continues to be an area of significant interest and research. A better understanding of the 

complosome and its functions may provide deeper insights into new therapeutic targets and 

strategies for disorders associated with inflammation and impaired immune responses, especially 

as it relates to C3. 

 

1.2 Complement-mediated disorders 

The complement system is a powerful tool for maintaining health and homeostasis; 

however, to ensure proper function, tight regulation must occur to prevent damage to host cells. 

Owing to the fact that most cells are capable of expressing complement components and those 

proteins present powerful effector roles with the ability to communicate with other biological 

pathways, dysregulation or overactivation of complement can lead to overwhelming or 

uncontrolled complement activation that can spell catastrophic consequences for the host [54].   

It is important to remember that the complement cascade generates a series of inflammatory 

mediators and cytotoxic molecules that can promote the attack of host cells and tissues by immune 

cells distinct from the complement system, contributing to further injury and/or the pathogenesis 

of various diseases, including autoimmune disorders, inflammatory conditions, and organ damage 

[40]. Complement involvement in disease is complex and multifaceted and can range from acute 

to chronic and local to systemic conditions (Fig. 4). 
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FIGURE 4. Involvement of classical complement activation in various disease settings. 

Dysregulation of the classical complement pathway can produce catastrophic disease in the 

individual at the local or systemic level. Autoimmune, inflammatory, and neurodegenerative 

diseases caused by classical pathway overactivation can produce both chronic and acute diseases 

in any bodily tissue 18. Anti-complement drug treatment options are available for the treatment 

of complement 3 glomerulopathy (C3G), paroxysmal nocturnal hemoglobinuria (PNH), 

atypical hemolytic uremic syndrome (aHUS), and thrombotic microangiopathy (TMA) (Figure 

adapted from Ricklin, 2018 [55]).  

 

Dysregulation of complement can occur through several means. Inherited genetic 

mutations in genes encoding complement proteins or regulatory proteins can disrupt the regulation 

and control of the complement system leading to either excessive complement activation or 

impaired regulation, causing damage to host tissues. One such example of this is hereditary 

angioedema (HAE), which is caused by a deficiency or dysfunction in complement regulatory 

protein C1-INH, leading to angio-edematous swelling that can occur anywhere throughout the 

body through the crosstalk and overactivation of the complement, coagulation and fibrinolytic 
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systems [56]. Tissue damage can also occur through classical pathway-mediated disorders where 

the presence of autoantibodies against self-tissues or organs can drive overactivation of the 

classical pathway through recognition and binding of C1q to the Fc region of autoantibody immune 

complexes [57]. Autoimmune disorders involving complement are exacerbated by increased 

proliferation of memory B cells propagated through complement co-stimulatory signaling, 

contributing to chronic or recurrent autoimmunity. Autoimmunity can also occur when the 

complement system inappropriately recognizes self-antigens as foreign and initiates an immune 

response against them and driving inflammation. In both cases, the effects of complement 

overactivation or impaired regulation serve as fuel to stoke increased immune imbalance [58]. 

Autoimmune diseases, such as systemic lupus erythematosus (SLE),  rheumatoid arthritis (RA), 

atypical hemolytic uremic syndrome (aHUS), and paroxysmal nocturnal hemoglobinuria (PNH), 

among many others are often associated with complement dysregulation as the result of genetic 

mutations [57]. 

Chronic inflammatory conditions, such as the autoimmune diseases previously mentioned 

as well as inflammatory bowel disease, can lead to the persistent activation of the complement 

system through a positive feedback amplification loop, as inflammation can trigger complement 

activation pathways. These sustained inflammatory signals can result in chronic complement 

activation, perpetuating the inflammatory response and contributing to tissue damage, leading to 

the generation of additional danger patterns, and by these means, feeding into a vicious cycle [58]. 

Alternatively, in systems where complement is essential for clearance of cellular debris, 

deficiencies in complement can disrupt these processes, leading to impaired clearance of apoptotic 

cells and cellular waste and the accumulation of cellular debris, such is the case with Alzheimer’s 

disease [59]. 
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Similarly, persistent microbial infections that can activate the complement system can lead 

to dysregulation of complement activation. Notably, some pathogens, such as Borrelia burgdorferi, 

the causative agent of Lyme disease, can very effectively evade complement regulatory 

mechanisms, leading to further tissue injury and inflammation [60–63]. Prolonged or uncontrolled 

inflammation can disrupt normal organ functions and contribute to the development or progression 

of various diseases and/or comorbidities, such as arthritis, vasculitis, and neurodegenerative 

disorders [57,60]. On the other side of the coin, excessive or dysregulated complement activation 

can also impair the body's ability to fight infections, leading to an imbalance in the immune 

response, making individuals more susceptible to certain infections and impairing the clearance of 

pathogens. Individuals with deficiencies in complement components, and especially those 

deficient in C3 or C5, are predisposed to severe recurrent infections, notably of infections 

associated with Gram-negative bacteria, which are more sensitive to MAC lysis [64]. 

Acute traumatic injury that can lead to cellular stress or disruption of blood flow, such as 

decompression sickness/arterial gas embolism, traumatic brain injury, or ischemia-reperfusion 

injury, among others can also drive complement activation as blood flow is temporarily interrupted 

to a tissue or organ and then restored. The subsequent restoration of blood flow can then trigger 

complement activation and exacerbate inflammation, worsening the inflammatory response and 

initial injury [65–68]. Moreover, the potential for gas bubbles in the bloodstream is heightened and 

has been shown to activate both complement and platelets triggering inflammation, 

thrombocytopenia, and coagulopathy in in vitro and in vivo studies [69,70].  In such cases, 

complement components, and especially those specific to the classical pathway, show significant 

long-lasting, temporospatial-dependent increases in mRNA levels of C1q, C1r, and C1s proteins 

following injury [66,71]. 
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Efficient regulation of the complement system is crucial to maintain a delicate balance 

between protective immune responses and avoiding collateral damage to healthy tissues. 

Dysregulation or overactivation of complement can have widespread detrimental effects on the 

body's tissues, immune responses, and overall health, contributing to the development, 

exacerbation, and progression of various diseases, not limited to autoimmune diseases, infections, 

inflammatory disorders, and complement-associated tissue damage.  

 

1.3 Autoactivation of complement proteases 

Most enzymes are synthesized as inactive zymogens, also known as proenzymes or 

precursor enzymes, which require specific activation steps and limited proteolytic cleavage events 

to become fully physiologically functional [72]. This feature of enzymes is essential for regulating 

enzyme activity and preventing unwanted or uncontrolled reactions as zymogen activation is an 

irreversible reaction to stimulus, e.g., complications arising from overactivation of the complement 

system. The synthesis of enzymes as zymogens ensures that the enzymes are produced in an 

inactive form, preventing them from catalyzing reactions prematurely or inappropriately within 

the cell or during protein synthesis, maintaining cellular homeostasis and preventing host cell 

damage [73]. This allows for precise regulation and control of enzyme activity through limited 

proteolysis, which is characterized by the ability of the enzyme to complex with a specific 

macromolecular substrate, cleaving only one or two predetermined peptide bonds (as distinct from 

the process of digestion) and releasing the product for subsequent activity within the system [74]. 

This activation step is irreversible as there are no biological means by which to repair the cleaved 

peptide bond [73]. Proteolysis is an exergonic reaction, resulting in the release of free energy (G); 

however, specific physiological or environmental cues, such as changes in pH or the presence of 
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specific enzymes or cofactors are required [75] to finely tune and regulate the activity of enzymes 

in response to the specific temporal and spatial needs of the individual or specific cellular events, 

and, importantly, prevent deleterious effects, such as tissue damage, inflammation, thrombosis, or 

metabolic disorders [76]. Proteases that are capable of autoactivation do not necessitate the 

involvement of other enzymes for activation and instead rely on self-association and proteolysis 

via active site generation through conformational changes [77] and very few are capable of 

autoactivation in the absence of extrinsic factors.  

In the complement system, pathway-initiating serine proteases, C1r, MASP-1, and MASP-

2 can undergo autocatalytic activation to rapidly respond to danger-associated signals and 

propagate activation of their respective pathways [77–80]. This autocatalysis process involves the 

self-association and cleavage of specific peptide bonds found within the proenzyme forms of these 

proteases (Fig. 5). Under normal conditions, C1r circulates in serum bound within the C1 complex 

and conformational changes incurred upon C1q-antigen binding allow for activation. Autocatalysis 

of C1r involves the cleavage of the peptide bond between Arg463 and Ile464 within the flexible 

scissile loop, also known as the activation peptide. This self-cleavage event generates an active 

form of C1r that can further activate downstream components of the complement system. 

Similarly, MASP-1 and MASP-2, of the lectin pathway, also undergo autocatalytic activation. In 

their inactive proenzyme forms, MASP-1 and MASP-2 exist as either a homodimer or heterodimer 

in complex with MBL, ficolin, or collectin. Upon recognition and binding to carbohydrate antigen 

by the PRM, the MASP complex is activated through the Arg-Ile peptide cleavage of the activation 

peptide, initiating downstream complement activation events. 
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FIGURE 5. Autocatalytic activation of zymogens to enzymes. Enzymes engage in the process 

of autoactivation when the inactive precursor enzyme, also known as a zymogen, undergoes 

limited proteolysis, wherein a nearby “self” enzyme recognizes and self-associates with the 

zymogen. The flexible scissile loop of the zymogen binds within the substrate binding groove of 

the enzyme, forming an enzyme-substrate complex. The bond between the P1 and P1’ residues is 

hydrolyzed and at this state the reaction is completed, and the zymogen is transformed from 

substrate to product [81]. This cleavage event triggers conformational changes within the 

zymogen, resulting in the formation of the oxyanion pocket and fully formed active site, thereby 

converting the zymogen to its active enzyme form[82]. The newly cleaved activation peptide is 

released from the active site of the original enzyme and the enzyme-product complex dissociates 

with the generation of activated enzyme [83].  

 

Proteolytic cleavage is characterized by the cleavage of the peptide bond occurring 

between residues deemed P1-P1’. The P1 residue refers to the amino acid residue immediately 

preceding the scissile bond, while the P1’ residue refers to the amino acid immediately following. 

On the enzyme side of the reaction, the S1 residue refers to the amino acid residue within the active 

site of the protease that interacts with the P1 residue. S residue nomenclature follows that of the P 

residues where the P2 residue preceding the P1 residue interacts with the S2 residues, and so on 
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[82]. The specific amino acid sequences surrounding the cleavage site determine the substrate 

specificity of the protease while guiding the autocatalytic cleavage process. 

Following autoactivation and cleavage of the scissile loop, the activation peptide forms the 

leaving group and exits the enzyme active site. Conformational changes are incurred by the newly 

activated enzyme allowing for the formation of the oxyanion hole and substrate specificity pocket 

that was previously unformed and occluded in the zymogen state [84]. In a healthy individual, the 

autoactivation mechanism of the classical and lectin pathways ensure that the pathway remains 

inert until the presence of specific antigenic stimuli triggers the proteolytic cascade.  

 

1.4 Complement therapeutics 

Complement-directed therapeutics have emerged as a rapidly growing and promising area 

of research and development for the treatment of various complement-mediated diseases. For its 

part in maintaining immune homeostasis, dysregulation of complement can significantly 

contribute to the pathogenesis of several diseases, including autoimmune, inflammatory, and 

neurodegenerative diseases. Within the complement-targeted therapeutic space, there are several 

complement inhibitors either on the market or in advanced clinical trials. Most widely recognized 

in the field, recombinant anti-C5 monoclonal antibody, eculizumab, inhibits the generation of 

anaphylatoxin C5a and the formation of terminal pathway MAC, which is responsible for the lysis 

of red blood cells. Eculizumab, developed by Alexion Pharmaceuticals, has been approved for the 

treatment of paroxysmal nocturnal hemoglobinuria (PNH), atypical hemolytic uremic syndrome 

(aHUS), myasthenia gravis, and neuromyelitis optica (NMO) through the prevention of 

prothrombotic effects and inflammation [85–88]. Similarly, ravulizumab is a humanized 
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monoclonal antibody targeting C5 and is approved for both the treatment of PNH and aHUS, 

providing longer dosing intervals as compared to eculizumab [89]. 

Anti-C1s monoclonal antibody, Sutimlimab, has undergone FDA approval for treatment of 

CAD, an autoimmune hemolytic anemia,  due to its ability to prevent opsonization by complement 

of red blood cells following recognition of IgM autoantibodies against RBC antigens (cold 

agglutinins) active at cold temperatures. It is has been shown that inhibition at the level of C1s 

prevents the generation and opsonization of RBCs by C3b and the subsequent recruitment of 

receptor-specfic macrophages resulting in temperature-dependent hemolysis [90]. Additional 

support for therapeutics targeting specifically classical pathway-mediated diseases is demonstrated 

by anti-C1q monoclonal antibody, ANX005, which is currently in phase 2 clinical trials evaluated 

by Annexon Biosciences for Huntington’s disease (HD), warm autoimmune hemolytic anemia 

(wAIHA), amyotrophic lateral sclerosis (ALS), and phase 3 clinical trials for Guillain-Barré 

syndrome (GBS) [91]. Applied broadly across a number of conditions, inhibition of C1q can have 

therapeutic use by blocking C1q interactions with host targets both dependent and independent on 

the presence of autoantibodies. While classical pathway targeted therapeutics are showing promise 

across a wide swath of pathologies, the development of additional classes of inhibitors, including 

small-molecule inhibitors, is essential for improved treatment outcomes for patients. 

 Small-molecule inhibitors targeting C1s provide an additional tool to move the needle in 

the treatment of complex systems. Advantages to small-molecule drug development is increased 

tissue permeability and patient compliance in an orally bioavailable drug. Moreover, detailed SAR 

analyses of currently available small-molecule inhibitors in complex with protein targets with 

structures available in the PDB show that most replicate some component of human biology and 

targeted interactions already present in nature [92]. Protein modification by enzymes, such as 



22 
 

phosphorylation or glycosylation, results in changes to structure and therefore protein function, 

which is what small-molecule drugs frequently replicate through molecular mimicry. These 

protein-ligand interactions compete for natural ligands or cofactors for enzymes, and the utilization 

of these SAR data and structural information derived individually from protein target and ligand 

are heavily leaned upon for drug development [93].  

Complement therapeutics directed towards targeting downstream complement 

components, C3 and C5, or MAC, common across all three pathways, may mitigate complement-

mediated tissue damage but are challenged by higher concentrations of those downstream 

components and higher turnover rates [87]. Complement proteins have a relatively short half-life, 

and the body has a robust system for replenishing them, especially those of C3 and C5, so even if 

a therapeutic agent effectively inhibits or modulates the activity of C3 or C5, their levels can 

quickly rebound once the treatment is discontinued, providing a challenge for the long-term 

efficacy of complement-targeted therapeutics [87]. 

Targeted therapeutic intervention of complement relies on the specific involvement of 

complement in driving pathophysiological mechanisms underlying disease as well as the desired 

therapeutic effect. Targeting upstream complement proteins at the level of the initiating proteases 

allows for the selective inhibition of that pathway, where earlier intervention has a broader impact 

on downstream complement activity. Specific targeting of C1r, C1s, or the MASPs may potentially 

minimize off-target effects and reduce the risk of interfering with other crucial immune functions. 

This pathway selectivity may offer a more favorable safety profile when compared to targeting 

downstream complement components, C3 or C5, due to the fact that the other pathways still remain 

active against infections. Furthermore, targeting the upstream initiating proteases also affords 

selectivity for diseases modulated by specific pathways, such is the case with classical pathway-
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mediated diseases triggered by the recognition and binding of immune complexes by C1, like that 

observed in heparin-induced thrombocytopenia (HIT) [94]. Studies have confirmed that bacterial 

lipoprotein, BBK32, derived from B. burgdorferi specifically blocks C1r activity and downstream 

activation of the classical pathway thereby attenuating prothrombotic effects of the condition [95].  

Additionally, specificity at the level of the pathway-initiating serine proteases rather than 

C1q may further enhance the safety profile to mitigate potential off-target effects and minimize 

interference with other essential immune functions mediated by C1q. C1q has diverse roles beyond 

its involvement in complement activation, including its interactions with various immune cells and 

its contribution to tissue repair [96]. C1q opsonization of microbial pathogens and damaged host 

cells facilitates the interaction between the target and CR1 receptors on phagocytes, leading to 

phagocytosis and elimination of the target. In transgenic mice lacking C1q (APPQ-/-) and 

overexpressing the human mutant amyloid precursor protein (APP), C1q was shown to have an 

anti-inflammatory effect through enhanced phagocytosis of apoptotic cells and blebs, modulating 

cytokine expression and inflammation. However, in the presence of C1r and C1s, in which it 

formed complexes, C1q displayed a proinflammatory phenotype resulting in enhanced 

neurodegeneration [97]. The beneficial roles of C1q outside of the C1 complex and classical 

pathway activation are not well understood but highlight its multifaceted functions in anti-

inflammatory responses, consequently preserving the beneficial functions of C1q while 

specifically inhibiting the proteases involved in excessive complement activation may offer fewer 

off-target effects in therapeutic interventions. 

Recent advancements in medicine and data processing have helped to increase our 

understanding of the intracacies of disease manfiestation and mechanisms. Drug development as 

it currently exists, functions as an outcome of the clinical presentation of patient symptoms for 
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target identification, but there are many complex biological processes underlying clinician reports 

that cannot fully take into account individual factors, such as temporality involving disease 

evolution and trajectory, patient comorbidities, genetic profiles, epigenetic factors, and clinical 

history, among others. The overemphasis on symptomology that ends up boxing or categorizing 

patient cohorts into highly defined categories minimizes individual patient complexity and leads 

to inadequate accounting for critical patient heterogeneity, which can then lead to the 

misidentification of drug targets. It is becoming increasingly clear that for various diseases, 

additional drug classes are necessary for effective treatment of disease, and in the complement 

realm, treatment options outside of C3 and C5 and intravenous administration of biologics is 

essential for handling a hetergenous patient population. 

 

1.5 Small-molecule inhibitors: Competitive vs. noncompetitive inhibition 

Small molecules play a major role in drug synthesis and development. In fact, according 

to industry reports, nearly 90% of the approved drugs on the market are small molecules [98]. 

Small-molecule drugs widely utilized due to their ease of synthesis, oral bioavailability, and ability 

to target intracellular pathways [99]. Small-molecule inhibitors represent a class of drugs 

characterized by organic compounds with relatively low molecular weight, typically less than 1 

kDa, and are synthesized or obtained through various methods, including chemical synthesis, 

natural product extraction, and combinatorial chemistry [100]. Such small-molecule drugs have 

been successful in treating a wide range of diseases, including cardiovascular disorders, cancer, 

infectious diseases, and metabolic disorders, among others through the binding of active site or 

orthosteric pockets found on the surface of target proteins to modulate activity, conformation, 

and/or function of the target [101].  
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The process of small-molecule drug development consists of several steps, including target 

identification, hit identification, and hit to lead and lead optimization. Hit identification involves 

the screening of a large number of small molecules to identify compounds that exhibit the desired 

pharmacological and bioactivity against a specific target, traditionally typified by high throughput 

screening [100]. After identification of a hit compound, lead optimization using structure-activity 

relationship (SAR) studies aims to modify the chemical structure of the compound to improve 

chemical qualities, including binding affinity to the target, inhibition, selectivity, and 

pharmacokinetics [100]. 

During compound synthesis and optimization, many guidelines exist to both lead and 

assess the drug-likeness of small molecules. Lipinski's Rule of Five is one such set of criteria, in 

which all values are multiples of five, that predict the likelihood of a small-molecule compound 

having favorable pharmacokinetic properties, such as solubility and permeability, and oral 

bioavailability [102]. The rules state that a compound is more likely to be orally active and have 

favorable molecular properties, such as absorption, distribution, metabolism, and excretion 

(ADME), if it has no more than one violation of the following criteria: the compound retains a 

molecular weight of no more than 500 Da, possesses a logP (partition coefficient) value of less 

than or equal to 5, has no more than five hydrogen bond donors and 10 hydrogen bond acceptors 

[102]. Lipinski's Rule of Five has been widely used as a starting point for evaluating the drug-

likeness of small molecules; however, other factors, such as target specificity, toxicity, and 

pharmacodynamic properties, also play crucial roles in the overall evaluation and optimization of 

small-molecule drugs. 

Their low molecular weight affords them several advantages over other drug classes. One 

such feature is that they are typically designed for oral bioavailability, which is a more comfortable 
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and convenient method of administration for patients, allowing for self-administration and greater 

patient compliance . In contrast, other drug classes like biologics often require intravenous or 

subcutaneous administration, which can be more complex and require healthcare professional 

assistance [103]. Furthermore, small molecules have greater ability to efficiently penetrate various 

tissues and cross cellular membranes, including the blood-brain barrier,  and can be optimized to 

do so, enabling them to reach their targets in different parts of the body, which is essential for 

treating diseases that may involve multiple organs or tissues, such as cancer or infectious diseases 

[104]. 

In terms of synthesis, small-molecule inhibitors are generally easier and less expensive to 

develop and manufacture compared to other drug classes like biologics. The process of 

synthesizing small molecules can be standardized and scaled up, facilitating large-scale 

production, while the stability and storage requirements for small molecules are often more 

straightforward than for biologics, reducing logistical challenges [105]. Additionally,  this inhibitor 

class can be utilized combinatorically with other small molecules or drug classes to generate oral 

combination therapies allowing for synergistic effects, improved efficacy, and the potential to 

target multiple disease pathways and comorbidities simultaneously [106,107]. 

An important consideration for the development of small-molecule drugs to ensure long-

term efficacy and patient safety for the treatment of chronic conditions is antigenicity over time. 

While small molecules are less likely to elicit an immune response compared to larger biological 

molecules, such as modified proteins or antibodies, it is possible that they can trigger an immune 

response and potentially become antigenic over time, due to metabolic processing, wherein the 

generation of reactive metabolites can form neoantigens with endogenous proteins [108]. 

Similarly, these smaller metabolites may possess chemical properties that lend themselves to 
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binding larger carrier proteins within the body. This hapten-protein complex in circulation can 

trigger antibody-mediated immune responses against the complex [109,110]. Concerns with small 

molecule antigenicity can be addressed through compound structural modifications, wherein 

antigenicity is reduced or eliminated. Chemical modifications may involve altering specific 

functional groups or substituents that are known to trigger immune responses; however, drug-

likeness screening guidelines for compound development and optimization should factor in 

immunogenicity and toxicity prior to synthesis [111]. Computational tools evaluating compound 

pharmacokinetics, such as SwissADME, are readily available; however, in vitro and in vivo assays 

screening for immunogenicity should still be employed to evaluate potential immunogenic effects 

of the compound [111]. Detection of immunogenicity or especially immunogenic chemical entities 

should guide the optimization and substituent replacement of those chemical groups to reduce the 

likelihood of an immune response.  

Rational design and considerations for the chemical properties of small molecules is an 

essential part of the drug development process; however, the first great challenge to be overcome 

in the process is identification of a target protein within disease and identification of “druggable” 

binding pockets on the solvent exposed surface of the protein [112]. To reach that point, sufficient 

analysis of protein structure and function must be undertaken to further knowledge regarding the  

pathophysiological roles of the target in disease mediation and progression. Surface plasmon 

resonance (SPR) is one such tool for elucidating the mechanisms underpinning protein function 

through targeted binding assays characterizing the biomolecular interactions between protein-

protein complexes, protein-small-molecule interactions, protein-cofactor dependence, and/or 

protein-bilayer interactions in the case of membrane proteins [113]. Determination of factors that 

necessitate protein activity is essential for the development of efficacious drug candidates.  
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Following target discovery, small molecule or fragment identification of molecules that 

interact with the target and inhibit or alter activity must occur. This “hit” identification generally 

takes the form of high-throughput screening, such as that performed by SPR or in silico virtual 

screening of compound libraries [114]. Once a hit(s) has been identified, lead compounds undergo 

a series of preclinical biofunctional evaluations to determine bioactivity against the target, efficacy, 

safety, pharmacokinetic properties, and toxicology (ADME) [115]. Based on these results in 

combination with SAR data, compounds are optimized through structural modifications to 

improve favorable or druglike characteristics, such as the incorporation of polar groups to improve 

solubility [116]. Once drug-likeness and bioactivity of the compound has reached optimal levels, 

an investigational new drug (IND) application including preclinical data, proposed clinical trial 

plans, and manufacturing details is submitted to regulatory authorities (such as the FDA in the 

United States) to request permission to begin clinical trials, which are conducted in multiple phases 

[117]. Phase one trials involve a small number of healthy volunteers to assess safety, dosage, and 

pharmacokinetics. Once phase two trials are reached, clinical evaluation is ramped up and involves 

a larger number of patients and assess effectiveness and further safety. The final phases, phase 

three and phase four clinical trials, are large-scale trials conducted on a larger patient population 

to confirm efficacy, monitor side effects, and compare the drug to existing treatments over long 

periods of time [118].  

Provided the results from clinical trials are positive, the drug developer submits a new drug 

application containing comprehensive data on the drug's safety, efficacy, manufacturing, labeling, 

and proposed use to the FDA or regulatory authorities [119]. Regulatory authorities review the 

data to determine if the benefits of the drug outweigh the risks and if they are deemed to be safe 

and effective, approval is granted for marketing and commercialization allowing for the drug to be 



29 
 

made available to healthcare providers and patients. Regarding immunogenicity, post-marketing 

surveillance is conducted to monitor the drug's safety and effectiveness in a larger patient 

population, with adverse events and new information about the drug's risks or benefits evaluated 

and reported [108]. The traditional timeline and process for a biopharmaceutical company 

developing a small-molecule drug from discovery to market will span over a decade.  

Unfortunately, the process of drug development is rife with challenges and the majority of 

drug candidates never pass clinical trials. In fact, in the last year alone, 20,109 drug candidates 

were undergoing development, and yet only about 30-40 drugs are approved each year [120,121]. 

The greatest hurdle for drug developers is maintaining safety and efficacy in drug candidates. 

During the phases of preclinical and clinical development, candidates undergo extensive testing to 

evaluate the drug safety profile and effectiveness in treating the disease target, and those that 

exhibit unexpected toxicities or off-target effects are terminated from further development and 

trials. This is largely due to insufficient target specificity, in which the drug candidate interacts not 

only with the target but also with unintended targets, leading to adverse and/or toxic reactions 

[122].  

A large portion of drugs in development are for those targeting serine proteases for 

inhibition. Serine proteases are attractive drug targets as they play critical roles in numerous 

physiological processes and disease conditions, such as  blood clotting, digestion, inflammation, 

and as in the case of complement proteins - immune response, making them potential therapeutic 

targets for a wide range of pathologies [123]. As previously described, proteases must undergo 

tight regulation to avoid damage to host cells. Dysregulation or overactivation of serine proteases 

has been implicated in various diseases, including cancer, cardiovascular disorders, autoimmunity, 

inflammatory diseases, and infectious diseases, consequently by selectively inhibiting the activity 
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of specific serine proteases, it is possible to modulate these disease processes and potentially 

develop effective treatments. 

Additionally, the structural homology and catalytic mechanism of serine proteases has been 

extensively studied and well defined offering the advantage of immense, available SAR data from 

which to develop an inhibitor. The active site of serine proteases contains a conserved catalytic 

triad of a serine, histidine, and aspartate residue, which are responsible for catalyzing the 

hydrolysis of conserved peptide bonds [82,83,124]. This catalytic mechanism provides a well-

characterized target for designing small-molecule inhibitors that can specifically bind to and block 

the active site of serine proteases. Despite this wealth of information regarding serine proteases, 

they stand as difficult targets for drug development. The most notable challenge is achieving 

selectivity and specificity in light of structural homology and conserved active site residues 

between serine proteases [123]. There are many different serine proteases present in the human 

body representing biologically diverse pathways. Developing inhibitors that selectively target one 

specific serine protease while sparing others to avoid off-target effects and potential toxicity 

remains a challenge to the field. Furthermore, serine proteases often exist in zymogen or inactive 

forms and require proteolytic activation to become functional. This activation step adds another 

layer of complexity to developing effective inhibitors as many inhibitors are designed to 

selectively target the active form of the protease and knowledge of which specific protease is 

involved in disease populations is essential [125]. While serine proteases are implicated in a 

growing number of pathologies, overcoming obstacles associated with selectivity and specificity, 

as well as addressing enzyme activation state, make them a complex and challenging class of drug 

targets.  
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At present, most serine protease inhibitors function to alter or inhibit target activity through 

means of competitive inhibition or binding of the active site to outcompete native substrates. In 

addition to the challenges that come with active site specificity for a particular serine protease 

target, achieving effective inhibition often requires high concentrations of the competitive inhibitor 

to outcompete the substrate for binding to the active site, especially in the case of proteins with 

high turnover rate [123]. While there are obstacles that must be overcome in the development of 

active site inhibitors, recent advances in technology have allowed for exceptionally high-resolution 

structural data to visualize unique molecular features present in specific protein targets aiding in 

structure-guided drug development.  

Another method for overcoming structural homology between the family of serine 

proteases and the drug target is noncompetitive or allosteric inhibition. This occurs through the 

identification and binding of solvent-exposed pockets present on the target surface that exist 

distally from the active site, yet through cooperative motions, can modulate protein activity 

[126,127]. Pockets that exist outside the proximity of the active site have far greater potential to 

confer architectural and structural heterogeneity from other related proteins [74]. Binding of these 

sites can modulate protein function by blocking conformational changes that are requisite for 

activity or by distally altering the active site, making it less accessible to the substrate or reducing 

its catalytic activity [101]. Unfortunately, identification of allosteric sites of inhibition and 

designing small-molecule inhibitors that bind specifically to those sites can be challenging. 

Additionally, understanding allosteric interactions through correlated and anti-correlated protein 

motions can be complex and context-dependent [128], making it more difficult to predict the effect 

of an allosteric inhibitor on the enzyme's activity.  
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One method of identifying noncompetitive sites of inhibition is to examine serine protease 

inhibitors found in nature, which can present valuable starting data for rational drug design. 

Natural inhibitors are compounds produced by organisms that have evolved to interact with 

specific target proteins or enzymes, and accordingly, exhibit high affinity and specificity for their 

target as they have undergone extensive selective pressures and evolution in their function and  

design [129]. Identifying established natural inhibitors and their modes of action can provide 

valuable insights into the design of synthetic inhibitors through molecular mimicry, especially of 

those targeting noncompetitive inhibition (Fig. 6). By determining the three-dimensional structure 

of the inhibitor-target complex, researchers can understand the key molecular interactions that 

contribute to inhibitor potency and selectivity. This knowledge can guide the design of synthetic 

inhibitors with improved binding affinity and target specificity. Additionally, they can aid in the 

identification of structural or functional elements necessary for binding to the target protein and 

blocking activity, allowing medicinal chemists to leverage the structural insights to employ rational 

drug design strategies through functional group modification or replacement to improve compound 

potency, selectivity, and drug-like properties.  

Borrelia is a genus of bacteria that includes the species Borrelia burgdorferi, the causative 

agent of Lyme disease, and has emerged as a model system for studying complement evasion 

strategies due to its ability to evade and block the host complement system [61]. The B. burgdorferi 

life cycle involves transmission between ticks and mammalian hosts, including humans. Once it 

reaches the human host, the bacteria must inherently interact with elements of the host innate 

immune system, most notably the complement system. The ability of B. burgdorferi to evade 

complement-mediated killing is critical for its survival, infectivity, and persistence in the host [62]. 
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Figure 6. B. burgdorferi lipoproteins, BBK32 and ElpQ, provide a basis for complement 

protease inhibition. Lipoproteins expressed on the surface of borrelial pathogens serve as guides 

for the development of competitive and noncompetitive inhibitors by driving target validation and 

elucidating SAR information through the binding mechanisms of protein-inhibitor complexes 

formed during B. burgdorferi complement evasion. 

 

B. burgdorferi has evolved multiple evasion mechanisms to counteract complement-

mediated immune responses, including inhibition of classical pathway initiating proteases C1r and 

C1s through targeted active site and noncompetitive site inhibition [62]. By studying these 

mechanisms, we can gain insights into the molecular mechanisms and evasion strategies used by 

pathogens to block classical pathway activation for the development of therapeutic inhibition of 

the complement proteases, C1r and C1s, by small-molecule drug development (Fig. 6). 

These pathogen-host interactions also provide valuable insights for structure-based drug 

design (SBDD), in which utilization of the three-dimensional structure of a target protein is used 

to guide the development of small-molecule inhibitors. Various computational techniques, such as 

X-ray crystallography, molecular docking, and quantitative structure-activity relationship (QSAR) 
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analysis, can be employed to identify lead compounds predicted to possess the desired bioactivity 

against the target. When crystal structures of the target protein are available, leveraging 

information from the crystallographic waters present is also an effective strategy in structure-based 

drug design. This information can be utilized for the identification of noncompetitive binding 

sights, as waters will occupy cavities or clefts within the protein structure, indicating potential 

interaction sites for small-molecule ligands [130]. By analyzing the positions and orientations of 

crystallographic waters, insights into the location and geometry of the binding site can be 

developed, guiding the design of ligands that can interact with the protein [131]. In the case of 

competitive inhibition, crystallographic waters can mediate interactions between the protein and 

ligand molecules and inform where hydrogen bonds or other types of interactions with both the 

protein and the ligand may occur, contributing to the increased stability and specificity of the 

protein-ligand complex [131]. Crystallographic waters can provide valuable information about the 

displacements or rearrangements of water molecules upon ligand binding, which is crucial for 

accurately predicting the energetics and thermodynamics of ligand binding and for designing small 

molecules that can efficiently displace or compete with the crystallographic waters in the binding 

site [130]. Valuable structural information that can guide structure-based drug design can be gained 

through analyses of interactions between naturally derived inhibitors and waters to support the 

design and optimization of potent and selective small-molecule inhibitors. 

 

1.6 Fragment-based drug discovery 

Fragment-based drug discovery (FBDD) is an effective strategy in drug development that 

focuses on identifying small, low molecular weight fragments that bind to a target protein. These 

fragments serve as starting points for the development of more potent and selective drug 
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candidates. FBDD differs from traditional high-throughput screening (HTS) approaches, which 

typically screen larger, more complex compounds, whereas a chemically and structurally diverse 

library of fragments is screened by in silico or biophysical techniques, such as SPR or computation 

molecular docking. Similar to small-molecule hit identification, fragments are identified and 

scored based on predicted free energy binding affinities. Those hits that are identified undergo 

optimization to generate the next generation of analogs with improved chemical and physical 

properties, especially as it relates to improved binding affinity and selectivity (Fig. 7). Due to their 

inherent low molecular weight and complexity, fragments can be optimized through fragment 

growing by which functional groups are added to generate a larger, more potent molecule, fragment 

linking in which two fragments that bind the target in close proximity to one another are linked via 

synthetic linker, or by fragment merging wherein fragment binding conformations that overlapped 

are merged to create one molecule with improved binding affinity [132]. 

 

FIGURE 7. Diagram illustrating the process involved in fragment-based drug discovery.  

 

One strategy for improved bioactivity of the fragment is the utilization of the Craig plot or 

the Lipophilicity Efficiency (LipE) plot, which is a graphical representation that aids in the 
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optimization of drug-like compounds through the visualization of lipophilicity and potency of 

chemical entities and substituent groups within the compound. When examining a Craig plot, the 

lower left quadrant represents groups with favorable low lipophilicity but low potency, whereas 

the upper left quadrant represents compounds with low lipophilicity and desirable high potency. 

Meanwhile, the lower right quadrant represents chemical entities with unfavorable high 

lipophilicity and low potency, and the upper right quadrant represents compounds with unfavorable 

high lipophilicity and high potency. Consequently, the compounds that possess substituent groups 

falling in the upper left quadrant of the Craig plot, known as the "Golden Triangle," are considered 

the most promising candidates for further development [133]. These compounds exhibit optimal 

balance, with sufficient potency and favorable lipophilicity and are more likely to possess desired 

drug-like properties such as good bioavailability, appropriate pharmacokinetics, and reduced risk 

of off-target effects [133]. During compound optimization, medicinal chemists can guide the 

optimization of lead compounds through bioisoteric or ring replacement towards regions of the 

plot associated with improved drug-like properties, increasing the chances of identifying 

successful drug candidates. 

Similar to the design of small-molecule compounds, fragment-based drug design also 

follows loose guidelines that aid in the development of inhibitors with favorable physicochemical 

properties. Designated the rule of three, these guidelines define a fragment as that which is no 

larger than 300 Da, has a cLogP value of less than three, and possesses no more than three hydrogen 

donors and acceptors [134]. The employment of these measures for fragment designation ensure 

that the chemical space occupied by these molecules remains less complex so as to increase the 

binding interactions available to these compounds and allow for the subsequent development of 
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more potent leads [135]. The objective in compound optimization is to identify compounds that 

possess both favorable potency and lipophilicity properties.  

Utilization of FBDD allows for the employ of fragment libraries that cover a wide chemical 

space allowing for increased chemical diversity and chances of identifying hits with novel and 

unique binding interactions. The low molecular weight and complexity also offers the advantage 

of identifying and characterizing fragments that have high ligand efficiency with strong binding 

interactions per atom, potentially yielding lead compounds that can be developed into potent and 

selective drugs with optimal pharmacokinetic properties [136]. 

At present, there are several drugs on the market developed using FBDD or had FBDD as 

part of their discovery process, validating this approach to guiding the development of novel 

fragment-based small-molecule drug candidates. Notable examples include vemurafenib, which 

became the first FDA-approved fragment-derived drug in 2011 and is a kinase inhibitor developed 

by Plexxikon for the treatment of metastatic melanoma with specific BRAF mutations [137]; 

venetoclax,, which is a BCL-2-selective inhibitor that inhibitors the growth of BCL-2-dependent 

tumors in patients with refractory chronic lymphocytic leukemia [138]; erdafitinib, approved in 

2019 with highly selectively, potent tyrosine kinase inhibitory activity against fibroblast growth 

factor receptor (FGFR) family members involved in proliferation of oncogenic tumors [139]; and 

pexidartinib, which inhibits colony-stimulating factor 1 receptor (CSF1R) by trapping the kinase 

in the autoinhibited conformation in patients with tenosynovial giant-cell tumors [140].  

Technological advancements and improved computational methods for hit-to-lead generation have 

garnered significant interest for the adoption of FBDD and its impacts on the development of new 

therapeutics is expected to see continued growth in the future. 
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1.7 Artificial intelligence-based drug design and AlphaFold 

Machine learning and artificial intelligence (AI) have become increasingly important in 

drug design and discovery. At present, the race is on for pharmaceutical companies to produce the 

most effective algorithms designed the identify disease targets and small molecule/fragment hits 

and guide optimize for synthesis of potent drug candidates thereby reducing costs incurred through 

prolonged research and development and drug candidates terminated during preclinical and 

clinical trials. Machine learning algorithms can be trained on large datasets of known molecules 

and their corresponding biological activities to build predictive models that can be used to predict 

the activity, properties, or safety profiles of new lead compounds [120] . These predictions help to 

score and prioritize compounds for further evaluation, reducing the need for extensive 

experimental testing. In this process, AI algorithms provide improved efficiency for virtual 

screening efforts, where libraries of millions of compounds and chemical scaffolds are screened 

computationally against a target protein to identify potential hits [141]. Machine learning models 

can learn from known active and inactive compounds to predict the likelihood of a compound 

being active against a specific target [142]. An alternative approach is utilizing machine learning 

algorithms to generate novel molecules with desired properties. By mining medical and scientific 

literature of known drugs and learning from existing compounds and their structure/function, AI 

can generate new chemical structures that are likely to be active against a given target or have 

specific pharmacological properties with improved drug-likeness [92]. 

On a structural level, AlphaFold, an AI-based technology, has made significant 

contributions to rational drug design. AlphaFold uses deep learning techniques to predict protein 

structures based on their amino acid sequences and by accurately predicting protein structures, 

AlphaFold has aided in understanding protein functions and interactions, including the 
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identification of binding sites for small molecules [143]. This information is invaluable in the 

rational design of drugs, as it provides insights into how potential drug candidates may interact 

with their target proteins. 

The use of AI and machine learning has improved drug design efficiency by accelerating 

the screening and optimization of large compound libraries, reducing the number of compounds 

that need to be synthesized and tested experimentally, and prioritizing the most promising 

candidates for further development. AI can also help optimize lead compounds by predicting their 

pharmacokinetic properties and toxicity profiles, reducing the likelihood of failures in later stages 

of drug development [120]. As mentioned previously, the traditional state drug development means 

that fragment hit identification to potent lead compound generation is a process that can take many 

years. Advancements in drug development through AI has seen that process reduced to mere 

months in some cases. With the continuous advancements in AI algorithms, increased availability 

of large-scale datasets, and improved computing power, AI is expected to further enhance drug 

development efficiency, reduce costs, and lead to the discovery of novel therapeutics for various 

diseases.



 

 

CHAPTER 2: Structural insights towards the molecular mechanism of autoactivation of 

MASP-2 

Abstract 

Enzyme activation and regulation, particularly of proteases involved in cascade pathways, 

has been of intense interest to the fields of structural biology and therapeutic drug development, 

in part due to propensity and the devastating consequences of dysregulation or overactivation in 

these proteases in human pathologies [127,144]. Serine proteases represent nearly one third of all 

known proteases, and appropriately, extensive research has delved into the molecular mechanisms 

underlying their function and activation processes [144,145]. Here, the X-ray crystal structure of 

human complement serine protease MASP-2 informs a more detailed view of the structural 

dynamics that occur during the end stages of autocatalytic activation wherein an enzyme-product 

complex is formed between self-associated MASP-2 proteins. The 1.6 Å resolved structure 

captures a static glimpse of the binding interactions between the cleaved scissile loop of the leaving 

MASP-2 protein product and the substrate binding groove of the enzyme MASP-2, which impart 

a significant conformational rearrangement of the catalytic Ser633 that is essential for proteolysis. 

The protein-protein interface that is formed provides an additional model of proposed MASP-2 

autoactivation, which aligns with the known enzyme-product complex formed by structurally and 

functionally homologous classical complement pathway protease, C1r. The derived structural data 

highlight novel insights into the requirements of complement activation and provide additional 

structural support for the development of complement-targeted therapeutics.   
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Introduction 

Enzymatic cascades participate in a number of reaction pathways and amplification 

systems involved in regulation and homeostasis by driving essential physiological processes 

relating to digestion, coagulation, fibrinolysis, metabolism, and immunity [72,146]. Though 

disparate in biological consequence, all cascades require an initial stimulus to initiate a series of 

concurrent steps of enzyme activation primed to meet the cellular demands of that pathway [72]. 

Due to the irreversible and often cooperative nature of enzymatic cascades, tight regulation of 

these systems is vital for maintaining bodily health and homeostasis, especially at the level of the 

pathway-initiating enzymes [33,73,123]. One measure of intrinsic regulation is the condition that 

most enzymes are synthesized as inactive precursor molecules that require site-selective 

proteolytic cleavage for activation and most activation processes also necessitate extrinsic factors 

[73]. 

The complement system is a proteolytic cascade of approximately 50 proteins present in 

the blood that retain the primary role of serving as the first line of defense against the deleterious 

effects of pathogenic microbes, misfolded proteins, apoptotic cells, and cellular debris, among 

others [147]. The complement pathways synergize with many other biological processes and in a 

dysregulated system, this potent effector function can rather serve to drive pathologies associated 

with inflammation, autoimmunity, and neurodegeneration [40,54,57]. The complement system is 

divided into three different pathways: the classical, the alternative, and the lectin, defined by the 

select initiating proteases that catalyze their respective pathway cascade [1]. Both the classical and 

lectin pathways possess distinctive pattern recognition molecules (PRM) that upon binding their 

specified target, enable autoactivation of the serine proteases housed in complex with the PRM 

[148]. These initiating proteases of the classical and lectin pathway, C1r and mannan-binding 
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lectin-associated serine protease (MASP)-1/2, respectively, possess the idiosyncratic ability to 

undergo autoactivation without the presence of extrinsic activating factors, which distinguish them 

and their molecular processes from other autoactivating enzymes [80,149]. 

MASP-2 is a critical complement component for the initiation of the lectin pathway and 

has been shown to undergo activation through proteolytic cleavage of its scissile loop at residues 

Arg444-Ile445 by MASP-1 but also via autocatalytic activation demonstrated in in vitro studies by 

activated MASP-2 on its zymogen [150,151]. Overexpression and overactivation of MASP-2 have 

been implicated as driving and/or compounding factors in a number of inflammatory pathologies, 

such as venous thromboembolisms, IgA nephropathy (IgAN), and C3 glomerulopathy, among 

others [152,153]. At present, human monoclonal antibody, Narsoplimab, is pending-FDA approval 

for the treatment of hematopoietic stem cell transplant-associated thrombotic microangiopathy 

(HSCT-TMA) [154].   

The full-length MASP-2 protein is comprised of six domains; however, it is the C-terminal 

serine protease domain that possesses the protein’s catalytic activity [8]. Previous studies have 

employed molecular dynamics for modeling of the mechanism of MASP-2 autoactivation by 

utilizing individual MASP-2 enzyme (PDB entry 1Q3X [155]) and zymogen (PDB entry 1ZJK) 

crystal structures as structural input [80]. More recently, a 1.6 Å X-ray crystal structure containing 

MASP-2 forming an enzyme-product (EP) complex with its MASP-2 symmetry mate has been 

determined, in which the molecular interactions between the cleaved scissile loop of the product 

with key active site residues are herein described. Additionally, conformational flexibility of the 

catalytic Ser633 interacting with both catalytic His483 and the P1 Arg444 of the product activation 

peptide is shown, confirming previous hypotheses that in biologically derived complexes, the 

catalytic serine undergoes critical conformational changes to accommodate the substrate and 
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perform the catalytic functions within the protease [156]. Further analyses revealed that similar 

contacts are potentially conserved between EP interfaces in the autoactivating initiating protease 

of the classical pathway, C1r [157]. 

Materials & Methods 

Expression and purification of MASP-2-CCP2-SP domain truncation 

Recombinant MASP-2-CCP2-SP (rMASP-2) expression plasmid was transformed into 

BL21 (DE3) Escherichia coli. The cells were grown to an optical density of 0.6-0.8 OD600 at 37°C 

in Terrific Broth supplemented with kanamycin. After overnight induction with isopropyl β-D-

thiogalactoside, the cells were collected by centrifugation (4,000 x g, 10 min). Supernatants were 

discarded and the inclusion bodies solubilized in 100 mL of lysis buffer (6 M guanidine HCl, 100 

mM Tris pH 8.0, 10 mM imidazole) for 30 min and clarified by centrifugation (11,000 x g, 30 

min). Nickel NTA beads (GoldBio) (5 mL column volume) were washed with 50 mL of denaturing 

binding buffer (8 M urea, 500 mM NaCl, 20 mM sodium phosphate pH 6.0, 10 mM imidazole). 

Samples were then passed over columns at a flow of 1-2 drops per second and afterwards washed 

with another 25 mL of denaturing binding buffer. Samples were eluted with 7.5 mL of denaturing 

elution buffer (8 M urea, 500 mM sodium chloride, 20 mM sodium phosphate pH 6.0, 200 mM 

imidazole) and then diluted into refold buffer containing 50 mM Tris pH 8.3, 3 mM reduced 

glutathione, 1 mM oxidized glutathione, 5 mM ethylenediaminetetraacetic acid (EDTA), 0.5 M 

arginine. The renatured protein solutions were dialyzed against 4 L of 50 mM Tris-HCl (pH 9.0), 

140 mM sodium chloride twice for four hours at 25oC and concentrated to less than 12 mL using 

10 kDa molecular weight cutoff ultracentrifugation filters (Millipore). Refolded protein was then 

purified using an ÄKTA pure Fast Pressure Liquid Chromatograph (FPLC, GE Healthcare) 

connected to a HiLoad 26/600 Superdex 75 pg column previously equilibrated in 10 mM HEPES 
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(pH 7.3), 140 mM sodium chloride. To remove affinity tags, tobacco etch virus (TEV) enzyme 

(previously activated with 1 mM DTT) was incubated with pooled refolded protein overnight at 

25 oC. FPLC nickel affinity chromatography was carried out the following day and the unbound 

fraction was collected, concentrated by ultracentrifugation, buffer exchanged into 20 mM HEPES, 

140 mM NaCl, aliquoted, and stored at -80 °C until use. 

Protein crystallization 

MASP-2-CCP2-SP was crystallized by hanging drop vapor diffusion technique. Crystals 

were obtained by mixing a 2 mL:2 mL protein to precipitant ratio of 3.2 mg ml-1 MASP-2 in 0.2M 

ammonium sulfate, 30% w/v polyethylene glycol 4000 sourced from the Hampton crystal screen 

condition. The mixture was equilibrated against a reservoir containing 500mL of precipitant at 

25°C. Crystals were harvested and exchanged into crystallographic conditions supplemented with 

20% glycerol for cryoprotection prior to vitrification in liquid nitrogen (Fig. 8). 
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FIGURE 8. MASP-2-CCP2-SP crystals in 0.2 M Ammonium sulfate, PEG 4,000, and 20% 

glycerol. 

 

Structure determination and refinement 

MASP-2-CCP2-SP X-ray diffraction data were collected on SER-CAT beamline 22-ID at 

the Advanced Photon Source, Argonne National Laboratory. Crystals occupied the C121 space 

group and contained one copy of the protein forming a complex its symmetry mate within the 

asymmetric unit. The resulting enzyme-product complex was solved by molecular replacement 

using Phaser in the PHENIX suite [158] using MASP-2-CCP2-SP PDB entry 1QX3 [155]. Model 

building was performed using AutoBuild and the structure refined using iterative cycles of 

refinement in Phenix to a resolution of  1.6 Å  [158]. Manual model building was performed in 
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Coot [159]. Structure solution, properties, and refinement statistics are shown in Table 1. Structural 

representations and electron density maps were generated using PyMol.  

 

Table 1. Structure properties, solution, and refinement. Values in parentheses are for the 

outer shell.  

 

Interaction maps and buried surface area 

The two-dimensional interaction map to visualize the binding interactions between the 

product activation peptide and residues of the active site and substrate-binding pocket of the 

enzyme MASP-2 was generated using LigPlot+ [160]. The residue interaction network was 

elaborated from the input of the PDB file containing MASP-2-CCP2-SP and residues Ser437-Arg444 

in the activation peptide present in product MASP-2 symmetry mate.  
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The enzyme-product interface details were generated from the buried surface area (BSA) 

calculations based on finite element analysis performed by PDBePISA v1.52 [161]. The structure 

analysis was performed from the input of the coordinate PDB file of the solved MASP-2-CCP2-

SP crystal structure. 

Results and discussion 

The MASP-2 domain truncation mutant (MASP-2-CCP2-SP) containing the serine 

protease (SP) and complement control protein 2 (CCP2) domains was recombinantly expressed 

and purified to stably maintain the catalytic structure and function of the protein for enzymatic 

activity/inhibitory studies and X-ray crystallographic experiments for small-molecule inhibitor 

development. Size-exclusion chromatography, SDS-PAGE gels, and enzyme activity assays 

validated that the MASP-2-CCP2-SP mutant forms a monomer during purification and both 

refolded properly and retained proteolytic activity against native substates, complement 

components C4 and C2, and synthetic substate Z-Gly-Arg-S-Bzl.  
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FIGURE 9. Structure of crystallized MASP-2-CCP2-SP enzyme. The C-terminal serine 

protease domain holds the protease’s catalytic activity. Active site residues containing the catalytic 

residues His483, Asp532, and Ser633 are labeled.  

 

The enzyme MASP-2-CCP2-SP crystal was solved by molecular replacement and refined 

to 1.6 Å resolution with a final Rwork and Rfree  of 18.2% and 19.5%, respectively (Fig. 9). These 

values represent measures for assessing model quality of the structure based on model-to-

crystallographic data agreement, where a random set of values will yield an R-value of 

approximately 0.63, the perfect fit will have a value of 0, and most high-quality structures available 

will have values of approximately 0.20 [162]. MASP-2 is one of few enzymes capable of in vitro 

autoactivation without necessitation of extrinsic cleavage factors [80,151]. As such, during the 

autoactivation process, a temporary dimer is formed between the two catalytic serine protease 

domains of the active enzyme and the zymogen structure that results in the release of the newly 

activated zymogen-to-enzyme leaving product [80]. The autoactivation reaction of MASP-2 

undergoes the same events that define the catalytic cycle of serine proteases, in which tetrahedral 

and acyl-enzyme intermediates are formed during proteolysis [84,163]. The crystal structure 

produced an enzyme-product complex with a MASP-2-CCP2-SP symmetry mate within the 

crystallographic asymmetric unit, allowing for a more detailed study of the binding interface 

between molecules. Within this complex, the cleaved scissile loop of the product MASP-2-CCP2-

SP was bound within the active site of the enzymatic MASP-2-CCP2-SP. This captured binding 

event resembles the final steps in proteolysis characterized by serine proteases preceding the 

release of the product acyl-enzyme intermediate and subsequent active site regeneration [163], 

which is also representative of the MASP-2 autoactivation process (Fig. 10) [80].  
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FIGURE 10. Enzyme-product complex formed between MASP-2 and symmetry mate. 

 

Proteolytic cleavage at the P1 arginine, Arg444, of the zymogen activation loop by the active 

enzyme molecule allows for subsequent conformational changes within the zymogen structure that 

results in formation of the S1 site and oxyanion hole allowing for activation of the protein and 

generation of the product molecule [163–165], as observed in the EP structure. Closer structural 

analysis of the interactions that form between the cleaved scissile loop and substrate-binding 

pocket generated using LigPlot+ [160] reveal that the P6-P1 amino acid residues, Arg439-Arg444, 

of the product molecule form several contacts via hydrogen bond formation within the substrate 

binding groove of the enzyme (Fig. 11). The charged, basic side chain of the P1 Arg444 forms a salt 

bridge and hydrogen bonds with specificity-determinant, S1 Asp627, as well as hydrogen and 

hydrophobic bonds with loop 2 residues making up the S1 pocket (Gly656, Ser657, enzyme). The 

carboxy group of the P1 Arg444 also forms hydrogen and hydrophobic interactions with amino acid 

Activation peptide 
S437-R444 
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residues comprising loop 1 (Ser628, Cys629, Arg630, Gly631, Ser633, enzyme) and a hydrogen bond 

with His483 of the catalytic triad (enzyme). P2, P3, and P5 residues form hydrogen bonds with 

residues found within loop 2 and P4 Thr441 is hydrogen-bonded to Tyr607 of loop 1 (enzyme). 

 

Figure 11. Two-dimensional interaction map of activation peptide with -nitrogen and -

carboxylate residues of substrate binding pocket. P1-6 residues are represented as purple sticks, 

whereas S1-6 residues are shown as yellow sticks. Carbon (black), oxygen (red), and nitrogen 

(blue) atoms are represented as spheres. The green dashed lines labeled with distance (Å) represent 

hydrogen bonds. The red semicircles with bristles represent hydrophobic interactions. Figure 

generated using LigPlot. Inset shows surface representation of substrate-binding pocket in cyan 

with insertion of P1 Arg444 of activation peptide as purple stick representation.  

 

Comprehensive studies of the catalytic triad of serine proteases, typified as containing an 

Asp-His-Ser within the active site, have shown significant and conserved structural rigidity of 

those residues as required for substrate proteolysis [166]. The catalytic mechanism entails the 
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nucleophilic attack by the hydroxyl group of the catalytic serine (S1) on the carbonyl carbon (P1) 

atom of the substrate peptide bond. This step results in the formation of a tetrahedral intermediate, 

which proceeds into an acyl-enzyme intermediate upon the termination of the carbon-nitrogen 

bond. The acyl-enzyme intermediate undergoes hydrolysis so that the free hydroxyl group of the 

catalytic serine is regenerated during deacylation, and the product released (Fig. 12) [83,165,166]. 

The crystallized EP complex captures the final stages of this process in which the product/activated 

MASP-2 is poised for release from the enzyme active site [165]. During this stepwise process of 

proteolysis or autocatalytic activation, the catalytic serine plays pivotal dual roles in not only 

enacting the nucleophilic attack but also in stabilizing the charge distribution of the catalytic triad 

required for the formation of the oxyanion hole, particularly the catalytic histidine that serves as 

both general acid and base in this reaction [166].  

  

 

 

 

 

 

 

FIGURE 12. Residues that form the catalytic triad found in serine proteases. 
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To perform these dual functions, it has been proposed through previously described crystal 

structures of a number of serine proteases in both unliganded (bacterial α-lytic protease, PDB entry 

1SSX; porcine elastase, PDB entry 1QNJ; Fusarium oxysporum trypsin, PDB entry 1XVO; 

Streptomyces griseus trypsin (SGT), PDB entries 1OS8 and 4M7G [167–170]) and liganded states 

(bovine trypsin, PDB entries 3UNR, 4I8H, 1BTZ, 2AGE [165,171,172]) and through analyses of 

the geometry of the catalytic residues [170], that while the catalytic histidine, aspartate, and waters 

near the catalytic histidine remain in conserved or homologous positions, the γ-oxygen of the 

catalytic serine can be observed in two conformations [170]. These serine conformers have been 

shown to be dependent upon the unliganded or deacylated state in which the serine is positioned 

to minimize the hydrogen bond distance of 2.8 Å between the serine γ-oxygen and the ε1-carbon 

of catalytic histidine in order to stabilize the charge distribution. This acts to further open the 

substrate binding fold to accommodate substrate binding and is named conformation A. The 

alternate conformation is shown to be reliant on the presence of substrate with which it will interact 

to generate an acylated state, named conformation B, wherein the catalytic serine is turned facing 

into the active site [170].  

The high resolution of the MASP-2 EP structure allowed for visualization of the two 

conformers of the catalytic serine, wherein the major conformer of Ser633B, has an occupancy of 

60%, is hydrogen bonded within 3.1 Å to the substrate Arg444 and is observed facing into the active 

site. The minor conformer of Ser633A has an occupancy of 40% and is hydrogen-bonded within 3.5 

Å to the catalytic His433 while facing away from the active site (Fig. 13C). Dual conformations of 

the catalytic serine in model serine proteases using synthetic ligands have been previously shown 

[170]; however, a physiologically relevant structure of enzyme-substrate or enzyme-product 

presenting two serine conformers as a static capture of autoactivation has not hitherto been shown. 
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The MASP-2-CCP2-SP structure, PDB entry 1Q3X, contains two copies of the enzyme in the 

asymmetric unit, however, electron density maps indicate but a single conformation of the Ser633 

in the unliganded- or conformation A state (Fig. 13A, B). 

 

FIGURE 13. Electron-density representation of the MASP-2-CCP2-SP catalytic triad. A) 2Fo 

− Fc electron-density maps of residues Ser633, Asp582, His483 of PDB entry 1Q3X show a single 

catalytic serine conformer, Ser633A. The asymmetric unit possesses two copies of the enzyme, 

represented as chain A and chain B. The stick representation of the catalytic residues in chain A 

are shown in cyan. B) The catalytic triad of chain B is represented by orange sticks. C) The 1.6 Å 

MASP-2-CCP2-SP EP complex structure reveals high resolution electron density maps, 

demonstrating conformational flexibility of the catalytic serine, wherein Ser633 is present in both 

conformation A and B. The catalytic residues of the enzyme are shown as yellow sticks, and the 

P1 Arg444 shown as purple sticks. Hydrogen bonds are represented by green dashed lines.  

 

Furthermore, earlier proposed mechanisms of autoactivation have used molecular 

modeling approaches to guide analyses of the binding interface that forms between the crystal 
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structures of MASP-2 enzyme and zymogen structure, forming the enzyme-substrate (ES) 

complex [80]. Analysis of the EP complex interface results in a buried surface area of 728.9 Å2 

resulting from 25 product and 24 enzyme residues involved in the formation of the interface, as 

determined by structural analysis of the BSA by PDBePISA [161]. The orientation of the two 

protein structures proposed for the ES complex differs from what is observed in the 1.6 Å crystal 

structure of MASP-2-CCP2-SP EP complex, revealing previously unknown solvent-exposed 

amino acids that form the basis of the contact residues of the enzyme-product interface (Table 2). 

Structural alignment of the EP complex formed by MASP-2-CCP2-SP with the C1r-CCP2-SP EP 

complex, PDB entry 1MD8, shows a conserved interface between the two serine proteases that 

provides further support for this mechanism of autoactivation (Fig. 14).  

 

FIGURE 14. MASP-2-CCP2-SP enzyme-product structure aligned and superimposed on 

classical pathway initiating serine protease, C1r-CCP2-SP (PDB:1MD8), enzyme-product 

complex. The activation peptides of both protein products are positioned within the substrate-

binding pocket of their respective enzymes. The structural features and enzyme-product interface 

of both MASP-2 and C1r are well conserved. MASP-2 is shown as a green ribbon structure and 
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its activation peptide in purple. C1r is represented by a blue-ribbon structure and its activation 

peptide shown in red.  

 

CHAIN A 

 

CHAIN B 

 464(GLY) 623(SER) 
465(GLY) 622(GLU) 
466(THR) 621(LEU) 
467(THR) 591(PRO) 
487(GLU) 567(ILE) 
488(GLN) 589(ASP) 
491(ASP) 626(LYS) 
504(ARG) 565(ASP) 
525(HIS) 624(GLY) 
526(ASP) 625(GLY) 
575(LEU) 449(GLN) 
579(GLY) 447(GLY) 
580(PHE) 566(ASP) 
581(LEU) 642(SER) 
630(ARG) 561(PHE) 
658(MET) 560(SER) 
659(ASN) 563(ARG) 
662(GLU) 564(THR) 
 647(TRP) 
 640(LEU) 
 569(THR) 
 645(GLU) 

TABLE 2. Contact residues present at the interface between the enzyme and product.  

 

The MASP-2-CCP2-SP EP crystal structure revealed novel structural insights into the 

mechanisms of MASP-2 autoactivation through the in vitro formation and static capture of an EP 

complex. Detailed analyses into the binding interactions that occur between the cleaved scissile 



56 
 

loop of the product and the active site of the enzyme allow mapping of the key interactions that 

provide molecular clues  for self-association in autoactivating enzymes. Additionally, high 

resolution electron density maps of the active site revealed dual conformers of the catalytic serine 

not previously captured by X-ray crystallography in biologically derived protein-protein 

complexes. Autoactivation modeled using molecular dynamics simulations have been formerly 

used to describe the MASP-2 ES complex interface as one mode of autoactivation [80]. The 

structure of the MASP-2 EP complex provides an additional model for which to describe 

complement autoactivation. Comparisons with structurally and functionally homologous 

complement serine protease C1r captured in an EP complex demonstrate a conserved interface 

present during autoactivation that aligns with our observations. The structural details herein 

derived from the MASP-2-CCP2-SP EP complex provide additional insights into the dynamic 

nature of complement proteases further providing a more in-depth understanding of the molecular 

underpinnings of serine protease autoactivation.



 

 

CHAPTER 3: Identification of Novel C1r-Binding Small-Molecule Inhibitors of the Classical 

Complement Pathway Using Fragment-Based Drug Discovery 

Abstract: The initiating protease of the complement classical pathway, C1r, represents an 

upstream and pathway-specific intervention point for complement-related autoimmune and 

inflammatory diseases. Yet, C1r-targeted therapeutic development is currently underrepresented 

relative to other complement targets.  In this study, we developed a fragment-based drug 

discovery approach using surface plasmon resonance (SPR) and molecular modeling to identify 

and characterize novel C1r-binding small-molecule fragments. SPR was used to screen a 2,000-

compound fragment library for binding to human C1r. This led to the identification of 24 

compounds that bound C1r with equilibrium dissociation constants ranging between 180 – 1,700 

µM. Two fragments, termed CMP-1611 and CMP-1696, directly inhibited classical pathway-

specific complement activation in a dose-dependent manner (Fig. 15). CMP-1611 was selective 

for classical pathway inhibition, while CMP-1696 also blocked the lectin pathway but not the 

alternative pathway. Direct binding experiments mapped the CMP-1696 binding site to the serine 

protease domain of C1r and molecular docking and molecular dynamics studies, combined with 

C1r autoactivation assays, suggest that CMP-1696 binds within the C1r active site. Additional 

structural modification to generate structurally similar analogs validated computationally derived 

structure-activity relationship data. The group of structurally distinct fragments identified here, 

along with the structure-activity relationship profiling of two lead fragments, form the basis for 

future development of novel high-affinity C1r-binding, classical pathway-specific, small-

molecule complement inhibitors. 
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FIGURE 15. Schematic diagram showing hit-to-lead generation to identify CMP-1696. 

Beginning with an initial library of 2,000 compounds, SPR binding screens served as a platform 

for eliminating all but 95 compounds for additional evaluation. Using molecular docking 

techniques, 24 compounds were selected for characterization in a number of biofunctional assays, 

in which two were selected for having the most favorable bioactivity against target C1r. Molecular 

dynamics simulations elucidated the SAR data for single compound, CMP-1696, allowing for the 

synthesis and characterization of analogs.   

 

Introduction 

The developmental landscape of anti-complement therapies is now robust and includes many 

drugs in preclinical and clinical stages [55,87,173]. Two complement drugs, C1 esterase inhibitor 

(C1-INH) and the anti-C5 antibody drug eculizumab/Soliris, have reached the market, although 

C1-INH is FDA-approved for an indication not primarily mediated by complement (hereditary 
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angioedema (HAE)). Eculizumab/Soliris has now gained FDA-approval for use in in paroxysmal 

nocturnal hemoglobinuria (PNH), atypical hemolytic uremic syndrome (aHUS), and refractory 

generalized myasthenia gravis (gMG)) [87,173,174]. Importantly, both drugs are also being 

evaluated in clinical trials for other complement-related diseases [87,173,174]. Eculizumab and 

C1-INH are joined by dozens of new complement-directed drugs that include small molecules, 

antibodies, biologics, peptides, and nucleotide-based therapies for the treatment of numerous 

complement-related diseases, such as aHUS, complement 3 glomerulopathy (C3G), PNH, 

antibody-mediated rejection, IgA nephropathy, age-related macular degeneration (AMD) and 

many others [87,173,174]. 

Among the proteins that comprise the complement system are a small set of serine proteases 

with highly restricted substrate specificity. These include the initiating proteases of the alternative 

pathway (i.e., MASP-3/factor D), lectin pathway (i.e., MASP-1), and the classical pathway (i.e., 

C1r).  Due to their far upstream position, initiating proteases represent a promising complement 

intervention point. Targeting complement at the level of MASP-1 or C1r provides a second 

advantage due to the potential of providing a pathway-specific blockade. While factor D-mediated 

formation of alternative pathway C3 convertases (i.e., C3bBb) amplifies all three pathways (Figure 

1A), MASP-1 and C1r activities are specific for the lectin or classical pathways, respectively. 

Thus, selective inhibition of MASP-1 or C1r may be ideal in a disease setting where 

pathophysiological activation of complement is specific to the lectin pathway (LP) or classical 

pathway (CP), as it would theoretically leave two activation pathways available for immune 

surveillance. Furthermore, proteases are regarded as highly druggable targets with some estimates 

placing them as targets in 5-10% of all drug development [123]. Not surprisingly, proteases of the 

complement system have garnered attention as therapeutic targets [87,173–175]. However, to date 
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there has been no significant pharmaceutical development of inhibitors specifically directed 

towards MASP-1 or C1r. In this regard, C1r is particularly attractive as inappropriate classical 

pathway activation is implicated in an increasing number of diseases, including HIT [176], 

neuromyelitis optica [177], bullous pemphigoid [178,179], and autoimmune hemolytic anemias 

[180], among others. The classical pathway has also been shown to play causal roles in mouse 

models of Alzheimer’s disease [181] and has been genetically linked to other neurological 

disorders, such as schizophrenia [182].  

A common challenge for the development of drugs that target serine proteases like C1r, 

especially with small molecules, is addressing specificity. Interestingly, the role of C1r as the 

initiator protease of the classical pathway requires the molecular context of the C1 complex. 

Furthermore, its physiological autoactivation and subsequent catalytic activity on C1s proenzyme 

involves a precise set of coordinated intramolecular events within the C1 complex (i.e. C1qC1r2s2) 

[183–185]. For example, C1r is autoactivated only when C1q binds to immune complexes or 

activating non-antibody ligands, which is then followed by C1r cleavage of C1s into its active 

form. C1r is positioned in the C1 complex via intermolecular contacts with both C1q and C1s 

[186,187] and disruption or displacement of C1r from C1 has been described as a complement 

evasion strategy employed by human microbial pathogens [62].  Therefore, we hypothesized that 

along with orthosteric C1r-binding inhibitors, small molecules that target C1r at sites required for 

C1 complex stability could lead to the development of highly selective classical pathway 

inhibitors.  

With these considerations in mind and with the long-term goal of producing a highly specific 

small-molecule C1 inhibitor, we report here the results of a C1r-targeted fragment-based drug 

discovery (FBDD) campaign (Fig. 15). FBDD employs compound screening libraries of very low 
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molecular weight small-molecule fragments ≤ 300 Da [115,188,189]. Fragment screening offers 

vastly increased hit rates and allows more efficient sampling of chemical space relative to 

traditional high throughput screening of large elaborated compound libraries [115,188,189]. While 

fragment-based hits are most often characterized by low-affinity binders with equilibrium 

dissociation constants (KD) and half-maximal inhibitory concentrations (IC50) ≥ 100 µM, their 

small starting size gives greater flexibility during compound optimization stages [115,188,189]. 

Our FBDD campaign ultimately yielded 24 small-molecule fragments that reversibly bind full-

length human C1r with affinities that ranged from 180 µM to 1,700 µM. Four of these C1r-binding 

fragments had direct inhibitory activity in serum-based classical pathway activation assays. We 

selected two lead fragments, termed CMP-1611 and CMP-1696, and carried out detailed structure-

function analysis which showed that these two compounds differ in their selectivity profile and 

possibly in their mechanisms of action.  The discovery here of structurally distinct classes of C1r-

binding fragments represents a significant step forward in the development of novel small-

molecule inhibitors of the classical pathway.  

Materials and Methods  

Recombinant expression, purification, and refolding of C1r-domain truncations 

 Purified C1r and C1r proenzyme were purchased from Complement Technology. 

Recombinant C1r-domain truncations were produced by sub-cloning an Escherichia coli codon-

optimized synthetic oligonucleotide (IDT Technologies) flanked with a 5’ BamHI site, a 3’ NotI 

site and a stop codon into the pT7HMT vector [190]. The C1r-CUB1 construct corresponds to 

amino acid residues 18-141, whereas the C1r-CCP2-SP construct corresponds to C1r residues 307-

705 (UNIPROT numbering: #P00736). C1r-domain truncations were purified under denaturing 
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conditions using previously published protocols with some modifications [63,191]. Plasmids were 

transformed into E. coli BL21 (DE3) and cells were grown to an optical density of 0.6-0.8 OD600 

at 37°C in Terrific Broth supplemented with kanamycin. Cultures were then induced overnight 

with isopropyl β-D-thiogalactoside and cells were collected by spinning for 10 min at 4000 x g. 

Supernatants were discarded and resuspended in 100 mL of lysis buffer (6 M guanidine HCl, 100 

mM Tris pH 8.0, 10 mM imidazole) for 30 min and clarified by centrifugation for 30 min at 16000 

x g. Nickel NTA beads (GoldBio) (5 mL column volume) were washed with 25 mL of denaturing 

binding buffer (8 M urea, 500 mM NaCl, 20 mM sodium phosphate pH 6.0, 10 mM imidazole). 

Samples were then passed over columns at a flow rate of 1-2 drops per second and afterwards 

washed with another 25 mL of denaturing binding buffer. Samples were eluted with 5 mL of 

denaturing elution buffer (8 M urea, 500 mM sodium chloride, 20 mM sodium phosphate pH 6.0, 

200 mM imidazole) and then rapidly diluted 1:10 into refold buffer containing 50 mM Tris pH 8.3, 

3 mM reduced glutathione, 1 mM oxidized glutathione, 5 mM ethylenediaminetetraacetic acid 

(EDTA), 500 mM arginine. The next day, samples were dialyzed twice for four hours at 25°C 

against 2 L of 50 mM Tris-HCl pH 7.4, 145 mM NaCl and concentrated to less than 12 mL using 

10 kDa molecular weight cutoff ultracentrifugation filters (Millipore). Refolded protein was then 

purified using an ÄKTA pure Fast Pressure Liquid Chromatograph (FPLC, GE Healthcare) 

connected to a HiLoad 26/600 Superdex 75 pg column previously equilibrated in 200 mM sodium 

chloride and 20 mM Tris pH 8.0. For purification of C1r-CUB1, 5 mM CaCl2 was added to all 

native buffers. Fractions were evaluated by SDS-PAGE and those containing the C1r truncation 

mutant were pooled. To remove affinity tags, tobacco etch virus (TEV) enzyme (previously 

activated with 1 mM DTT) was incubated with pooled refolded protein overnight at 25°C. FPLC 

nickel affinity chromatography was carried out the following day and the unbound fraction was 
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collected, concentrated by ultracentrifugation, buffer exchanged into 20 mM HEPES, 140 mM 

NaCl, aliquoted, and stored at -80°C until use. Sequence alignments were performed with EMBL-

EBI Clustal Omega [192]. 

Compound library 

 Small-molecule compounds were obtained from ChemDiv Inc. All compounds were 

received in pre-weighed vials as powder, dissolved in dimethyl sulfoxide (DMSO) (GoldBio) to a 

final concentration of 10 mM and stored at -20 °C.  Representations of compounds were prepared 

using ChemDraw Prime 19.1 (Perkin Elmer). Structural comparisons of compounds were carried 

out with the ChemMine software suite [193]. Hierarchical clustering using a single linkage was 

used to generate a distance matrix using Cluster, and atom pair Tanimoto coefficients [194,195] 

were calculated using the Similarity Workbench.  

Surface plasmon resonance 

 All SPR experiments were carried out using a Biacore T200 (GE Healthcare) at 25°C. For 

all experiments, a running buffer (HBS-T) of 20 mM HEPES, 140 mM NaCl, 0.005% (v/v) Tween-

20, 5% DMSO (v/v) was used. For each experiment, DMSO calibration curves ranging from 4 to 

5.5% DMSO (v/v) were collected at the beginning, end, and every 50 cycles throughout the 

duration of the experiment. All experiments were performed using HC1500M sensor chips 

(Xantec). In total, 10 sensor chips and 16 ligand immobilized surfaces were created over the course 

of this study (detailed in Supplementary Table 1). In all cases, C1r proteins were immobilized onto 

chip surfaces using amine-coupling chemistry with 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide) (EDC), N-hydroxysuccinimide (NHS), followed by ethanolamine. Briefly, 100 mM 

of EDC and NHS were mixed and injected to activate the chip surface followed by the C1r protein 
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ligand captured at a defined resonance unit (RU) level, followed by reaction quenching with 100 

mM ethanolamine pH 8.5. Flow cell 1 was always used as a reference cell (no ligand), unless 

otherwise noted. All sensorgrams were reference and blank subtracted and analyzed using T200 

Evaluation Software (GE Healthcare). 

 Initial SPR screening 

 Using 96-well plates, 5 µL of each of the 2,000 fragment compounds were diluted with 95 

µL of 1.05x HBS-T. This provided individual 500 µM solutions of each compound with a final 

DMSO concentration of 5% (v/v) to match the running buffer. All compounds were first visually 

inspected for solubility in running buffer, and insoluble compounds were not included in the 

subsequent “clean screen.” To determine if compounds nonspecifically interacted with the chip 

surface, a “clean screen” was performed using a single flowcell on an uncoupled HC1500M. 

Compounds which exhibited > 5.0 RU of residual binding at 10 s post injection were removed 

from the subsequent screen. Approximately 1,600 compounds passed this selection criteria. These 

compounds were then screened at 500 µM for binding to full-length C1r enzyme immobilized at 

high density. Baseline noise was accounted for using T200 evaluation software. A theoretical 

maximal binding signal (Rmax) was calculated using the equation Rmax = (C1r immobilization level 

(RU) x (mol. wt. compound / mol. wt. C1r) * n), where the C1r immobilization for each surface 

used, mol. wt. C1r = 92,000 Da, and n is the binding stoichiometry, assumed here to be 1.  

Compounds were considered as hits if all the following criteria were met: i) injections fell within 

the DMSO calibration curve, ii) did not exhibit > 5.0 RU of residual binding to the reference 

surface, iii) did not exhibit abnormal sensorgram shape, and iv) did not exhibit superstoichiometric 

binding [196].  
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Evaluation of dose-dependent binding by SPR 

 To further evaluate hit compounds from the initial SPR screen, dose-dependent SPR 

binding assays were carried out. Three replicate flow cells were used containing both low and high 

immobilization densities of C1r. Hit compounds were tested for dose-dependent binding to full-

length C1r using a compound concentration range of 7.8 to 500 µM. T200 evaluation software was 

used to calculate steady-state affinities for each compound by fitting sensorgrams from each 

variable concentration injection dataset using a 1:1 Langmuir model of interaction constrained by 

a theoretical experimental binding response based on the mol. wt. of each compound and derived 

as stated above. KD values are reported as the mean ± the standard deviation from at least three 

independent measurements. 

Complement Inhibition Assay 

 To carry out classical pathway ELISA-based inhibition assays, IgM was dissolved in 

coating buffer (100 mM Na2CO3/NaHCO3, pH 9.6) to a final concentration of 3 µg/mL and was 

dispensed into 96-well plates at 100 µL per well. Mannan was dissolved to 2 µg/mL and 

lipopolysaccharides (LPS) dissolved to 10 µg/mL in coating buffer for use in lectin and alternative 

pathway inhibition assays, respectively. Immobilization was allowed to proceed overnight at 25°C. 

The immobilization reagent was then removed, followed by three washes in washing buffer (50 

mM Tris pH 8.0, 200 mM NaCl, 0.05% (v/v) Tween-20), and blocked using 100 µL of 1% (w/v) 

bovine serum albumin in PBS-T for 1 hour at 37°C. Blocking buffer was removed and plates were 

washed three times in washing buffer. Next, 500 µM of each compound, 5% (v/v) DMSO, and 1% 

(v/v) normal human serum (Innovative Research) (final concentrations) were dissolved in 

classical/lectin pathway ELISA buffer (20 mM HEPES (pH 7.3), 0.1% (w/v) gelatin, 140 mM 
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NaCl, 2 mM CaCl2, 0.5 mM MgCl2) and added to the IgM-coated plate for 1 hour at 37°C. For the 

lectin pathway-specific ELISAs shown in Figure 17B, we used C1q-depleted serum from 

CompTech at 2% (v/v) and thus the classical pathway assays for this analysis were also performed 

using serum from CompTech at 2% (v/v). For the alternative pathway, 20% (v/v) normal human 

serum (CompTech) (final concentration) and alternative pathway ELISA buffer (20mM HEPES, 

(pH 7.5), 0.1% (w/v) gelatin, 140 mM NaCl, 2 mM CaCl2, 0.5 mM MgCl2) were used in place of 

classical/lectin pathway ELISA buffer. Plates were then washed three times in wash buffer and 

each well was filled with 100 µL of α-C4 (HYB 162-02, Santa Cruz Biotechnology) diluted 1:300 

for classical and lectin pathway assays and 100 µL of C3b (WM-1,  Sigma) diluted 1:300 for 

alternative pathway assays. Plates were again incubated at 37°C for 1 hour, washed three times, 

filled with 100 µL of HRP-conjugated goat-α-mouse secondary antibody (diluted 1:3000) (Thermo 

Scientific), and rocked gently for 1 hour at 25°C. After three more washes, 50 µl of substrate (1-

step Ultra TMB, Thermo Scientific) was added to each well and rocked for 15 minutes in the dark 

at 25°C. The reaction was stopped with 50 µL of 0.16 M sulfuric acid, and the plate was read at 

450 nm using an EnSight multimode plate reader (Perkin-Elmer). Each column contained a 

positive control for full complement activity (5% (v/v) blank DMSO with 1% (v/v) serum) and a 

negative control for no complement activity (5% (v/v) blank DMSO and no serum). Positive 

controls (1% (v/v) serum, no inhibitor) were defined as 100% C4b or C3b signal whereas negative 

controls (no serum) were defined as 0% C4b or C3b signal for each column. Compounds that 

inhibited complement deposition relative to the control were then evaluated using the same assay 

setup across a two-fold variable concentration series for each compound (7.8 to 500 µM). These 

data were used to obtain a half maximal inhibitory concentration (IC50) by fitting dose-response 
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curves using inhibitor vs. response models in GraphPad Prism 8. All experiments were performed 

no less than three times.  

X-ray crystallography 

Using a 3K MWCO spin filter, C1r-CCP2-SP was spun at 13,000 x g for 5 minutes 

to concentrate the sample volume down to 100 – 200 µL and a final concentration of at 

least 3 mg/mL, after correcting for the extinction coefficient. The protein solution was 

pipetted in a crystal sample tube and with the lead compound and dispensed onto the tray at 

a 1:1 mix of protein to mother liquor in the top well and a mix of 2:1 in the bottom well. 

Crystals were grown in 0.2 M magnesium chloride hexahydrate, 0.1 M Tris hydrochloride, 

pH 8.5, 30% w/v polyethylene glycol 4,000. Crystals were harvested and cryoprotected 

with supplementation of 5% glycerol to the precipitant solution. Crystals in this condition 

grew in the space group P 2 21 21 with one copy of the C1r-CCP2-SP molecule in the 

asymmetric unit; however, no inhibitor was present (Fig. 16). 
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FIGURE 16. C1r-CCP2-SP crystals grown in conditions from the Hampton crystal screen. 

Molecular Docking 

Compound structures in 2D SDF formatted images were converted to 3D MOL2 formatted 

files using OpenBabel v 2.4.1 [197].  MOL2 formatted files were then converted to PDBQT file 

format using the prepare_ligand.py script from AutoDockTools1.5.6 [198].  Protein structure files 

for the N-terminal portion of C1r (CUB1-EGF-CUB2; PDB: 6F39) and the C-terminal region of 

C1r (CCP1-CCP2-SP; PDB: 1GPZ) were prepared for docking by removing water molecules and 

adding hydrogens using AutoDockTools1.5.6 before generating protein structure PDBQT files.  

Binding boxes for molecular docking were designed to encompass the entirety of the protein 

structures.  Coordinates for the center (x,y,z) and size (x,y,z in Å) of target boxes are; N-terminal 
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region of C1r: center (135, 100, 40), size (82, 62, 92), and C-terminal region of C1r: (55, 10, 33), 

size (98, 70, 66).  Molecular docking was then performed using AutoDock Vina 1.1.2 [46] and as 

detailed previously [199].  Nine poses for each compound were collected and included in the full 

dataset. Molecular docking of CMP-1696 onto the C1r-CCP2-SP crystal structure was performed 

using PDB:1MD8. A grid box encompassing only the SP domains of the receptor were chosen 

with center (26, -2, 12) and a box length of (40, 44, 38). Molecular docking was then performed 

with Vina executable embedded with PyRx v0.9.8 [200] resulting in 9 binding poses for each 

compound. All representations of protein structures were prepared using PyMOL Molecular 

Graphics System, Version 2.0 Schrödinger, LLC (www.pymol.org/). 

C1r proenzyme activation assay 

 Individual stock solutions of 1 mM of Z-Gly-Arg-sBzl (MP Biomedicals) and 5,5′-

Dithiobis(2-nitrobenzoic acid) (DTNB) (Sigma-Aldrich) were made by dissolving powder in 

DMSO to give 10 mM stocks of each compound, which were then diluted to 1 mM in assay buffer 

(20 mM HEPES pH 7.3, 140 mM NaCl, 0.005% (v/v) Tween-20, 2 mM CaCl2). In 96-well plates, 

5 µL of 100 mM compound stocks (in DMSO) were added into wells in triplicate along with 25 

µL of 8.1 nM proenzyme C1r (stored over ice until use). To these wells, 5 µL of 1 mM DTNB and 

5 µL of 1 mM Z-Gly-Arg-sBzl were added simultaneously. Another 10 µL of assay buffer were 

added to each well to give a total reaction volume of 50 µL. Reactions were carried out at 37°C. 

Plates were read at 450 nm using an EnSight multimode plate reader (Perkin-Elmer) and the 

reaction progress was tracked for 1 hour.  

Molecular Dynamics  



70 
 

Molecular dynamics simulation of C1r-CCP2-SP/CMP-1696 binding were performed with 

Gromacs 2019.3 [201]. For C1r simulation, the high-resolution crystal structure with PDB 

code:1MD8 was used and missing residues were built using Coot v0.8.9.2 [202]. Simulations of 

the nine top poses from the CMP-1696 docking onto C1r-CCP2-SP were performed at 300K for a 

duration of 10 ns, while pose 1 was eventually carried out to 50 ns. The topology files for the 

receptors were prepared with Gromos 43a1 united atom force field, while that of compound CMP-

1696 was built using the PRODRG server [203]. The protein-ligand complex system was then 

solvated in a dodecahedron box with dimensions of 49.9 Å, 46.6 Å, 76.4 Å with TIP3P model 

waters (26,734 water molecules) using periodic boundary conditions of 10 Å from the edge of the 

solvation box. The system was charge neutralized by replacing eight Na+ ions in place of TIP3P 

water molecules. Bond lengths were constrained by the LINCS algorithm [204] and all long-range 

electrostatics were determined using the smooth Particle Mesh Ewald (PME) method [205]. 

Energy minimization was performed with the steepest descent algorithm until convergence (~1000 

steps). Temperature equilibration was conducted by the isochoric-isothermal NVT ensemble 

(constant Number of particles, Volume, Temperature) with a Berendsen thermostat [206] for 100 

ps. The system was then subjected to pressure equilibration in the NPT ensemble (constant Number 

of particles, Pressure, and Temperature) for 100 ps using the Parrinello-Rahman protocol [207], 

maintaining a pressure of 1 bar. The top-pose of CMP-1696, which also turned out to yield the 

highest binding energy through MM/PBSA [208] energy calculations, was chosen for a production 

MD run of 50 ns with snapshots being saved at 2 ps intervals. Backbone RMSD, intra-protein 

hydrogen bonds and trajectory analyses were performed with GROMACS programs ‘gmx rms,’ 

‘gmx hbond,’ and ‘gmx trjconv.’ 
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      Binding energy calculations for the receptor-compound complex were carried out with 

g_mmpbsa program [208]. Initially, for all the docked poses, the entire simulation trajectories were 

subjected to these calculations with an interval of 100 ps, amounting to 100 snapshots. For the top 

binding pose within the 50 ns MD simulation, trajectories were sampled at 100 ps, amounting to 

500 snapshots. All components of binding energy categorized into non-polar, polar and solvent-

accessible surface area were calculated using standard protocols employed by the g_mmpbsa 

program. Error estimates for MM/PBSA calculations were performed via bootstrapping methods 

for 2000 steps according to guidelines outlined in g_mmpbsa program.  All subsequent data 

analyses were performed using in-house codes written in Fortran 90, Python and C-shell scripts.  

Statistics 

 Statistical analyses were performed using GraphPad Prism version 8. For complement 

inhibition assays, measures of statistical significance for single-dose experiments were assessed 

using unpaired Student’s t tests compared to no inhibitor controls (pathway ELISAs) or non-

binding control compounds (classical pathway ELISA).  Statistical significance was defined as p 

< 0.05. Calculation of IC50 values from dose-dependent complement assays were obtained by non-

linear regression analysis using a using an inhibitor vs. response model and with 95% confidence 

intervals reported. For non-linear regression analyses, the top and bottom of each curve were 

constrained to 100 and 0, respectively. 

Ring replacement strategy 

Ring Replacement Recommender v2002.02 was utilized to identify ring analogs derived 

from the compound structure of CMP-1696. The oxadiazole group, computationally shown to 

interact transiently with C1r residues, was selectively swapped with aromatic ring structures with 
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improved biological activity based on information mined from scientific literature. The average 

improved bioactivity improved by replacement in log10 scale is reported along with the number 

of literature references from which this data sourced. Optimized compounds were visualized in 

ChemDraw 20.1.1 and SMILES generated from the new chemical structures. Those SMILES files 

generated by Ring Replacement were used to search and select for structurally similar compounds 

using hierarchical clustering from atom pair Tanimoto coefficients that were commercially 

available through ChemDiv. 

Results 

 Small-molecule fragment library design 

This study began with the design and acquisition of a custom-selected, commercially 

synthesized 2,000-compound small-molecule library (ChemDiv Inc.). The library was composed 

of five subsets: i) 250 “2-dimensional fragments” (2D-FL), ii) 250 “3-dimensional fragments (3D-

FL), iii) 250 “serine-protease inhibitor” compounds (SPI), iv) 250 “natural product scaffolds” 

(NPB), and v) 1,000 “protein-protein interaction inhibitor” compounds (PPI). Compounds 

originating from the 2D-FL subset represent traditional small-molecule fragments ranging in size 

between 99 – 330 Da, while the 3D-FL library were fragment-sized compounds (109–372 Da) 

with increased three-dimensional character, as judged by increased sp3 hybridized carbons [209]. 

The SPI library consisted of small molecules and fragments (164–575 Da) with scaffold similarity 

to known protease inhibitors, the NPB library (221–568 Da) included compounds with scaffolds 

that share similarity to natural product-derived compounds, and the PPI library (138–580 Da) 

included compounds inspired by the chemical features of known protein-protein interaction 
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inhibitors. Collectively, these sub-libraries encompassed diverse chemical scaffolds, functional 

groups, stereochemistry, conformers, and substituent moieties. 

Initial library screening of C1r-binding by surface plasmon resonance. 

To identify compounds with non-specific binding behavior in our SPR screening platform 

and/or low solubility in aqueous SPR buffers, each compound was initially subjected to a “clean 

screen.” Compounds were first diluted to a final concentration of 500 µM in SPR running buffer. 

Compounds that were visibly insoluble at this concentration were eliminated from further testing. 

The remaining compounds were then tested for non-specific binding to a blank flowcell on an SPR 

sensor chip. Compounds were injected at 500 µM for 30 seconds and those that exhibited > 5.0 

RU residual binding signal at 10 seconds post injection were considered as non-specific binders 

and were eliminated from further testing. The remaining 1,619 compounds that passed the clean 

screen were carried forward to direct C1r-binding assays. Each compound was injected at a 

concentration of 500 µM over immobilized full-length human C1r. Injections that fell outside of 

the DMSO solvent correction curve and those that exhibited superstoichiometric binding [114] 

were eliminated from further consideration. In total, 95 compounds of the original 2,000 (4.8%) 

exhibited ≥ 60% of the theoretical maximal binding response. 

C1r-binding properties of hit compounds 

We obtained 65 hit compounds in larger quantities for further characterization. Of these, 24 

compounds bound to C1r dose-dependently and fit well to a 1:1 steady-state binding model. 

Steady-state affinities for these compounds ranged from (KD = 180 - 1,700 µM) . Clustering 

analysis revealed that nearly all 24 compounds were structurally distinct from one another, which 

was expected due to the design criterion of chemical diversity for the fragment library (see above). 



74 
 

However, we noted very high similarity between CMP-24 and CMP-202 as judged by an atom 

pair Tanimoto coefficient of 0.83 [194,195]. Likewise, compounds CMP-761 vs. CMP-981 

(Tanimoto coefficient = 0.64) and CMP-618 vs. CMP-638 (Tanimoto coefficient = 0.50) share a 

high level of similarity. 

To better understand where each fragment binds on C1r, we used molecular docking. C1r is a 

92 kDa modular serine protease composed of six sequentially arranged domains named 

Complement C1r/C1s, Uegf, Bmp1 (CUB), Epidermal Growth Factor-like (EGF), Complement 

Control Protein (CCP), and Serine Protease (SP). While a crystal structure of full-length C1r (i.e. 

CUB1-EGF-CUB2-CCP1-CCP2-SP) has not been solved, atomic resolution structures of several 

C1r-domain truncations have been reported, including the N-terminal domains (CUB1-EGF-

CUB2; PDB: 6F39) and the remaining C-terminal domains (CCP1-CCP2-SP; PDB: 1GPZ) 

[78,164,191,210,211]. 

To limit the conformational search space and to restrict the docking to experimentally derived 

structures rather than a model of C1r, we carried out two independent in silico experiments. To 

this end, each of the 24 lead compounds were docked onto the available structures of the N-

terminal half of C1r (PDB:6F39) and separately to the C-terminal half of C1r (PDB:1GPZ). In the 

N-terminal docking experiment, each compound bound to one of two pockets either on the CUB1 

domain or at the interface between CUB1-EGF. In the C-terminal docking experiment, four 

potential binding pockets were identified across all lead compounds, all of which were found on 

the C1r-SP domain. Most of the compounds bound to the S1 subsite near the C1r catalytic site. In 

general, the respective N- and C-terminal binding pockets for the top scored poses of each 

compound were similarly favorable, as judged by the calculated docking binding energies. Notable 

exceptions included CMP-4, CMP-59, and CMP-981, which have more favorable predicted 
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binding energies of ≤ -2.8 kcal/mol for the N-terminal site compared to the corresponding C-

terminal site.  

The identification of two structurally distinct C1r-binding and complement inhibitory lead 

fragments 

To determine if our lead fragments had direct inhibitory activity against the classical pathway, 

each compound was tested in a serum-based in vitro assay of complement function using 

conditions specific for classical pathway activation. Compared to a non-C1r-binding control 

compound, CMP-4, CMP-778, CMP-1611, and CMP-1696 exhibited statistically significant 

inhibitory activity when used at a single 500 µM final concentration. Two of these compounds, 

CMP-1611 and CMP-1696, behaved dose-dependently and exhibited half-maximal inhibitory 

concentrations of 480 and 670 µM, respectively (Fig. 17A). Compounds CMP-1611 and CMP-

1696 are structurally distinct from one another (Tanimoto coefficient = 0.09). CMP-1611 is 

composed of a central pyrimidine group linked to aminopiperdine and pyrrolidine rings, whereas 

CMP-1696 is composed of a central phenol group linked to an oxadiazole group on one side and 

an azetidine on the other side. Each compound is best classified as a small-molecule fragment and 

each exhibited favorable “rule-of-three” compliant physicochemical properties  (i.e., ≤ 300 Da, ≤ 

3 hydrogen bond donors, and ≤ 3 clogP) [189].  
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FIGURE 17. Selectivity and mechanistic analysis of CMP-1611 and CMP-1696. (A) Dose-

dependent inhibition by CMP-1611 and CMP-1696 in a classical pathway-specific ELISA. Data 

were fit with GraphPad Prism using non-linear regression with a log(inhibitor) vs. response model. 

For CMP-1611, an IC50 value of 660 µM with an associated 95% confidence interval of (560 – 

790 µM, n=9). For CMP-1696, an IC50 value of 520 µM with an associated 95% confidence 

interval of (410 – 680 µM, n=7) was calculated. (B) Complement pathway selectivity of CMP-

1611 and CMP-1696. Compounds were assessed for their ability to inhibit activation of 

complement via the lectin and alternative pathways using single doses of 500 µM compound in 

triplicate. To ensure only lectin pathway activation, 2% (v/v) C1q-depleted serum (CompTech) 

was used and mannan was used as the activator. To match serum sources and amounts for this 

assay, the clasical pathway assays were repeated here using serum from CompTech at 2% (v/v) 

final concentration. Alternative pathway activation assays were performed using 20% (v/v) serum 

(CompTech), alternative pathway buffers, and C3b detection (see Methods and Materials for 

details). CMP-1611 had no effect on the lectin or alternative pathway, whereas CMP-1696 blocked 

lectin but not alternative pathway activation. (C) C1r, C1r-CUB1 and C1r-CCP2-SP, were 

immobilized on an SPR sensor chip and binding responses for 500 µM CMP-1611 and CMP-1696 
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or 10 µM futhan were each injected in duplicate over all surfaces. Binding responses were 

corrected for the molecular weight of each analyte and the immobilization level and molecular 

weight of each surface ligand. Measures of statistical significance in (B) were obtained by 

comparison of vehicle control using an unpaired t-test (*p < 0.05).  

To assess selectivity of CMP-1611 and CMP-1696, we performed pathway-specific 

ELISA-based inhibition assays. Neither CMP-1611 nor CMP-1696 inhibited complement under 

conditions that selectively activate the alternative pathway, suggesting a level of specificity for the 

classical pathway that would be expected based on the C1r-binding properties of each compound 

(Fig. 17B). However, CMP-1696, but not CMP-1611, blocked lectin pathway activation at a 

similar level as it did the classical pathway (Fig. 17B). To further investigate the divergent 

selectivity profiles of CMP-1611 and CMP-1696, we first sought to clarify the binding site on C1r 

for each compound. Both compounds were predicted to bind the same pocket on the CUB1 domain 

in the N-terminal C1r molecular docking experiment. Likewise, the C-terminal docking 

experiment predicts that CMP-1611 and CMP-1696 bind within the S1 subsite of the C1r-SP 

domain. To test these predictions, we produced recombinant C1r-domain truncations that included 

the predicted N-terminal binding site (C1r-CUB1 domain) or the C-terminal site (C1r-CCP2-SP).  

On the same biosensor chip we immobilized C1r-CUB1, C1r-CCP2-SP, and full-length C1r on 

three different flowcells. We then injected each compound simultaneously over the three surfaces 

at 500 µM and measured binding responses. As a control, we also injected 10 µM 

Nafamostat/FUT-175/futhan, which is a promiscuous serine protease inhibitor previously reported 

to inhibit C1r and which is proposed to bind the active site of its serine protease targets [212]. 

Indeed, comparison of the relative binding responses showed that futhan bound C1r and C1r-

CCP2-SP similarly, whereas very little binding response was seen for the C1r-CUB1 domain (Fig. 
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17C). The domain mapping profile for CMP-1696 was similar to that of futhan, with CMP-1696 

exhibiting high binding to C1r and C1r-CCP2-SP but low binding to CUB1 (Fig. 17C). In contrast, 

CMP-1611 bound weakly to both C1r-CUB1 and C1r-CCP2-SP relative to full-length C1r (Fig. 

17C).    

C1r-binding mode of CMP-1696 

 Collectively, the data above showed that CMP-1611 is selective for classical pathway 

inhibition but that its interaction site on C1r and mechanism of action remain ambiguous. By 

contrast, an analogous set of experiments for CMP-1696 is consistent with this compound binding 

to the S1 subsite on C1r and potentially to serine proteases of the lectin pathway. In an effort to 

support future development of CMP-1696-based compounds into larger drug-like molecules that 

selectively inhibit C1r, we carried out a series of molecular docking and molecular dynamics (MD) 

simulations. Given the experimental data obtained showing that CMP-1696 binds directly to C1r-

CCP2-SP (Fig. 17C), we redocked CMP-1696 onto the available crystal structure of this region of 

C1r (PDB:1MD8) (Fig. 18A). The top nine poses for CMP-1696 bound within the S1 pocket and 

have similar calculated docking energies. Consistent with an S1 binding site on C1r, 10 mM CMP-

1696 directly inhibited the autocatalysis of C1r proenzyme (Fig. 18B).  

Identification of the correct binding pose resulting from a molecular docking experiment may 

be improved by rescoring the ensemble of poses using a combination of MD simulations and 

molecular mechanics Poisson–Boltzmann surface area (MM/PBSA) free binding energy 

calculations [213,214]. To further investigate the true CMP-1696 binding mode, we carried out 

short 10 ns MD simulations for each of the top nine scored docking poses (Fig. 18C, D) and used 

MM/PBSA to calculate free binding energies. Aside from pose 7, all CMP-1696 docking poses 
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are predicted to be energetically favorable with pose 1, ultimately agreeing with the docking 

scoring as the most favorable (Fig. 18D). This binding pose, shown in  Fig. 18E, forms hydrogen 

bonds between the CMP-1696 azetidine group and sidechain atoms of Asp648. The Asp648 residue 

in C1r is functionally important as it forms the bottom of the S1 pocket in C1r [78]. The CMP-

1696 oxadiazole group forms several hydrogen bonds including with the catalytic serine (Ser654) 

and catalytic histidine (His502) as well as with sidechain atoms of Gln651 and Thr503 (Fig. 18E). 

The interactions with Gln651 and Thr503 are notable as these residues are not conserved in either 

C1s or MASP-2 . To explore these differences further, we docked CMP-1696 onto the crystal 

structures of C1s-CCP2-SP and MASP-2-CCP2-SP. Analysis of the top scored binding pose 

predicts that CMP-1696 binds MASP-2 in a nearly identical conformation as to that observed in 

C1r-CCP2-SP involving six homologous contact residues (four identical). In contrast, the docking 

of CMP-1696 onto C1s indicates an alternative binding mode near, but not in, the S1 subsite and 

with only a single contact residue (Lys629) in a homologous position to C1r.  

To further analyze the binding mode of CMP-1696, we carried out a longer 50 ns 

simulation using docking pose 1. MM/PBSA analysis of this simulation further highlighted the 

importance of the polar interactions mentioned above in the CMP-1696/C1r interaction (Fig. 18F). 

A more detailed analysis of the simulation reveals a number of interesting features that may help 

guide the development of CMP-1696 for improved C1r affinity and specificity. From the ligand 

side of the interaction, we noted that all atoms of CMP-1696 interact with one or more protein 

atoms in ≥ 50% of the simulation with the notable exceptions of the oxygen (atom label: OAM) 

and terminal carbon (atom label: CAN) atoms on the 5-methoxymethyl subsituent of the 

oxadizaole group. These atoms form transient contacts across 14 and 21 C1r residues respectively. 

Moreover, several transient interactions were identified near this moeity that were not present in 
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the original docking pose and include Ile483, His484, Gly485, Gly487, Ala500, Pro506, Glu508, and 

His509. In contrast, the interaction of the nitrogen atom (atom label: NAR) forms an extremely 

stable interaction with the Asp648 (97% of the simulation) and stable interactions with Ala649 (84%) 

and Gly679 (53%), while forming only one transient interaction (Tyr684, 4%). Collectively, the 

results of the MD simulation suggest that modification of the oxadiazole ring may be a promising 

fragment growth strategy. 
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FIGURE 18. CMP-1696 structure activity relationship. (A) CMP-1696 was redocked onto C1r-

CCP2-SP (PDB: 1MD8, grey surface representation) and the top nine scored poses are shown. All 

CMP-1696 poses dock into the S1 subsite (cyan) near the catalytic triad (blue). (B) C1r 

autoactivation assay. C1r proenzyme undergoes time-dependent autoactivation at 37 °C. 

Autoactivation was measured using a synthetic substrate for C1r enzyme. The reaction progress of 
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vehicle control (dashed line) or in the presence of 10 mM CMP-1696 (solid line) was monitored 

for 1 hour. (C) Molecular dynamics (MD) simulations of CMP-1696/C1r-CCP2-SP. Root mean 

square deviation (RMSD) in nm for each of the CMP-1696 poses measured over the 10 ns 

molecular dynamics simulation. (D) MM/PBSA energy calculations for each pose in the 10 ns MD 

simulations indicate that pose 1 is the most energetically favorable. (E) All residues within 4.0 Å 

of CMP-1696 in pose 1 are shown using UNIPROT numbering (ID# P00736). Hydrogen bonding 

interactions are shown as dashed lines. (F) A 50 ns MD simulation was carried out for pose 1 and 

MM/PBSA was used to calculate total energy. Subcategorized energy contributions are also shown 

where vDW is van der Waals forces and SASA is solvent-accessible surface area. 

 

 The SAR data that was generated provided helpful theoretical information for which to 

move forward with compound optimization. Due to the lack of empircal binding evidence, such as 

that which could be obtained through a co-crystal structure of the compound bound within the 

substrate binding groove of C1r, we sought to validate the obtained SAR data using bioisoteric 

replacement of the oxadiazole group to generate analogs whose bioactivity could be characterized. 

In collaboration with medicinal chemists of the John Walker lab at Saint Louis University, School 

of Medicine, analogs were synethesized where the stable azetidine ring was retained and the less 

interactive oxadiazole group was replaced with chemically and structurally diverse substituent 

groups (Fig. 19A). Diversity within these newly replaced groups is essential for continuing to drive 

SAR for compound optimization. Compounds were computationally-generated using substituent 

groups readily available to expedite the process of SAR elucidation, and docked against the active 

site of C1r. We then obtained the top-scoring compounds that were synthesized for biofunctional 

assay evaluation.  
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 This first generation of analogs derived from parent compound CMP-1696 were comprised 

of seven novel small molecules that were prioritized and selected for based on their predicted 

binding affnities for C1r via molecular docking studies. The compounds were first evaluated for 

inhibition of the classical pathway utilizing a classical pathway-specific ELISA and deposition of 

C4c on the surface of the ELISA plate was measured as a representation of classical pathway 

activity. At 500 µM, four compounds displayed statistically significant inhibition of complement 

activation relative to CMP-1696. However, it is most critical to note that all compounds retained 

the ability to block the classical pathway, serving as a evidence that maintaining the azetidine ring 

is critical for competitive inhibition of the compound.   

 The two compounds with the greatest inhibition at 500 µM (32 and 29) were selected for 

evaluation of dose-dependent inhibition of the classical pathway, as well as analog 35, due to its 

structural similarity to analog 32, differing only in the replacement of a meta bond for a para bond 

at the junction of the azetidine ring and replacement group, yet significantly reduced activity 

against complement as displayed in the single-dose classical pathway ELISA. In two-fold serial 

dilutions of concentrations ranging from 500 µM to 15.6 µM, the analogs were assessed for dose-

dependent inhibition of classical pathway complement. Consistent with the previous single-dose 

ELISA results, analogs 29 and 32 performed similarly and displayed greater dose-dependent 

inhibition of complement (2229 IC50 = 601 µM, 2232 IC50 = 738 µM) than that of analog 35 (IC50 

= 3.2 mM).  

 As previously described, one of the greatest challenges in designing small-molecule 

inhibitors targeting serine proteases is compound specificity against a single target. Classical-

pathway specific ELISAs answer to pathway selectivity, however, information about which 
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complement proteins within the classical pathway are undergoing inhibition cannot be determined. 

To assess specificity for C1r over structurally similar serine ptorease C1s, we performed C1s-

mediated C2 gel cleavage assays, wherein analogs were incubated with 6.25 nM C1s at 

concentrations of 500 µM. Following incubation, C1s native substrate, C2, was introduced and the 

reaction allowed to proceed at 37 °C for one hour to ensure protease activity. The reactions were 

then halted and ran on SDS-PAGE to assess C2 cleavage by C1s. Intact C2 is indicative of C1s 

inhibition by the compound, whereas the presence of a C2b and C2a band represents C1s activity. 

Unsurprisingly, all three analogs had activity against structurally homologous C1s, though 

curiously, analog 2235, which thus far had the worst bioactivity of the three, had the greatest 

activity against C1s (Fig. 19D, E). These substantial differences in activity as seen in analogs 32 

and 35 demonstrate how small alterations in bond conformation (meta vs. para) within the structure 

of the small molecule can have profound effects on the binding interactions between inhibitor and 

target.  
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Figure 19. Activity of analogs synthesized from parent compound, CMP-1696. A) Seven 

newly synthesized compounds formed via the replacement of the unstable oxadiazole 

methoxyethane group. Compounds were selected for and synthesized post-in silico C1r-CCP2-SP 

docking screens. B) Analogs underwent evaluation via classical pathway-based ELISA at triplicate 

single 500 µM concentrations. Statistical analysis was performed with GraphPad 8.0 using 

unpaired Student’s t test, where ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. All data are presented as mean 
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± SEM. C) Compounds SLUPP-0002229 (29), SLUPP-0002232 (32), and SLUPP-0002235 (35) 

were tested for dose-dependent inhibition of classical pathway activation in a classical pathway-

specific ELISA at concentrations ranging from 500 µM – 15.6 µM. D) Additional testing was 

performed to examine inhibitor specificity by examining the ability of the compounds to block 

downstream C1s. In C1s-mediated C2 cleavage gel assays, analogs 29, 32, and 35 were tested 

alongside parent compound, CMP-1696, at 500 µM concentrations and ran on SDS-PAGE. 

Experiments were performed in triplicate. E) Bar chart represents percentage of intact C2 present, 

demonstrating C1s inhibition against C2 cleavage into fragments C2a and C2b. Statistical analysis 

was performed with GraphPad 8.0 using unpaired Student’s t test, where ∗p < 0.05, ∗∗p < 

0.01, ∗∗∗p < 0.001. All data are presented as mean ± SEM. 

 

 To gain improved insight into the binding mechanisms of these three analogs and increase 

our pool of SAR data, the John Walker lab synthesized a second generation of analogs using 

analogs 29, 32, and 35 as the new parent compounds. Analog 29 underwent chemical modification 

of the cyano group to a carbonyl group to generate second-generation analog 29-A, whereas 

analogs 32 and 35 had replacement of a methoxyl group to a hydoxyl group, designated 32-A and 

35-A, respectively (Fig. 20A). When injected in two-fold serial dilution series ranging from 125 

or 250 µM to 15.6 µM concrentations over full-length C1r, the chemical modifications resulted in 

notable changes in binding affinity, as quantified by kinetic fit analysis. Differences in top 

concentration and lack of binding data for analog 32 and 32-A were due to poor dose-response 

curves as a result of nonspecific binding to the reference surface. The bioisosteric replacement of 

the nitrile group to the cyano group in analogs 29 and 29-A resulted in a decrease in binding affinity 
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from a KD of 250.7 µM to 475 µM (Fig. 20B, C). However, when the methoxyl group was replaced 

with a hydroxyl group in analog 35 to 35-A, an increase in binding affinity was observed that 

outperformed that of analog 29, shifting from a KD of 500 µM to 172 µM (Fig. 20D, E, once more 

demonstrating that subtle chemical modifications can have acute effects on binding interactions 

taking place between target and inhibitor.  
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FIGURE 20. Additional R-group substitutions drive activity changes in analog behavior. A) 

Results from the first generation of analog synthesis, specifically from compounds 29, 32, and 35, 

were used to synthesize a second generation of analogs with additional R-group substitutions. 

Molecular docking experiments were performed to provide informational SAR data for the new 
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chemical modifications. B-E) Surface plasmon resonance was performed in which first generation 

analogs and their successive second generation analogs were injected in two-fold serially diluted 

concentrations ranging from either 125 µM or 250 µM to 15.6 mM concentrations over a sensor 

chip surface immobilized with full-length C1r to assess dose-dependent binding. Top 

immobilization densities differed based on nonspecific binding to the reference surface cell. 

Chemical modifications between structures are highlighted by red boxes with dashed line. KD 

values were calculated using kinetic fit analysis with Biacore Evaluation software and reported as 

the mean ± S.D. 

 

 To delve deeper into the mechanisms underpinning these changes in bioactivity as 

observed by SPR binding analysis, we performed molecular docking studies to examine the 

molecular interactions taking place and how they differ between analogs 35 and 35-A. To account 

for variations in binding results that may occur between algorithms used in docking software, we 

utilized both SAMSON’s ligand docking platform and LigPlot to dock against C1r-CCP2-SP 

structure, 1MD8 (Fig. 21). While analog 35 displays three hydrogen bond interactions that take 

place between heteroatoms (O1, N2, and N4) present on the compound and residues Gly468, 

Glyn634, and Asp631, found within the C1r active site (Fig. 21A, B), the second-generation analog 

35-A forms five hydrogen bond interactions with active site residues (Fig. 21C, D). Notably, three 

of those hydrogen bond formations occur on O1 of the newly replaced hydroxyl group and one on 

N4 of the retained azetidine moiety, generating theoretically stable interactions throughout the 

whole of the compound with active site residues. The single replacement of the terminal methoxyl 

group, which forms a single hydrogen bond interaction between O1 of analog 35 and Gly468, to the 

hydroxyl seen in second-generation analog 35-A, increases the hydrogen bond formation by two 
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at the newly substituted group, leading to observable increases in binding affinity (nearly three 

times greater) to active site residues found in C1r.  

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 21. R-group substitutions alter proposed H-bond network and further elucidate 

structure-activity relationship. A) Three-dimensional representation of molecular docking of 

compound 35 (black sticks) show the top binding conformation within the substrate binding groove 

of C1r (gray ribbon structure). Active site residue contacts are labeled and shown as sticks with 
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proposed hydrogen bond formation shown as blue dashed lines. B) A two dimensional 

representation of compound 35 interactions within the substrate binding groove are shown. 

Interacting protein residues are shown as yellow sticks and compound 35 is shown as a purple 

stick structure. C) The three-dimensional representation of second generation analog, compound 

35-A (black sticks), bound within the active site of C1r (gray ribbon structure) is shown. Active 

site residue contacts are labeled and shown as sticks with proposed hydrogen bond formation 

shown as blue dashed lines. D) Compound 35-A (purple sticks) binding interactions with C1r 

(yellow sticks and red crescents) shown in a two-dimensional rendering. Black spheres represent 

carbon atoms, white spheres represent hydrogen atoms, blue spheres represent nitrogen atoms, and 

red spheres represent oxygen atoms. Hydrophobic interactions are shown as red crescents with 

bristles and hydrogen bonds shown as green dashed lines. 

 

 While subtle modifications to substituent groups led to increases in hydrogen bond 

interactions and increases in binding affinity for second-generation analogs, we next wanted to 

explore the chemical space involving aromatic ring systems. Much research has gone into 

structural and chemical analysis of existing drugs available on the market today as a tenable track 

for drug optimization and design through the improvement of hydrophobic, electronic and steric 

properties to improve drug-likeness [215]. X-ray crystal structures of protein-small molecule 

complexes detail the noncovalent interactions that occur between aromatic amino acid side chains 

of the protein and/or the aromatic and heteroaromatic rings of the inhibitor [216]. Indeed, ring 

systems form the building blocks of most small-molecule drugs available on the market today 

[217], which has allowed for data mining and the identification of universal ring replacements for 

245 of the most common heterocyclic rings suggested for increased compound bioactivity [215]. 
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This Ring Replacement Recommender developed by Peter Ertl and colleagues at Novartis is a web 

tool available for researchers and medicinal chemists to explore ring replacement strategies during 

the early stages of lead optimization. Using this tool, we replaced the oxadiazole group of CMP-

1611 with aromatic ring systems with high bioactivity scores and screened the ChemDiv library 

for available compounds that were structurally similar to those that were designed by ring 

replacement using hierarchical clustering from atom pair Tanimoto coefficients. Ultimately, we 

identified four compounds that were structurally related to CMP-1696 that possessed a ring system 

in place of the oxadiazole group (Fig. 22A) to validate whether this platform for CMP-1696 lead 

optimization was a viable strategy for active site inhibition in C1r.  

 The compounds obtained from ChemDiv were designated 1696-1, 1696-2, 1696-3, and 

1696-4, with the only structural differences between them being the presence/location of 

heteroatoms in the replaced ring systems. To evaluate efficacy in inhibition of the classical 

pathway as quantified by C4c deposition, these compounds were employed in a classical pathway-

specific ELISA at single doses of 500 µM concentrations and performed in triplicate. Interestingly, 

not only did each compound retain activity, three of the four exhibited statistically significant 

improvements in pathway inhibition with 1696-1 displaying approximately twice the improvement 

in activity as compared to CMP-1696 (1696-1 exhibited approximately 60% inhibition of classical 

pathway activation as compared to roughly 30% inhibition by CMP-1696) (Fig. 22B). 

Replacement of the oxadiazole group with aromatic ring structures resulted in an increase in 
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biological activity against classical pathway activation and demonstrates an additional pathway 

for lead optimization. 
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FIGURE 22. Ring replacement of the oxadiazole group in CMP-1696 results in 

improvements in biological activity. A) Compounds commercially available in the ChemDiv 

database and structurally similar to compounds generated through the Ring Replacement 

Recommender web tool were obtained wherein the only modifications were the replacement of the 

oxadiazole group for a ring system with variances in the heteroatom placement. B) Compounds 

were evaluated for complement inhibition in single-dose classical pathway-specific ELISAs at 500 

µM concentrations. Statistical analysis comparing ring replacement analog activity to CMP-1696 

was performed with GraphPad 8.0 using unpaired Student’s t test, where ∗p < 0.05, ∗∗p < 

0.01, ∗∗∗p < 0.001. All data are presented as mean ± SEM. 

 Discussion 

The field of complement-directed therapeutics has grown considerably over the past decade, 

which is exemplified by latest estimates of over three dozen complement-targeted drugs in various 

stages of clinical development [55,87,88,173,174]. This growth has been sparked by an increased 

understanding of the relationship between complement and human diseases, along with the 

remarkable clinical successes of eculizumab/Soliris. Despite the burgeoning pipeline, drugs 

targeting the activation pathways are underrepresented, with a vast majority of current drug 

discovery efforts being devoted to targeting complement at the level of C3 or C5 [87,88]. 

Complement inhibitors that halt the cascade at the most upstream initiation steps may be ideal 

therapies for pathway specific-mediated complement conditions and impart the added advantage 

of leaving other activation pathways available for complement’s critical role as a sentinel against 

pathogens.  
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The classical pathway of complement has been implicated as a driver of several human 

diseases [177–182,218]. Development of drugs that specifically target classical pathway 

components is currently limited to recombinant and native preparations of C1-INH 

(Cinryze/Berinert/Ruconest), an anti-C1q antibody ANX005 (Annexon Biosciences) and an anti-

C1s antibody TNT009/BIVV009 (True North Therapeutics). C1-INH replacement therapy is FDA 

approved for the treatment of hereditary angioedema, a disorder not primarily driven by 

complement; however, evaluation of off-label uses for C1-INH in complement-mediated diseases 

are  ongoing [88,173]. ANX005/ANX007 is being investigated in complement-mediated 

neurodegenerative disorders, while TNT009/BIVV009 has reached phase 3 clinical trials for cold 

agglutin disease and is being evaluated in other antibody-driven complement-related conditions, 

such as bullous pemphigoid [88,173]. In sum, the current landscape of classical pathway-specific 

drug development is characterized by a limited but promising class of large proteins/antibodies in 

early clinical development for treatment of an increasing number of complement-related 

conditions.  

The mechanisms underlying the role of complement in human diseases are often complex, 

disease-specific, and in many cases, poorly understood. In some classical pathway-related 

diseases, autoantibodies activate complement via C1q/immune complex binding and cause the 

attack of healthy host tissues. In other cases, the involvement of the classical pathway may arise 

from C1q binding to disease-associated non-antibody ligands capable of activating C1 and 

initiating downstream complement activation. While the long-term goal of developing therapeutics 

is paramount, successful identification of high-affinity small-molecule inhibitors specific for C1r 

would allow complement researchers to better understand the role of the classical pathway initiator 

protease in numerous models of disease. 
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In this study, we set out to expand the classical pathway-specific therapeutic toolkit by 

targeting C1 activation at the level of C1r with small-molecule inhibitors. As the initiating protease 

of the classical pathway, C1r catalyzes the first proteolytic cleavage event and thus represents the 

most upstream enzymatic target of the pathway. While complement-directed therapeutics continue 

to be dominated by antibody-based drugs, small-molecules have recently seen two major 

breakthroughs in the successful development of factor B and factor D-specific inhibitors [219–

221]. In general, small-molecule drugs are afforded greater tissue penetrance relative to 

antibodies/biologics and can more easily cross the blood-brain barrier [222,223]. In certain 

complement-related disease settings, such as neurological disorders, these are likely critical 

considerations. Additionally, small molecules are more easily formulated into oral medications, 

which could increase patient compliance and lower costs associated with these therapies. However, 

there are currently no small-molecule inhibitors that specifically target the classical pathway 

proteases.  

To begin to address this gap, we carried out an unbiased screen to identify novel small-

molecule fragments that bound directly to C1r. We chose a FBDD approach, as fragment hits are 

often better positioned than larger, more chemically complex hits, to be optimized with both 

affinity and specificity considerations in mind. Additionally, we sought to potentially exploit the 

fact that C1r’s function as the initiating protease of the classical pathway is constrained by its 

unique orientation within the C1 complex, which could allow for the discovery of noncompetitive 

small-molecule inhibitors. Our initial SPR-based FBDD screen resulted in the identification of 95 

compounds with C1r-binding capacity. Ultimately, 24 compounds dose-dependently bound full-

length C1r with affinities ranging between 180 – 1,700 µM and ligand efficiencies between 0.16 

and 0.41 [136]. Two fragments emerged as leads and exhibited similar C1r affinities (KD, CMP-
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1611 = 480 and KD, CMP-1696 = 670 µM) and potencies (IC50, CMP-1611 = 660 µM and IC50, 

CMP-1696 = 520 µM) (Fig. 17). CMP-1611 was selective for the classical pathway; however, 

both its binding and inhibitory modes are currently unclear. In contrast, the data for CMP-1696 

suggests that this fragment binds within the S1 pocket of C1r and directly blocks C1r 

autoactivation (Fig. 18).  Although CMP-1696 also blocks the lectin pathway, our molecular 

docking and molecular dynamics studies have provided insight into fragment optimization 

strategies for C1r-specific compounds.  

While the compounds identified here represent high quality fragment hits, we note that several 

limitations remain for the continued development of these leads. The first challenge is common to 

nearly all FBDD projects in the need to optimize affinity and potency. In this regard, all 24 C1r-

binding fragments identified here benefit from having favorable physiochemical properties, 

making them generally well-suited for further hit-to-lead development. Moreover, while directly 

growing an individual fragment by adding substituent groups is one strategy for fragment 

optimization, it is also possible to link or merge separate hits [132]. Thus, the identification here 

of structurally distinct compounds, many of which are predicted to bind C1r within close proximity 

to one another, strongly supports this possibility. Another key challenge to overcome will be that 

of specificity. Due to the conserved nature of the catalytic domains of serine proteases, compounds 

like CMP-1696 that target the specificity pockets or catalytic sites, increase the possibility of off-

target effects. Indeed, CMP-1696 inhibits the lectin pathway and is predicted to adopt a nearly 

identical binding mode on MASP-2 (Fig. 17B). However, given their low molecular complexity, 

it is not necessarily expected that fragment hits themselves will exhibit high selectivity [114]. 

Nonetheless, it is encouraging that active-site targeted small-molecule inhibitors of other 

complement serine proteases, factor B and factor D, have ultimately overcome this same challenge 
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of specificity [219–221]. Although our C1r-domain mapping and molecular dynamics studies have 

provided information about CMP-1696, defining the binding mode of each fragment hit identified 

here – including CMP-1611- using empirical experimental methods, such as X-ray crystallography 

coupled with rigorous MD simulations, is a key next step being actively pursued in our laboratory. 

In lieu of empirical binding evidence, we used bioisosteric replacement of substituent groups 

to validate the molecular dynamics simulation results, in which it was predicted that the azetidine 

group is required to drive activity of the compound against C1r. Replacement of the unstable 

oxadiazole group with structurally diverse chemical moieties did not result in a loss of activity in 

several biofunctional assays performed against C1r, supporting computational evidence of the 

pivotal role the azetidine ring plays in protein-inhibitor interactions. Moreover, specific structural 

and chemical modifications to the newly synthesized analogs to produce second-generation 

analogs resulted in a modest increase in bioactivity that could be modulated with subtle changes 

to terminal chemical entities (i.e., methoxyl group substituted for a hydroxyl group), resulting in 

an increase in predicted hydrogen bond formation between heteroatoms of the inhibitor with C1r 

active site residues. Furthermore, employing ring replacement strategies of the oxadiazole group 

also resulted in statistically significant improvements in biological activity against the classical 

pathway. The generation of these analogs not only supports MD-derived SAR data but also points 

to avenues of lead compound optimization. 

In summary, we report the identification of 24 novel small-molecule fragments that bind 

directly to the initiator protease of the classical pathway of complement, C1r. Two of these 

fragments directly inhibit the classical pathway but exhibit different selectivity and may act by 

different mechanisms. Each hit compound is small (161 – 406 Da) and has favorable 

physicochemical properties, and therefore has strong potential to be optimized independently or in 
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combination. Chemical modification through bioisosteric replacement may serve in the early 

stages of compound optimization and the developmental evolution of one or more of these 

compounds may ultimately yield valuable research tools and potentially novel treatment options 

for diseases associated with aberrant classical pathway activation.



 

 

CHAPTER 4: SMALL-MOLECULE INHIBITOR DEVELOPMENT: CMP-1611 

Introduction 

Serine proteases play a significant role in a number of physiological processes. Many of these 

processes are involved in signaling pathways, such as blood coagulation, cell signaling, 

inflammation, digestion, fibrinolysis, development, fertilization, apoptosis, and immune function 

[81]. Dysregulation of these systems can leave individuals susceptible to disorders involved in 

coagulopathies, inflammation, infectious diseases, cancer, and degenerative diseases, making 

serine proteases an attractive target for therapeutic intervention [76]. Efforts have long focused on 

the development of selective inhibitors to modulate the activity of these enzymes in order to 

influence disease progression with some of the earliest work dating back to the 1960s with 

aprotinin, also known as bovine pancreatic trypsin inhibitor (BPTI), which is used to prevent 

fibrinolysis during cardiopulmonary bypass (CPB) by competitively inhibiting of a broad swath 

of serine proteases, including plasmin and kallikrein [224–226].  

Indeed, structural data reveals that serine proteases share conserved structural and 

physicochemical similarities, especially among functionally related proteins. These homologous 

features are especially prevalent in the catalytic domains and active sites, where conserved residues 

are essential for proteolytic function [124]. As such, development of selective and specific serine 

protease inhibitors is a challenge for drug design, as it necessitates the identification of subtle 

molecular nuances or unique features present on the target protein. To add to complications 

surrounding drug discovery efforts targeting serine proteases, much of drug discovery efforts have 

focused on competitive inhibition of the highly conserved active site [76]. Overcoming undesirable 

off-target effects is one of the greatest hurdles in the development of small-molecule inhibitors 

against serine proteases. This is particularly relevant when dealing with proteases that share 
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identical catalytic mechanisms and substrate specificities, such as those found within the classical 

and lectin pathways of complement, e.g., C1r, C1s, MASP-1, and MASP-2 [148,227,228]. 

Functional dichotomy, as serine proteases perform both essential beneficial roles in regulation and 

signaling as well as in driving human pathologies, and homologous biomolecular architecture has 

resulted in the failure of many drug candidates in clinical trials [125].     

Despite structural and functional homology, serine proteases, like those found in the 

complement system, maintain a high degree of macromolecule specificity in limited proteolysis 

[124], which underscores the importance of identifying molecular nuances, such as those which 

characterize intermediary states during zymogen activation [74]. High resolution structure-based 

drug design and molecular modeling techniques are important elements for identifying the 

molecular and mechanistic frameworks governing protease specificity and, consequently, 

intelligent drug design. A large body of work has gone into characterizing and developing 

structural models for understanding serine protease function at an atomic level, including that 

which was discussed in chapter 2. Discovery of topographical and conformational features outside 

of the active site that are unique to target serine proteases may provide a means of driving inhibitor 

specificity. 

Noncompetitive inhibition of sites distinct from the active site can modify protease activity 

through correlated backbone motions of amino acid residues mediated by hydrogen-bond networks 

at both the local and long-distance range, locking in or blocking structural conformational changes 

requisite for activity [126,229]. This process is evident in the mechanism of autocatalytic zymogen 

activation, which occur with MASP-2, where dual conformations and occupancies of residues and 

disulfide bonds represent different catalytic transition states of the enzyme. These networks of 
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correlated or anti-correlated motions  mediate both noncompetitive transitions and substrate 

binding [128]. 

Successful strategies for applied discovery of noncompetitive protease inhibitors targeting 

these features requires high resolution protein structure determination and binding site analysis, 

which can be revealed by computational tools such as molecular docking and molecular dynamics 

simulations approaches [93]. Previously, we had identified two compounds with similar bioactivity 

against the complement serine protease, C1r. Molecular dynamics simulations revealed a 

mechanistic binding motif within the active site for one compound, CMP-1696; however, the 

binding details of the second compound, CMP-1611, remained undetermined. In the absence of 

robust binding data, mechanistic studies were undertaken to further develop and validate SAR 

mode of action (Fig. 23). 

 
 
FIGURE 23. Schematic diagram showing hit-to-lead generation to identify CMP-1611 and 

generate optimized analogs. Initial screening began with a 2,000 small molecule, SPR screening 

binding screens, molecular docking, biofunctional assays for compound characterization were 
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utilized to identify two small-molecule hits with favorable bioactivity against target C1r. 

Molecular dynamics simulations elucidated the SAR data for single compound, CMP-1696, and 

led to a divergent path for compound development of CMP-1611. Ring replacement strategies for 

the generation of analogs were employed to further improve SAR and the mode of binding for 

CMP-1611.   

 

 
Methods 

Molecular docking 

Molecular docking was performed as described in chapter 3 methods. Additional docking 

studies were performed utilizing the AlphaFold full-length structure of C1r, including domains 

CUB1, EGF, CUB2, CCP1, CCP2, and SP.  

Surface plasmon resonance binding experiments 

All SPR experiments were carried out using a Biacore T200 (GE Healthcare) at 25°C and 

performed as previously described in chapter 3 methods. 

Complement Inhibition Assay 

 Complement pathway-specific ELISAs were performed as previously described in chapter 

3 methods. 

DataWarrior Scaffold Analysis 

Chemistry data analysis and visualization platform, DataWarrior, was used for the 

identification of the core chemical scaffold primarily responsible for activity of the compound. 

Chemical and structural descriptors were generated through input of the CMP-1611 SMILES code. 
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Scaffold Analysis identified core structures and categorized them based on scaffold type. From the 

identified scaffolds, SAR tables were generated wherein the chemical features of scaffolds were 

assigned a column and the scaffold with attached R-groups and substituents was labeled core-

fragment. 

Ring replacement strategy 

Ring Replacement Recommender v2002.02 was utilized to identify ring analogs derived 

from the compound structure of CMP-1611. Ring features present on CMP-1611 could be 

theoretically and selectively swapped with an analogous ring structure with improved biological 

activity based on information derived from medicinal chemistry literature sources. The average 

improved bioactivity improved by replacement in log10 scale is reported along with the number 

of literature references from which this data sourced. Optimized compounds were visualized in 

ChemDraw 20.1.1 and SMILES generated from the new chemical structures. Those SMILES files 

generated by Ring Replacement were used to search and select for structurally similar compounds 

using hierarchical clustering from atom pair Tanimoto coefficients that were commercially 

available through ChemDiv. 

Results 

Compound screening and triaging 

 An initial screen of 2,000 small-molecule compounds sourced from ChemDiv compound 

libraries encompassing five subsets: 2-dimensional fragments, 3-dimensional fragments, serine-

protease inhibitor compounds, natural product scaffolds, and protein-protein interaction inhibitor 

compounds (PPI). Those compounds were screened and triaged via SPR binding studies in which 

non-specific binders and compounds exhibiting superstoichiometric binding over full-length C1r 

were eliminated, reducing the compound candidates from 2,000 to 95. Molecular docking studies 
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evaluating and ranking the predicted binding energies of compounds modeled to bind near or 

within the active site of C1r further narrowed compound candidates to 24. Extensive biofunctional 

assays were performed to identify and select the two most promising compound candidates for 

further optimization, CMP-1696 and CMP-1611 (Fig. 24). 

 

FIGURE 24. Compound structure of CMP-1611. 

Dose-dependent binding of full-length C1r  

 

A critical element for hit compound identification was the ability of the compound to dose-

dependently bind full-length C1r. In our SPR binding experiments, CMP-1611 displayed dose-

dependent binding in triplicate injection series of two-fold serial dilution concentrations ranging 

from 500 µM – 7.8 µM (Fig. 25A). The steady-state affinity of 480 µM was calculated using 

Biacore Evaluation software to fit sensorgrams from each variable concentration injection dataset 

using a 1:1 Langmuir model of interaction constrained by a theoretical experimental binding 

response. SPR binding experiments assessing CMP-1611 binding over C1r-CCP1-CCP2-SP 

yielded no binding, interestingly suggesting that the site of binding is located on one of the N-

terminal domains, CUB1, EGF, or CUB2. 

Dose-dependent inhibition of the classical pathway 

To assess dose-dependent inhibition of the classical pathway, inhibitor concentrations of 

CMP-1611 ranging from 500 mM – 15.6 mM were incubated with 2% (v/v) NHS and C4b 

deposition was measured as a metric for pathway activation (Fig. 25B). The half-maximal 
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inhibitory concentration of 660 µM with an associated 95% confidence interval of (560 – 790 µM, 

n=9) was calculated fitting dose-response curves using inhibitor vs. response models.  

Delineating pathway-specificity 

Developing selective serine proteases remains a challenge to the field due to the structural 

similarity found between serine proteases. To test for selectivity, CMP-1611 was tested in triplicate 

at 500 µM concentrations in ELISAs selective for either the lectin or alternative pathway based on 

measurable C4b or C3c deposition, respectively, resulting in colorimetric differences detectable 

by optical sensor. Surprisingly, despite C1r structural homology to MASP-1 and MASP-2, in the 

lectin pathway and alternative pathway systems, little to no complement inhibition was observed 

(Fig. 25C). These results suggest that noncompetitive inhibition by CMP-1611 occurs at a 

structural facet unique to C1r that is present on the one of the N-terminal domains.  

FIGURE 25. Dose-dependent binding and inhibition of C1r. 

 

Molecular docking studies 

Previous molecular docking experiments utilizing each domain of C1r as the 

macromolecular structure for which to dock and triage compounds from the initial screen had 

identified CMP-1611 as having preferential binding to the SP domain. Indeed, SPR experiments 

comparing binding interactions between full-length C1r and C1r-1, 2SP reveal that while CMP-
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1611 does bind C1r, it does not interact with the catalytic C-terminal domains. Using the full-

length structure of C1r derived from AlphaFold 2.0 as the macromolecular target for molecular 

docking program PyRx, we see inconsistent binding predictions across the protein surface. These 

low-binding interactions do not account from the data obtained pointing to N-terminal binding that 

occurs between CMP-1611 and C1r. This may be explained by conformational changes that are 

present in C1r when in C1 complex or due to the absence of surface pockets that may not be evident 

or present in the state that AlphaFold presents C1r, as proteins are known to inherently sample 

differing low-energy conformation states. 

Ring replacement and what it informs about SAR and previous use of Data Warrior to identify 

core scaffold 

There are several established methods for improving the activity of a fragment against a 

target using structure-guided  approaches employing fragment growing, merging, linking, or a 

combination of those methods. Optimization approaches can originate from available ligand or 

protein structural information in lieu of a complexed structure. Previously, we utilized 

DataWarrior’s Scaffold Analysis to identify the core pyrimidine fragment of CMP-1611 believed 

to engage in the most stable interactions between compound and protein residues. From there, we 

obtained two structurally similar, commercially available compounds that contained the 

pyrimidine scaffold from ChemDiv’s compound library. Those compounds retained similar dose-

dependent inhibitory capabilities against the activation of the classical pathway, supporting the 

SAR analysis and hypothesis that the pyrimidine scaffold drives activity against C1r in the 

inhibitor (Fig. 26A, B).  
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Figure 26. Analogs derived from parent CMP-1611 with retained core pyrimidine scaffold 

retain inhibitory characteristics against classical pathway activation. A) Compound analogs 

of CMP-1611 display dose-dependent inhibition against the classical pathway in a pathway-

specific ELISA. B) Two-dimensional representation of core scaffold and compound structures. 

   

Building off the results that suggest that the core pyrimidine is an essential element for C1r 

inhibition, we decided upon a novel ring replacement optimization approach for the next 

generation of CMP-1611 analogs. Because the initial SAR information is derived from theoretical 

binding modes and in vitro biofunctional assays, the further development of a structurally diverse 

iteration of analogs is vital for improved elucidation of SAR data. 

The electronic, hydrophobic, and steric properties of substituent groups can dramatically 

alter the bioactivity of a compound, and exploiting this facet can lend itself to effective hit 

optimization. One such available method of visualizing these chemical properties is via a two-

dimensional Craig plot, named for its developer, Paul N. Craig, in which the polarizability, 

parachor, or molar attraction constraints of such substituent groups is plotted as a function of their 

relative independence in the bioisoteric space [230,231]. This tool allows the substituent property 

space to be further explored based on groups that are expected to possess similar physicochemical 
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properties, such as size, shape, and electronic properties, and therefore similar bioactivity. To a 

non-medicinal chemist, bioisoteric replacement of substituent groups may appear as minor 

structural alterations; however, they may be utilized to favorably alter ligand-target interactions. 

Several approaches specifically target ring systems for replacement due to the critical and easily 

navigable role they play in compound activity and, specifically, potency, selectivity, and 

pharmacokinetics. 

Increased efforts have been made to derive compound bioactivity data from scientific 

literature analyzing known drugs, as well as X-ray structures of protein-ligand complexes, 

allowing for the estimation of average contributions of functional groups, particularly aromatic 

ring substituents, and identification of the most common binding interactions as to how they 

influence the binding energy of the compound [215]. One particularly effective tool for early lead 

optimization through heterocyclic ring replacements is the Ring Replacement Recommender web 

tool, in which parent rings are selected and ring substitutions suggested based on predicted 

improvements in biological activity, which may result from face-to-face π-π stacking, edge-to-face 

π-π stacking and π-amide stacking. From this web tool, the associated biological activity of over 

two million molecules was utilized from the ChEMBL database, which extracts data from 

available scientific literature to divine universal building blocks that may increase binding affinity. 

Using the core pyrimidine scaffold identified from DataWarrior’s Scaffold Analysis as the parent 

ring, we employed the Ring Replacement Recommender and Craig plot to design structurally 

distinct fragment compounds to explore and increase SAR data (Fig. 27).  
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FIGURE 27. Design strategy for CMP-1611 analogs was performed using the Craig plot and 

ring replacement. Replacement of substituent aromatic ring groups was guided by chemical 

property and bioactivity analysis of compound chemical entities. 

 

For more rapid turnaround, we then screened the ChemDiv library for available compounds 

that were structurally similar to those that were designed by ring replacement using hierarchical 

clustering from atom pair Tanimoto coefficients. While ChemDiv did not have any compounds 

with exact structural matches to those the designed compounds, we were able to select for 

compounds that provided ring substituents with diverse electronic and hydrophobic properties to 

broaden SAR information (Fig. 28). 
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FIGURE 28. Structurally similar compounds to CMP-1611 analogs designed by ring 

replacement. All compounds retain the core pyrimidine ring and were obtained from ChemDiv. 

 

Compounds were then tested at 500 µM in a classical pathway-based ELISA for their 

ability to block pathway activation as quantified through C4c deposition on the plate surface in 

comparison to parent compound CMP-1611. Despite retention of the core pyrimidine ring, second-

generation analogs did not exhibit increased bioactivity against target C1r (Fig. 29). This is likely 

owing to the fact that the actual structures of the designed ring replacement compounds were not 

commercially available through ChemDiv and would instead require synthesis.  
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FIGURE 29. Evaluation of second-generation analogs for inhibition against the classical 

pathway of complement. Compounds were tested in triplicate at single concentrations of 500 µM 

for their ability to block C4c deposition. 

 

While improved activity was not achieved, most analogs did retain marginal activity 

against classical pathway activation (Fig. 29). Furthermore, strict emphasis on the pyrimidine core 

scaffold as the most important element responsible for CMP-1611 activity may need revision. 

Further work to elucidate SAR details is necessary for continued optimization of CMP-1611. 

Discussion 

The vast majority of protease-targeted therapeutics available on the market are designed 

with the intent of competitive binding to the active site, thereby blocking or modifying enzymatic 

activity [101]. This becomes a challenge in designing effective serine protease inhibitors owing to 

the fact that there is overlapping functionality and substate specificity, as well as structural 

homology between different serine proteases. Accordingly, interest in noncompetitive sites of 
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inhibition has gained momentum, especially through technological advancements in molecular 

dynamic simulations, allowing for the elucidation of cooperative/correlated protein motions at the 

atomic level.  

Beyond the realm of computational molecular approaches for identifying and designing 

specific small-molecule inhibitors, high-throughput and fragment-based screens also allow for the 

identification of novel compounds that have the ability to bind distal pockets present on the 

biological target and interfere with protease activity. Inherent to small molecules and fragment-

based drug design is low molecular complexity, allowing for biochemical optimization that is 

targeted towards increased binding affinity and specificity for the target [132]. Low molecular 

weight and complexity also provides for the ability to engage in bioisosterism and scaffold hopping 

to build SAR data and explore new chemical spaces for identifying novel drug candidates [217].  

At present, much headway has been made in characterizing the atomistic elements and 

molecular interactions that occur between protein-small-molecule inhibitor complex structures 

available in the PDB. With this wealth of structural information, tools have been developed to 

identify high-frequency patterns and common molecular interaction fingerprints present in these 

datasets, aiding in the rational design and optimization of small-molecule drugs. Furthermore, 

these tools improve the information available for increasing the efficiency and design of virtual 

screening platforms for both target and hit identification, with the most frequent non-covalent 

interactions occurring between aromatic ring structures present in either receptor or ligand [232]. 

Building from available strategies for SAR elucidation and compound optimization, we can 

improve efficiency and potency in drug development. 

In the development of small-molecule inhibitors targeting classical pathway protease C1r, 

we identified fragment hit, CMP-1611, with favorable binding and inhibitory characteristics 
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against C1r. Structural elucidation studies failed to derive the mode of action of this compound, 

and using scaffold analysis and ring replacement strategies for the generation of analogs we 

expanded upon SAR data and contributed to future efforts to develop and rationally design an 

noncompetitive small-molecule inhibitor with improved pharmacokinetics against C1r.



 

 

CHAPTER 5: SMALL-MOLECULE INHIBITOR DEVELOPMENT: A1 

Abstract 

Each year, the number of drug candidates in the research and development pipeline 

increases, yet despite advancements driving this ongoing growth, most candidates never progress 

to clinical trials. Of those that do, about 90% of those drugs in clinical development fail primarily 

due to toxicity and lack of clinical efficacy [120], highlighting the challenges that come with 

developing a highly selective drug with favorable physicochemical properties. Adding to the 

obstacles that must be overcome, many families of drug targets, such as serine proteases, share 

significant structural and functional homology/redundancy between related proteins, necessitating 

the development of multiple drug options and classes for disease treatment. This requisite for 

therapeutic variety is further heightened when accounting for the intricacies involved with treating 

disease from the standpoint of patient complexity as well as disease evolution and trajectory. 

Machine learning and artificial intelligence aid in the rational drug design process and therapeutic 

efficacy by rapidly identifying scaffold and compound “hits” with favorable drug-like properties 

from libraries of millions of compounds and chemical entities, delivering compounds with 

promising bioactivity against its target, precipitously cutting down on time and cost expenditures 

to drug developers [141]. In this study, in collaboration with the Geisbrecht lab at Kansas State 

University, and AI-driven pharmaceutical company, Atomwise, we identified a fragment with low 

micromolar affinity and half-maximal inhibitory values against complement protease C1s. Using 

the information derived from our biofunctional assays and molecular docking studies, the John 

Walker lab at St. Louis University optimized the fragment lead to generate a next-generation 

analog with similar bioactivity, establishing the structure-activity relationship essential for 
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optimizing a small-molecule compound with even greater drug-likeness for future therapeutic 

design in diseases-mediate by the classical pathway of complement. 

Introduction 

The ever growing number diseases with known involvement from the classical pathway of 

complement has drawn increased interest from biomedical and drug development groups for the 

specific therapeutic targeting of the classical pathway. While C1r-based complement inhibitors are 

notably absent from the therapeutic space, efforts have been made to selectively target the ensuing 

protease in line in the classical pathway, C1s, for inhibition. To date, there is one FDA-approved 

anti-C1s monoclonal antibody, Sutimlimab – formerly known as BIVV009 or TNT009, for the 

treatment of adults with cold agglutinin disease (CAD) with several other anti-C1s targeted 

candidates at various stages of clinical trials [90]. These drug candidates rely on successful 

inhibition of C1s to prevent further activation of the classical pathway and ultimately obviscate 

downstream effector activities involving damage-associated inflammation and/or extravascular 

hemolysis. It is important to note that complement involvement in clinical conditions is complex, 

and every condition must be assessed individually to the extent that the recent successes of 

Sutimlimab may not encompass all individual patients. Targeted inhibition of C1s using small-

molecule inhibitors may add to the therapeutic arsenal against dysregulation of complement in 

classical pathway-mediated diseases. Herein, we have identified a potent fragment hit that 

selectively targets the active site and displays dose-dependent binding and inhibition of C1s.  

The classical pathway of complement is initiated through the binding event of C1q to a 

ligand following recognition of damage- or pathogen-associated molecular patterns, which can 

have both host or pathogenic origins, by C1q in complex with heterotetrameric serine proteases, 
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C1r and C1s, or through the recognition and binding of immune complexes [1](Fig. 30A). The 

structural features of C1r and MASP-2 have been previously discussed, and as a point of fact, C1s 

retains a homologous quarternary structure in that it is comprised of six domains that from N-

terminus to C-terminus are: CUB1, EGF, CUB2, CCP1, CCP2, and the serine protease (SP) 

domain, respectively [233] (Fig. 30B). The 79.8 kDa protein similarly relies on its proteolytic 

function through the catalytic region CCP1-CCP2-SP, in which the SP domain possesses trypsin 

and MASP-2-like  substrate specificity for positively charged lysine and arginine side chains [234]. 

When C1 complex is bound to a surface, C1r undergoes the process of autoactivation, as previously 

discussed, and subsequently cleaves the Arg437-Ile438 bond found within C1s for its activation from 

proenzyme to active enzyme. This cleavage event is an important distinction from C1r and MASP-

2, as C1s is not capable of autoactivation and therefore must be acted upon by C1r for enzymatic 

activity [148].  

This cleavage event is also critical for the forward progression of the classical pathway, 

wherein like MASP-2, C1s cleaves its native substrates, C4 and C2, to form C3 convertase on the 

target surface, C4b2b [235]. This complex then serves to cleave C3, from which C3a is released 

as a potent anaphylatoxin, and C3b remains associated with the complex through a newly formed 

thioester bond to form C5 convertase, C4b2b3b. The C3b fragment serves as a binding site for C5, 

wherein C5 is cleaved into the released chemotactant agent, C5a, and the first component of the 

terminal pathway and lytic membrane attack complex (MAC), C5b.  C5b serves to bind one unit 

of C6, which then allows for C7 binding and dissociation of MAC from C5 convertase to the 

plasma membrane through the insertion of a hydrophobic site present on C7 into the lipid bilayer 

of the cell surface [1]. From initiation to termination, the classical pathway serves as a powerful 

weapon in the immune arsenal to opsonize danger-associated molecules, generate potent 
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chemotactant agents for the recruitment of professional phagocytes to the target site, and lyse 

cellular membranes via MAC.  

 

FIGURE 30. The structure of C1 complex with C1s. A) The model of C1q (green) in complex 

with serine proteases, C1r (blue) and C1s (purple), to form heteromeric C1 complex. B) The 

AlphaFold model of full-length C1s. The N-terminal domains are represented by CUB1, EGF, and 

CUB2, whereas, the catalytic C-terminal region is made up of CCP1, CCP2, and the SP domain.   

 

During normal homeostatic events, these effector functions of the classical pathway and 

crosstalk with the coagulation and contact pathways provide protection against pathogens and 

cellular damage. However, as a consequence of overactivation or dysregulation, these functions 

can play key roles in a long list of detrimental processes and pathologies involved with 

autoimmunity, inflammation, and neurodegeneration. Current therapeutics targeting classical 

pathway-mediated disorders, impart particular focus on those associated with the generation of 

autoantibodies and hemolytic syndromes, such as cold agglutinin disease-associated hemolytic 

A C1q 
(green) 

C1s 
(purple) 

C1r 
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anemia (CAD) [90], Huntington’s disease (HD) , warm autoimmune hemolytic anemia (wAIHA), 

amyotrophic lateral sclerosis (ALS), and Guillain-Barré syndrome (GBS) [236], among others.  

Anti-C1s monoclonal antibody, Sutimlimab, has undergone FDA approval for treatment of 

CAD, an autoimmune hemolytic anemia,  due to its ability to prevent opsonization by complement 

of red blood cells following recognition of IgM autoantibodies against RBC antigens (cold 

agglutinins) active at cold temperatures. It is has been shown that inhibition at the level of C1s 

prevents the generation and opsonization of RBCs by C3b and the subsequent recruitment of 

receptor-specific macrophages resulting in temperature-dependent hemolysis [90]. Additional 

support for therapeutics targeting specifically classical pathway-mediated diseases is demonstrated 

by anti-C1q monoclonal antibody, ANX005, which is currently being evaluated in phase 2 clinical 

trials by Annexon Biosciences for Huntington’s disease (HD), warm autoimmune hemolytic 

anemia (wAIHA), amyotrophic lateral sclerosis (ALS), and phase 3 clinical trials for Guillain-

Barré syndrome (GBS) [91]. Applied broadly across a number of conditions, inhibition of C1q can 

have therapeutic use by blocking C1q interactions with host targets both dependent and 

independent on the presence of autoantibodies. While classical pathway targeted therapeutics are 

showing promise across a wide swath of pathologies, the development of additional classes of 

inhibitors, including small-molecule inhibitors, is essential for improved treatment outcomes for 

patients. 

With advancements in medicine, data processing, and our understanding of disease 

presentation and mechanisms, it has become increasingly apparent that classic phenotyping, by 

which patients are categorized, is inadequate for therapeutic treatment. The current state of drug 

development relies heavily on patient cohorts generated from disease presentation that may belie 

underlying biological process by not taking into account individual factors, such as temporality 
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involving disease evolution and trajectory, patient comorbidities, genetic profiles, epigenetic 

factors, and clinical history among others. The high degree of complexity represented in individual 

patients and attempts to simplify disease as a linear progression with clinical granularity provides 

inadequate accounting for critical patient heterogeneity that goes into much of drug development. 

Additional treatment options for complement-mediated disorders that are represented outside of 

intravenous administration of monoclonal antibodies, is a necessary element for delivering options 

to a hetergenous patient population. 

  Small-molecule inhibitors targeting C1s provide an additional tool to move the needle in 

the treatment of complex systems. Advantages to small-molecule drug development are increased 

tissue permeability and patient compliance in an orally bioavailable drug [99]. Moreover, detailed 

SAR analyses of currently available small-molecule inhibitors in complex with protein targets with 

structures available in the PDB show that most replicate some component of human biology and 

targeted interactions already present in nature. Protein modification by enzymes, such as 

phosphorylation or glycosylation, results in changes to structure and therefore protein function, 

which is what small-molecule drugs frequently replicate through molecular mimicry. These 

protein-ligand interactions compete for natural ligands or cofactors for enzymes, and the utilization 

of these SAR data and structural information derived individually from protein target and ligand 

are heavily leaned upon for drug development.  

 Machine learning and artificial intelligence have exploited these data sets to gain novel 

insights into favorable biochemical features present in both protein and small-molecule inhibitors 

at a level not previously attainable in the history of medicine. Biopharmaceutical companies 

employing differing algorithms and strategies now have the ability to rationally screen billions of 

small molecules and compound scaffolds for hit-to-lead generation [142]. Atomwise, based out of 
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San Francisco, utilizes its deep learning technology to advance structure-based drug design for the 

rapid identification and synthesis of small-molecule drug candidates against a wide-variety of 

proteins [237]. Additionally, it offers its research platform to academic, government, and non-

profit research institutes to further structure-based drug development campaigns. In collaboration 

with the Brian Geisbrecht lab at Kansas State University-partnered with Atomwise, we identified 

a highly potent fragment hit against the active site of C1s that exhibits dose-dependent binding and 

inhibition of the classical pathway of complement and were able to synthesize two analogs via 

bioisosterism with similar bioactivity profiles and modes of action.  

Methods 

Expression and purification of recombinant C1s domain truncation mutants 

Purified C1s was purchased from Complement Technology. Recombinant C1s-domain 

truncations were produced by sub-cloning an Escherichia coli codon-optimized synthetic 

oligonucleotide (IDT Technologies) flanked with a 5’ BamHI site, a 3’ NotI site and a stop codon 

into the pT7HMT vector [190]. The C1s-CCP2-SP construct corresponds to C1s residues 356-688, 

whereas the C1s-CCP1-CCP2-SP construct corresponds to residues 292-688 (UNIPROT 

numbering: #P00736). C1s-domain truncations were purified under denaturing conditions using 

previously published protocols with some modifications [63,191]. Plasmids were transformed into 

E. coli BL21 (DE3) and cells were grown to an optical density of 0.6-0.8 OD600 at 37°C in Terrific 

Broth supplemented with kanamycin. Cultures were then induced overnight with isopropyl β-D-

thiogalactoside and cells were collected by spinning for 10 min at 4000 x g. Supernatants were 

discarded and resuspended in 100 mL of lysis buffer (6 M guanidine HCl, 100 mM Tris pH 8.0, 

10 mM imidazole) for 30 min and clarified by centrifugation for 30 min at 16000 x g. Nickel NTA 
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beads (GoldBio) (5 mL column volume) were washed with 25 mL of denaturing binding buffer (8 

M urea, 500 mM NaCl, 20 mM sodium phosphate pH 6.0, 10 mM imidazole). Samples were then 

passed over columns at a flow rate of 1-2 drops per second and afterwards washed with another 

25 mL of denaturing binding buffer. Samples were eluted with 5 mL of denaturing elution buffer 

(8 M urea, 500 mM sodium chloride, 20 mM sodium phosphate pH 6.0, 200 mM imidazole) and 

then rapidly diluted 1:10 into refold buffer containing 50 mM Tris pH 8.3, 3 mM reduced 

glutathione, 1 mM oxidized glutathione, 5 mM ethylenediaminetetraacetic acid (EDTA), 500 mM 

arginine. The next day, samples were dialyzed twice for four hours at 25°C against 2 L of 50 mM 

Tris-HCl pH 7.4, 145 mM NaCl and concentrated to less than 12 mL using 10 kDa molecular 

weight cutoff ultracentrifugation filters (Millipore). Refolded protein was then purified using an 

ÄKTA pure Fast Pressure Liquid Chromatograph (FPLC, GE Healthcare) connected to a HiLoad 

26/600 Superdex 75 pg column previously equilibrated in 200 mM sodium chloride and 20 mM 

Tris pH 8.0. Fractions were evaluated by SDS-PAGE and those containing the C1r truncation 

mutant were pooled. To remove affinity tags, tobacco etch virus (TEV) enzyme (previously 

activated with 1 mM DTT) was incubated with pooled refolded protein overnight at 25°C. FPLC 

nickel affinity chromatography was carried out the following day and the unbound fraction was 

collected and concentrated by ultracentrifugation. The sample was then incubated with 5 mM 

CaCl2 and 50 nM purified C1r for enzyme activation overnight at 37°C. The activated C1s mutants 

were further purified to remove C1r by size-exclusion chromatography. The purified fractions 

were collected, concentrated by centrifugation, and buffer exchanged into 20 mM HEPES, 140 

mM NaCl, aliquoted, and stored at -80°C until use. Sequence alignments were performed with 

EMBL-EBI Clustal Omega [192]. 

Crystallography 
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Attempts to co-crystalize the inhibitor bound to C1s were made to be able to empirically 

visualize protein-ligand interactions. Crystals formed in the presence of 100 µM inhibitor were 

crystallized by hanging drop vapor diffusion technique. Crystals were obtained by mixing a 2 mL:2 

mL protein to precipitant ratio of 3.28 mg ml-1 C1s-CCP1-CCP2-SP in 49.5% (v/v) Tacsimate, pH 

7.0 modified from the Hampton index screen condition and from a precipitant mixture of 0.1 M 

HEPES pH 7.3, 1.2 M Sodium citrate, 20% glycerol modified from the Hampton crystal screen 

condition mixed with 3.08 mg ml-1 C1s-CCP2-SP. The mixtures were equilibrated against a 

reservoir containing 500 mL of precipitant at 4°C. Crystals were harvested and exchanged into 

crystallographic conditions supplemented with 100 µM A1 and 30% and 20% glycerol, 

respectively, for cryoprotection prior to vitrification in liquid nitrogen. 

Pathway-specific ELISAs 

Complement pathway-specific ELISAs were performed as previously described in chapter 

3 methods. 

Gel-Based Inhibition of C1s-/MASP-2-Mediated C2 Cleavage Assay 

To demonstrate inhibition of C1s- or MASP-2- mediated cleavage of C2, a 10 µL reaction 

in HBS-Ca2+ (10 mM HEPES (pH 7.3), 140 mM NaCl, 5 mM CaCl2) was made by adding 6.25 

nM C1s enzyme or, alternatively, 25 nM MASP-2-CCP2-SP  with two-fold dilutions of compound 

A1 from 100 µM to 1.56 µM with subsequent addition of 1.25 µL of C2 (1 mg/mL) (Complement 

Technologies). In experiments using single concentrations in triplicate, 500 µM A1 was used. The 

reaction proceeded at 37º C for 1 hour and was stopped by the addition of 5 µL Laemmli buffer 

followed by boiling for 5 minutes. Subsequently, 10% SDS-PAGE gels were utilized with 



124 
 

Coomassie staining. Gel imaging was completed on a ChemiDocTM XRS+ (Bio-Rad). Gels are 

representative of three independent experiments.  

Gel-based C2 inhibition assays were subjected to further quantitative analysis with Image 

LabTM (Bio-Rad). Lanes and bands were manually selected and analyzed as follows. C2b bands 

were in lane corrected for total C2 (C2 + C2b + C2a). 100% cleavage was constrained to C1s + 

C2 control. A normalized four-parameter nonparametric response was analyzed in GraphPad v8.4. 

Classical pathway hemolysis assays 

To assess the lytic inhibitory capabilities of A1 in both mouse and human serum, 50 mLs 

of gelatin veronal buffer (GVB++) (20 mM HEPES (pH 7.3), 140mM NaCl, 0.1% gelatin (w/v), 

0.15mM CaCl2, and 0.5 mM MgCl2) (CompTech) was prepared. In a 96-well nonbinding plate, 

triplicate series of 20 µL of A1 at 500 µM and 100 µM concentrations were incubated for 10 

minutes with 10 µL of 20% normal human serum diluted into GVB++ or, alternatively, 100% 

normal mouse serum co-incubated with 10 µL mouse complement assay reagent (MCAR) 

(CompTech) to prevent loss of activity due to the inherent instability of mouse serum. Following 

incubation, 45 µL GVB++ was added to all wells. Control wells lacked inhibitor and was 

compensated for by the addition of 10 µL GVB++, and the negative control wells, in the absence 

of serum, saw the addition of  10 µL GVB++. 

Sheep red blood cells coated with rabbit anti-sheep erythrocyte antiserum (EA (Ab-

sensitized sheep E)) were washed thrice with GVB++  in by centrifugation at 500 x g and 

resuspended in GVB++ at least 25µL per well and wash with GHB++ 3X in centrifuge at 500 x g. 

Following wash, 25 µL of the EA cells were added to each well and gently mixed. The plates were 

then sealed with a top seal and incubated at 37°C for 1 hour with agitation every 15 minutes.  
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Cells that were not lysed were spun down in a plate rotor at 500 x g for 3 minutes. 

Supernatant was then transferred in 50 µL volume into non-binding polystyrene plates. The optical 

density of each plate was read at 412 nm in EnSight multimode plate reader (Perkin-Elmer). These 

data were then normalized with 100% lysis represented by the positive controls in GraphPad Prism 

8. All experiments were performed no less than three times. 

Molecular docking 

Molecular docking was performed as previously described in chapter 3 methods using protein 

structure files for the C-terminal region of C1s (CCP2-SP; PDB: 1ELV) and were prepared for 

docking by removing water molecules and adding hydrogens using AutoDockTools1.5.6 before 

generating protein structure PDBQT files.  Molecular docking was then performed using 

AutoDock Vina 1.1.2 [46] and as detailed previously [199].  Nine poses for each compound were 

collected and included in the full dataset. Molecular docking of A1 onto the C1s-CCP2-SP crystal 

structure was performed using PDB:1ELV. A grid box encompassing only the SP domain of the 

receptor was chosen. Molecular docking was then performed with Vina executable embedded with 

PyRx v0.9.8 [200] resulting in 9 binding poses for each compound. All representations of protein 

structures were prepared using PyMOL Molecular Graphics System, Version 2.0 Schrödinger, 

LLC (www.pymol.org/). 

Results 

Atomwise technology and compound screening 

Collaborative efforts to identify small-molecule hits that bind and inhibit C1s catalytic 

function, were undertaken with the Geisbrecht lab at Kansas State University and pharmaceutical 

company, Atomwise, to generate a starting point from which to develop compounds with 
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therapeutic potential through the AIMS Awards Program. Atomwise utilizes a deep convolutional 

neural network model, AtomNet, to elucidate quantitative structure-activity relationships and 

ligand-based bioactivity predictions to screen small-molecule libraries and triage compounds 

based on their predicted bioactivity. Utilizing information derived from both the ligand and target 

structure, molecular features are detected in order to describe favorable and unfavorable 

interactions between ligands and the target [237].  

 Structural information from which to identify C1s-directed small molecule inhibitors was 

drawn from the C1s-CCP2-SP crystal structure, PDB entry 1ELV. The high resolution (1.7 Å) 

structure allowed for the clear electron density mapping of the protease active site, which was 

utilized to form the parameters of the ligand binding site. Crystallographic waters present within 

the crystal structure provided a molecular fingerprint and coordinates of features from essential 

active site residues for which to bind based on interactions with the solvent network, which could 

then be exploited for structure-based ligand-binding affinity predictions [130].  

 A molecular library of several million small-molecule compounds was screened against the 

assigned target binding site and ranked hierarchically based on favorable biochemical features and 

predicted binding energies. In total, 96 compounds were selected and synthesized by Atomwise 

and subsequently blinded for in vitro testing. Compounds were assigned names based off their well 

position within the 96-well plate. Dose-dependent SPR binding experiments against C1s-CCP2-

SP and C1s-CCP1-CCP2-SP and single concentration enzyme activity assays were performed for 

all 96 compounds at a top concentration of 100 µM by the Geisbrecht lab at Kansas State 

University.  From the original plate of 96 compounds, 13 were highlighted as having either relative 

high binding affinity to C1s or were inhibitory against C1s cleavage of a synthetic peptide 

substrate, with the compound A1 having favorable activities in all three assays.  
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Classical pathway-specific ELISA screening 

To assess compound inhibition against the classical pathway, 100 µM concentrations of 

compounds were tested in triplicate in the presence of 2% normal human serum in classical 

pathway specific ELISAs, in which C4b deposition on the plate surface was quantified as a 

measure of pathway activation. In this assay system, only four compounds displayed greater than 

25% inhibition of classical pathway activation, with A1 again presenting itself as one of the four 

compounds displaying favorable inhibition at 100 µM.  

Evaluation of dose-dependent inhibition by A1 in the classical pathway ELISA 

Based off the promising binding and inhibitory qualities exhibited by A1 across four 

different assay systems, additional biofunctional assays were undertaken with selective focus on 

A1 for further characterization of the IC50 value, pathway specificity, and potential for use in 

murine model systems of disease. To this end, we examined the ability of compound A1 to dose-

dependently block classical pathway activation using two-fold serial dilutions of A1 ranging from 

100 µM to 1.56 µM in a classical pathway-specific ELISA using 2% normal human serum. C4b 

deposition was quantified as a measure of pathway activity. In this assay, A1 exhibited dose-

dependent inhibition of the classical pathway, and by fitting dose-response curves using inhibitor 

vs. response models in GraphPad Prism 8, the data were used to obtain an IC50 value of 20 µM 

(Fig. 31A).  

Evaluation of dose-dependent inhibition by A1 in the classical pathway-specific hemolysis assay  

Another metric to evaluate the ability of A1 to block complement activity is through the 

use of pathway-specific hemolysis assays, which provide a sensitive, quantitative means of 

calculating classical pathway-mediated hemolysis of IgG sensitized sheep red blood cells. 
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Concentrations of A1 were serially diluted in GVB++ in concentrations ranging from 100 µM to 

1.56 µM prior to incubation with 2% (v/v) NHS to allow for complement inhibition. Reactions 

were then incubated with EA cells for one hour, in which unlysed cells were spun down and the 

supernatants containing cell lysis had optical densities measured and normalized against 100% 

hemolysis. From these values, an IC50 of 16 µM was calculated using GraphPad Prism, closely 

matching that which was observed in classical pathway ELISAs (Fig. 31B). 

 

FIGURE 31. Dose-dependent inhibition of complement in classical pathway-specific assays 

by A1. A) Compound A1 displayed inhibition of the classical pathway in a dose-dependent manner 

in a classical pathway-specific ELISA, as quantified by C4b deposition. B) In classical pathway-

specific hemolysis assays, A1 blocked complement-mediated hemolysis in a dose-dependent 

manner. Both assays were performed in triplicate and concentrations of A1 were serially-diluted 

in buffer at concentrations ranging from 100 µM – 1.56 µM prior to  incubation with 2% (v/v) 

NHS. Data were fit with GraphPad Prism using non-linear regression with a log(inhibitor) vs. 

response model with an associated 95% confidence interval. 

 

B A 
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Compound A1 selectivity for C1s of the classical pathway 

To test for A1’s ability to dose-dependently block the proteolytic activity of C1s on its native 

substrate C2, C1s-mediated C2 cleavage gel assays were performed using two-fold serial dilutions 

of A1 ranging from 100 µM to 1.56 µM were incubated with 6.25 nM full-length C1s, after which, 

1 mg ml-1 C2 was introduced and the reaction allowed to proceed for 1 hour at 37º C to ensure enzyme 

activity. The reactions were then halted through the introduction of 5 µL Laemmli buffer followed 

by boiling for 5 minutes and run on 10% SDS-PAGE gels resolved with Coomassie staining (Fig. 

32A). The gels were then imaged and quantitative analysis performed in which lanes and bands 

were manually selected and analyzed with C2b bands lane corrected for total C2 (C2 + C2b + 

C2a). A normalized four-parameter nonparametric response was analyzed in GraphPad v8.4 from 

which IC50 values of 84 µM could be derived from both intact C2 and C2b deposition (Fig. 32B).  

Next, we examined selectivity of A1 for C1s of the classical pathway over structurally and 

functionally related MASP-2 of the lectin pathway, given that both proteases share substrate 

specificity and have structurally similar substrate binding grooves. C2 gel cleavage assays were 

performed with triplicate concentrations of 500 µM and 100 µM A1 incubated with either 6.25 nM 

C1s or 25 nM MASP-2 prior to the addition of 1 mg ml-1 C2. Again, reactions were allowed to 

proceed for 1 hour at 37º C at which point they were halted and run on SDS-PAGE (Fig. 32C). 

Following analysis, it was revealed that A1 exhibited nearly complete inhibition of C2 cleavage 

by C1s at both concentrations of 500 µM and 100 µM. At 500 µM of A1, MASP-2 cleavage of C2 

to C2a and C2b inhibited by 13% ± 0.6 and 47.5% ± 2.0 when incubated with 100 µM A1 (Fig. 

32D). The results demonstrate that A1 has some selectivity for MASP-2, though to a lesser extent 

than that of C1s.  
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FIGURE 32. Compound A1 displays specific dose-dependent inhibition of C1s, and to a lesser 

extent, MASP-2. A) A representative SDS-PAGE gel showing dose-dependent C1s inhibition by 

A1. Intact C2 bands represent C1s inhibition, whereas the presence of C2b and C2a bands represent 

C1s proteolytic activity against substrate C2. Concentrations of A1 ranged from 100 µM to 1.56 

µM and were incubated with 6.25 nM full-length C1s. B) A representative graph displaying both 

C1s inhibition (red line) and activity (blue line) in the presence of A1. IC50 values were calculated 

by fitting dose-response curves with a non-linear regression with a log(inhibitor) vs. response 

model. C) Inhibition of both 6.25 nM C1s and 25 nM MASP-2 against triplicate concentrations of 

500 µM and 100 µM A1 in the presence of C2. D) Bar graph showing C1s- and MASP-2-mediated 

cleavage of C2 by A1 at 500 µM and 100 µM concentrations. 

A B
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Having established that A1 blocks cleavage of native substrates and displays some preference 

for MASP-2, we next evaluated the activity of A1 in lectin pathway and alternative pathway-

specific ELISAs. Using 100 µM concentrations of inhibitor, A1 was incubated with 2% (v/v) C1q-

depleted serum in the lectin pathway-specific ELISA and 20% NHS in the alternative pathway-

specific ELISA. C4d and C3b deposition was quantified to represent pathway activation in each 

respective pathway and the experiments performed in triplicate. At 100 µM concentrations of A1, 

lectin pathway activity was reduced to 72.7% ± 3.0, which corresponds with the MASP-2 

inhibition seen in the C2 cleavage gel assays. Interestingly, the alternative pathway showed 

increased activity at 349.3% ± 53.6. Further analysis is necessary to understand the mechanism of 

action in the alternative pathway (Fig. 33A).  

Looking ahead to the potential of A1 in future in vivo experiments, we examined whether A1 

can not only block complement in human serum but also in normal mouse serum for murine 

studies. To establish the ability of A1 to block the classical pathway to the extent of MAC 

formation, sheep red blood cells sensitized with rabbit anti-sheep erythrocyte antiserum (EA cells) 

were used in classical pathway hemolysis assays. At concentrations of 500 mM and 100 mM, A1 

was incubated on a 96-well microtiter plate with either 10% NHS or 100% NMS co-incubated 

with MCAR to maintain serum stability. Following incubation, washed EA cells were introduced 

and allowed to continue to incubate at 37°C for 1 hour with agitation every 15 minutes. The plates 

were centrifuged in a plate rotor and the optical density of the supernatant containing lysed cells 

was read at 412 nm in EnSight multimode plate reader (Perkin-Elmer). These data were then 

normalized with 100% lysis represented by the positive controls in GraphPad Prism 8. While NMS 

inherently shows lower activity than NHS, A1 displayed inhibition of hemolysis by MAC in both 

human and mouse serum. At concentrations of 500 µM A1, the percent lysis of EA cells was 
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completely abolished in NHS and 18.42% ± 7.78 in NMS. By reducing the concentration of A1 to 

100 µM, the percent lysis became 17.78% ± 10.26 in NHS and 44.91% ± 13.42 in NMS (Fig. 

33B). The ability of A1 to inhibit hemolysis in both NHS and NMS will prove valuable in future 

in vivo studies of disease models, especially those marked by autoimmunity or hemolytic 

dysfunction. 

 

 

 

 

 

FIGURE 33. Compound A1 showing differential activity against other pathways of the 

complement system and activity against murine-derived complement. A) In lectin and 

alternative-pathway specific ELISAs, A1 displayed differential inhibition of complement at single 

concentrations of 100 µM. A1 exhibited some inhibition of the lectin pathway, whereas appeared 

to increase complement activity in the alternative pathway. B) Measured responses of 500 mM and 

100 mM concentrations of A1 against complement of the classical pathway derived from murine 

serum (10% (v/v) NMS) and 2% (v/v) NHS are represented by bar graph. In all assay systems, 

experiments were performed in triplicate and represented as mean ± S.E. 

 

 

BA
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Co-crystallography efforts 

Gaining insights into the molecular details of the structure-activity relationship of A1 with 

C1s is a necessary element for optimization to increase compound specificity and inhibitory 

capabilities. Attempts were made to co-crystallize A1 in complex with C1s domain truncation 

mutants. Hampton crystal and index screens were employed to crystallize both C1s-1, 2SP and 

C1s-CCP2-SP in the presence of 100 µM A1, as well as crystallize those two forms of C1s for 

subsequent compound soaks with A1. Under two precipitant conditions,  49.5% (v/v) Tacsimate, 

pH 7.0 and 0.1 M HEPES pH 7.3, 1.2 M Sodium citrate, 20% glycerol, C1s-CCP1-CCP2-SP and 

C1s-CCP2-SP crystals formed in the presence of A1, and additional crystals were produced by use 

of hanging drop vapor diffusion technique (Fig. 34). Crystals were harvested and exchanged into 

crystallographic conditions supplemented with additional 100 µM A1 to try to ensure ligand-

protein complex formation. Despite having well-formed crystals, attempts to collect X-ray 

diffraction data were unsuccessful. 
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FIGURE 34. Initial co-crystallization efforts towards soaking inhibitor with C1s-CCP2-SP. 

 

Molecular docking 

While additional work to generate high resolution diffracting crystals of C1s complexed 

with A1 must necessarily be continued, advancements in molecular modeling technology lend 

itself to reasonably reliable SAR data generation. Following comprehensive biofunctional analysis 

of A1, the compound structure was unblinded and the PDBQT structure file was docked against 

full-length C1s and C1s-CCP2-SP (PDB entry, 1ELV). The binding parameters encompassed the 

entirety of the protein to allow for unbiased generation of the most energetically favorable binding 

sites and compound conformations within those sites. Molecular docking was then performed 

using AutoDock Vina 1.1.2 and the top scoring nine poses were collected. Within each model, A1 

consistently bound within the active site of the serine protease domain. 

Analog synthesis 

 Utilizing the predicted molecular binding interactions between A1 and the C1s active site, 

we were able to identify functional groups present on the compound that we believed to be 

responsible for driving activity. For synthesis of analogs, ring replacement, bioisosteric 

substitution, and pharmacokinetic characterization  was performed computationally using 

commercially available substiuent groups that could be readily synthesized in lab by Dr. John 

Walker and Hinman Zhou at Saint Louis University. Newly designed compounds underwent 

molecular docking against C1s-CCP2-SP and analogs were subsequently ranked according to free 

binding energies. Compounds with favorable biochemical/functional characteristics were 
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synthesized, wherein they were sent to the Geisbrecht lab for in vitro evaluation by SPR binding 

assays and enzyme inhibition assays. 

 To assess inhibition of the classical pathway, we subjected the 11 compounds to classical 

pathway-specific ELISAs at triplicate concentrations of 100 µM and tested for C4c deposition at 

the plate surface. Of the 11 compounds, three (compounds -92, -95, and -98) had greater than 50% 

inhibition of classical pathway activation using 2% (v/v) NHS (Fig. 35A). The most promising 

lead in terms of binding affinity and inhibition of C1s against synthetic substrate Z-S-Lys from the 

Geisbrecht lab was compound -93. To replicate more physiologically relevant conditions to assess 

compound activity, we assessed dose-dependent inhibition of the classical pathway via a classical 

pathway-specfic hemolysis assays, in which compound concentrations were serially diluted in 

GVB++ and ranged from 100 µM – 15.6 µM. Compounds were incubated with 20% (v/v) NHS and 

sensitized sheep red blood cells (EA cells), and cell lysis was measured by optical density in a 

microplate reader. Of the 11 compounds, compound -98, and to a lesser extent compound -93, 

showed dose-dependent inhibition of complement-mediated lysis of RBCs (Fig. 35B). Dose-

response of compounds -93 and -98 were further evaluated by classical pathway-specific ELISA 

in which concentrations of the two compounds were serially diluted over a range of 100 µM – 15.6 

µM concentrations and C4c deposition quantified. A half maximal inhibitory concentration (IC50) 

was determined to be 16 µM for compound -98 as determined by fitting dose-response curves 

using inhibitor vs. response models in GraphPad Prism 8; however, an IC50 for compound -93 

could not be determined (Fig. 35C). 
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Figure 35. Evaluation of A1-like newly synthesized compounds in classical pathway-specific 

assay systems. A) Eleven newly synthesized analogs were evaluated for classical pathway 

inhibition at 100 µM concentrations. The percentage of pathway inhibition is quantified by C4c 

deposition. B) Dose-dependent activity of analogs was tested for inhibition of complement-

mediated lysis in a classical pathway hemolysis assay. C) Two compounds, -93 and -98, were 

selected for further evaluation of dose-dependent inhibition of the classical pathway through a 

pathway-specific ELISA utilizing 2% (v/v) NHS. All experiments were performed in triplicate and 

the IC50 value of compound -98 calculated by fitting dose-response curves using an inhibitor vs. 

response model. 

A 

C B 
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 To isolate activity specifically against C1s, compounds -93 and -98 were tested for dose-

dependent inhibition in C1s-mediated C2 cleavage assays. The assays were performed with two-

fold serially diluted concentrations of inhibitor ranging from 100 µM to 1.56 µM, which were 

incubated with 6.25 nM C1s prior to incubation with 1 mg ml-1 C2. After reactions had incubated 

for 1 hour at 37º C, they were halted and run on representative SDS-PAGE gels (Fig. 36 A, C). 

The presence of C2b indicated cleavage by C1s, whereas the intact C2 band represented C1s 

inhibition. From the dose-response curves, IC50 values were calculated as 30 µM and 48 µM for 

compound -93 and -98, respectively (Fig. 36 B, D). These results show similar analog bioactivity 

and IC50 values to that of  parent compound A1 (IC50 = 84 µM). 

 

FIGURE 36. Characterization of two A1-like analogs. A)  A representative SDS-PAGE gel 

showing dose-dependent C1s inhibition by analog 93. Intact C2 bands represent C1s inhibition, 

whereas the presence of C2b and C2a bands represent C1s proteolytic activity against substrate 

C2. Concentrations of analog 93 ranged from 100 µM to 1.56 µM and were incubated with 6.25 

nM full-length C1s. B) A representative graph displaying both C1s inhibition (red line) and activity 

A 
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B 



138 
 

(blue line) in the presence of analog 93. C) Dose-dependent inhibition of 6.25 nM C1s by analog 

98 is shown by representative SDS-PAGE. D) Graph displaying both C1s inhibition (red line) and 

activity (blue line) in the presence of analog 98. IC50 values were calculated by fitting dose-

response curves with a non-linear regression with a log(inhibitor) vs. response model. 

 

Discussion 

Presently, the landscape of classical pathway-based therapeutics relies heavily n the 

development of monoclonal antibodies for the treatment of complement-mediated disorders with 

small molecules being underrepresented as a therapeutic treatment option. The clinical successes 

of anti-C1s Sutimlimab and anti-C1q ANX005 demonstrate the wide swath of classical pathway-

mediated diseases that can be targeted therapeutically; however, no one therapeutic can deal with 

the complexities that come with the biological mechanisms underpinning disease or those that 

come with the heterogeneity represented by patient populations. Complications that come with 

diagnosis and treatment of a number of diseases associated with complement, such as Lyme 

disease-associated rheumatoid arthritis, neuromyelitis optica, and myesthenia gravis, resulting in 

delayed, missed, or misdiagnoses underscore problems faced in disease diagnosis that funnel 

downward into the drug development process. These challenges can be overcome to a greater 

degree through drug class variety that exists outside the bounds of a single drug as a treat-all cure. 

Therapeutic small-molecule inhibitors against C1s provide an alternative therapeutic strategy in 

addition to established small advantages, including increased tissue permeability and patient 

compliance. 
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Technological advancements in machine learning and AI have lead to a marked increase in 

small-molecule drug leads in development. Biochemical properties and pharmacometrics factored 

into rational drug design increase the chances of a small-molecule drug candidate advancing to 

clinical testing. AI structure-based technology and deep learning affords the benefit of accelerated 

discovery and development of novel small-molecule therapeutics.  

In this study, we collaborated with the Geisbrecht lab who was partnered with 

pharmaceutical company, Atomwise, to identify a potent fragment hit from an in silico screen of 

millions of compound scaffolds for the targeted inhibition of C1s. Using structure-based virtual 

screening methods, crystallographic waters present in the C1s-CCP2-SP structure (PDB entry, 

1ELV) the active site solvent network and essential active site residues and interactions could be 

mapped out to select for small-molecule compounds that could occupy a similar molecular 

fingerprint. From the initial screen, 96 compounds were synthesized and after detailed 

biofunctional characterization of the compounds, one compound named A1 emerged singularly as 

the most promising candidate for its ability to dose-dependently bind and inhibit the classical 

pathway at the level of C1s.  

Future structural studies, such as X-ray crystallography, will guide efforts to elucidate the 

mechanisms of action and key interactions of A1. However, in lieu of an empirical protein-ligand 

complex structure, molecular docking studies suggest that A1 is bound within the substrate binding 

groove of C1s and has key hydrogen-bond interactions with catalytic Ser628. To achieve synthesis 

of analogs with similar or improved bioactivity, molecular docking studies were performed on 

newly designed analogs with the objective of retaining a related mode of action. Of 11 analogs 

synthesized and evaluated, two compounds (compounds -93 and -98) emerged retaining similar 

inhibitory capabilities to parent compound A1 and a similar mode of binding, as demonstrated in 
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molecular docking studies. Using this newly derived structural data, optimization to increase 

specificity and inhibitory characteristics can be undertaken to strengthen the biochemical profile 

of A1 and its analogs and may provide a future therapeutic option for the broad spectrum of 

classical pathway-mediated disorders.



 

 

CHAPTER 6: Investigating membrane-binding properties of lipoxygenases using surface 
plasmon resonance 

Abstract 

Lipoxygenases (LOXs) catalyze the oxidation of polyunsaturated fatty acids and synthesize 

oxylipin products that drive important cellular signaling processes in plants and animals. While 

there has been indirect evidence presented for the interaction of mammalian LOXs with 

membranes, a quantitative study of the molecular details of LOX-membrane interactions is 

lacking. Here, we mimicked biological membranes using surface plasmon resonance (SPR) sensor 

chips derivatized with 2-D planar lipophilic anchors (2D LP) to capture liposomes of varying 

phospholipid compositions that self-assemble into lipid bilayers on the SPR chip. The sensor chip 

surfaces were then used to investigate the membrane-binding properties of model LOX enzymes. 

SPR binding assays displayed reproducible and stable liposome capture to the sensor chip surface 

that allowed for the detailed characterization of LOX-membrane interactions. Our studies 

demonstrate a calcium-dependence for the membrane binding activities of coral 8R-LOX and 

human 15-LOX-2. Furthermore, our data confirm the importance of key membrane insertion loop 

residues in each of these LOX enzymes for membrane binding activity. Experiments utilizing 

model plant and human LOXs reveal differences in membrane-binding specificities. Our study 

establishes and validates a robust SPR-based platform using 2D LP sensor chips that allows for 

the detailed study of LOX-membrane interactions under different experimental conditions, 

including altered membrane compositions. Collectively, this investigation improves our overall 

understanding of LOX-membrane interaction properties, and our SPR-based approach holds 

potential for future use in the development of LOX-based therapeutics. 
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Introduction 

Lipoxygenases (LOXs) are a family of non-heme, iron-containing enzymes that catalyze the 

regio- and stereospecific hydroperoxidation of polyunsaturated fatty acids (PUFAs), such as 

arachidonic acid and linoleic acid, to oxylipins[238]. LOXs are broadly found in plants, animals, 

fungi, and select bacteria, and while there are significant differences in size, sequence, and 

substrate-specificity between organism-specific enzymes, the overall fold and geometry of the 

catalytic, non-heme, iron-binding site is conserved [239]. Within plants, LOXs play important 

roles in seed germination, senescence, growth, development, and defense against pathogens [240]. 

In humans, LOX function presents a double-edged sword as they have known involvement in 

maintaining homeostasis and the pro-resolution response, as well as being implicated in a wide 

range of chronic inflammatory pathologies and cancers in a similar manner as to what is observed 

with the dualities associated with complement in health and disease [241–244]. Unfortunately, 

development of therapeutics targeting human LOXs has lagged behind cyclooxygenases (COX) 

with only one LOX-targeting drug, Zileuton, gaining FDA approval [245]. Successful drug design 

efforts have been further complicated by factors such as protein allostery – including that from 

lipid interactions and membrane association – that influence the structure and catalytic activity of 

mammalian LOXs [242,246]. Accordingly, a deeper understanding of protein function and 

substrate specificity is required for the initial stages of hit-to-lead generation and the downstream 

development of a strong drug candidate.  

Plant and mammalian LOXs are often monomeric, two-domain single polypeptide enzymes. 

The domains include a structurally conserved, primarily alpha helical C-terminal catalytic domain 

and an N-terminal, C2-like Polycystin-1, Lipoxygenase, Alpha-Toxin (PLAT) domain. The latter 

has been shown to have Ca2+-binding sites that confer Ca2+-dependent membrane binding 
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[247,248]. There is increasing evidence for interactions of LOXs at the membrane interface, 

mediated by the binding of Ca2+ or small molecules, that influence their reactivity and/or product 

distribution [249,250]. In select cases, such as human 5-LOX involved in leukotriene biosynthesis, 

LOXs are expected to be fully active only at the membrane interface [242,251]. Other non-human, 

mammalian lipoxygenases also show membrane-dependent activation properties [247,251–253]. 

Thus, further information about the molecular interactions of the respective LOXs with the 

membrane is needed to complement solution structure-function studies. 

Synthetic membrane environments using liposomes offer a tractable experimental approach to 

studying protein-membrane interactions as their lipid composition can be explicitly defined. For 

example, liposomes can be generated consisting of phosphatidylcholine lipid, 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (PC), which is a primary component of the extracellular 

leaflet [254], or modified to include other lipids that are enriched at the intracellular leaflet such 

as phosphatidylethanolamine (PE) lipids, phosphatidylinositol lipids (PI), and negatively charged 

phosphatidylserine (PS) lipids [254]. Qualitative measures of phospholipid interactions with LOXs 

have included size exclusion detected co-elution with biomimetic membranes, enzyme activity 

measurements in the presence of liposomes or nanodiscs, or immunofluorescence studies showing 

localization of LOXs, via the PLAT domain, to the membrane [252,255,256]. SPR has become a 

gold standard for characterizing biomolecular interactions as it allows for the real time 

measurement of binding affinity and kinetics [257,258].  

SPR sensor chips offer varying matrices grafted to a metallic surface, which provide the 

capacity to bind a variety of ligands. Previous studies utilizing SPR sensor chips for liposome 

immobilization have most frequently used Biacore hydrophobic association (HPA) chips, 

consisting of an octadecane-thiol self-assembled monolayer surface; streptavidin-coated sensor 
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chips (SA sensor chip) that rely on tagging ligands with biotin moieties; and L1 sensor chips, 

consisting of a carboxymethylated dextran surface modified with lipophilic groups that are capable 

of inserting into and non-covalently capturing three-dimensional lipid vesicles [254,257]. In this 

study, we utilized sensor chips derivatized with planar, two-dimensional lipophilic anchors linked 

to a carboxymethyl dextran layer (2D LP, XanTec bioanalytics GmbH) that allow for the fusion of 

purified, extruded liposomes with the sensor chip surface and the formation of planar phospholipid 

bilayers, thus mimicking a cell membrane [258]. We then used this system to study the interaction 

of model LOX enzymes with membranes composed of various lipid mixtures and under different 

experimental conditions.  These results improve our understanding of the membrane-binding 

properties of LOX enzymes and highlight the utility of this SPR-based assay platform for the study 

of LOX function and in the future development of LOX-targeted therapeutics. 

Materials and Methods 

Structural modeling of membrane-bound 8R-LOX  

The Positioning of Proteins in Membranes (PPM) v3.0 Web Server of the Orientations of Proteins 

in Membranes Database (OPM), to visualize coral 8R-LOX putative interactions with a membrane 

[259]. The primary crystal structure of wild-type 8R-LOX (PDB: 2FNQ, chain A) was used as 

input using the PPM v3.0 server to model plasma membrane binding. Figures were made using 

The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC. 

LOX expression and purification 

Coral 8R-LOX was expressed in E. coli BL21(DE3) cells with autoinduction ZYM-5052 

media. Cells were lysed and the N-terminal His6 tagged protein was purified by Ni-NTA affinity 
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chromatography as described previously [253]. In a final purification step, 8R-LOX was purified 

to homogeneity by a HiLoad 16/600 Superdex 200 size exclusion column using 50 mM HEPES 

(pH 7.4), 150 mM NaCl buffer. The protein was flash frozen and stored at -80°C until use. An 8R-

LOX mutant with a loop deletion (LM; Δ41-45:GS amino acids) was also prepared in a similar 

manner to 8R-LOX WT. Human 15-LOX-2 was expressed in E. coli BL21(DE3) Rosetta 2 cells 

with 2xYT [248]. These the N-terminal His6-tagged proteins were purified by a combination of 

Co-HisTrap and SEC in a similar manner to 8R-LOX. Soybean lipoxygenase (SLO) was expressed 

in and purified from BL21 (DE3) Codon Plus bacterial cultures using a series of ion exchange 

columns, as described previously [260]. All proteins were characterized by SDS-PAGE for purity.  

Liposome preparation 

Liposomes were prepared from solid forms of the appropriate phospholipids, purchased 

from Avanti Polar Lipids (Birmingham, AL). For this study, all phospholipids contained unreactive 

16:0 (palmitic acid) and 18:1 (oleic acid) fatty acids. The dried phospholipids were dissolved in 

50 mM Tris pH 8 buffer at 50-100 mM concentrations. The solutions were agitated by a vortex 

mixer and maintained above the phospholipid transition temperatures. For phospholipid mixtures, 

PC:X (where X = PE, PI, or PS) ratios were constructed at 2:1 (m/m). To maintain a similar size, 

liposome solutions were extruded prior to SPR immobilization.  

Surface plasmon resonance instrument and reagents 

All experiments utilized T200 style XanTec planar lipophilic anchor 2D LP chips (XanTec 

bioanalytics GmbH) which are carboxymethyl dextran surfaces coupled to lipophilic alkyl chains. 

SPR experiments were conducted on a Biacore T200 at 25oC at a flowrate of 20 µL/min unless 

otherwise noted. The instrument was first cleaned with 0.5% SDS followed by 50 mM glycine pH 
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9.5. The instrument was then equilibrated in double distilled water overnight in standby mode. For 

all experiments utilizing Ca2+, a running buffer of 10 mM HEPES pH 7.3, 140 mM sodium 

chloride, 0.5 mM EDTA, and 2 mM calcium chloride was used. For experiments performed in the 

absence of calcium, the instrument was cleaned once more with 0.5% SDS and 50 mM glycine, 

equilibrated overnight with double distilled water, and performed using a running buffer of 10 mM 

HEPES pH 7.3, 140 mM sodium chloride, and 0.5 mM EDTA.  

Liposome capture and regeneration protocol 

Prior to each experiment, the surface of the sensor chip was regenerated with two 20-second 

injections of 50 mM sodium hydroxide, one 20-second injection of 40 mM CHAPS, and a single 

20-second injection of 50 mM sodium hydroxide. Freshly prepared 1 mM liposome solution was 

injected over the surface for 8 minutes (unless otherwise noted), at a flowrate of 20 µL/min, 

followed by a 20-second injection of 50 mM sodium hydroxide to remove loosely bound lipids 

and stabilize the baseline. All liposome capture experiments were performed in triplicate using PC, 

2:1 (m/m) phosphatidylcholine:phosphatidylserine  (PC:PS), 2:1 (m/m) 

phosphatidylcholine:phosphatidylethanolamine (PC:PE), and 2:1 (m/m) 

phosphatidylcholine:phosphatidylinositol (PC:PI). Running buffer was flowed over the surface for 

two minutes to ascertain baseline stability before injecting LOX analytes. Flow cell 1 was used as 

a reference cell (i.e., blank/no ligand). Immobilized lipids were removed, and the surface 

regenerated following a three-minute injection of 40 mM CHAPS and a one-minute injection of 

50 mM sodium hydroxide. All sensorgrams were reference and blank subtracted and analyzed 

using T200 Evaluation Software. Graphpad Prism v9 was used to prepare figures. 

SPR binding experiments 
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To test for differential binding of the LOX variants at a single concentration, LOX enzyme 

solutions were diluted to a concentration of 500 nM in running buffer and triplicate injections were 

performed over each liposomal surface. 8R-LOX and 15-LOX-2 proteins were tested in the 

presence and absence of calcium in the running buffer. Dose-dependent binding experiments were 

subsequently carried out for all 8R-LOX proteins across all four liposome surfaces, or for SLO 

and 15-LOX-2 for select surfaces, in triplicate using a two-fold dilution series ranging from 500 

nM – 15.6 nM and a flow rate of 20 µL/min. The impact of surface immobilization density was 

also measured for 8R-LOX by capturing PC liposomes for 30 seconds. Equilibrium dissociation 

constants were calculated using Biacore T200 evaluation software and steady-state affinities for 

each LOX variant were calculated by fitting sensorgrams from each variable concentration 

injection dataset using both 1:1 binding kinetic fit and steady state affinity models, respectively. 

The sensor chip surface was regenerated in between each binding experiment as described above 

and a fresh liposome capture was performed. 

Results 

Liposomal membranes reproducibly and stably captured on 2D LP SPR sensor chips 

To assess the reproducibility of liposomal capture on 2D LP sensor chips, each sensor chip was 

first subjected to two 20-second injections of 50 mM NaOH, one 20-second injection of 40 mM 

CHAPS, and a final 20-second injection of 50 mM NaOH. The following liposomes: PC, 2:1 (m/m) 

PC:PE, 2:1 (m/m) PC:PI, and 2:1 (m/m) PC:PS, were prepared at a final concentration of 1 mM 

and injected over individual flow cells at a flow rate of 20 µL/min for 480 seconds. The sensor 

chip surface was then washed with 50 mM NaOH for 20 seconds to remove any loosely bound 

lipids (Fig. 37A). Running buffer was allowed to flow over the sensor chip surface until a baseline 
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signal was achieved, as this was an important consideration for performing subsequent LOX 

binding experiments. All liposome surfaces were stably captured and could be reproducibly 

regenerated for each of the liposome compositions used (Fig. 37B). Biacore conventionally uses 

an arbitrary unit termed resonance units (RU) to measure the binding response and relative RUs 

were calculated by comparing final RU values after immobilization to the baseline just prior to 

liposome injection. Total capture for each liposome was as follows:  4190 ± 730 RU for PC, 5870 

± 460 RU for PC:PE, 5410 ± 720 RU for PC:PI, and 4410  ± 670 RU for PC:PS (Fig. 37B).  

FIGURE 37. Liposome capture on a 2D LP SPR sensor chip. A) Capture of each liposome 

mixture began by preconditioning a Xantec 2D LP sensor chip with two 20-second washes of 50 

mM NaOH, one 20-second wash of 40 mM CHAPS, and a final 20-second injection of 50 mM 

NaOH. Liposome mixtures (1 mM) were then injected over each flow cell for eight minutes at a 

flowrate of 20 µL/min. Liposome capture experiments were performed in triplicate 1 mM final 

concentrations of  PC, 2:1 (m/m) PC:PS, 2:1 (m/m) PC:PE, and 2:1 (m/m) PC:PI. A running buffer 

of 10 mM HEPES pH 7.3, 140 mM sodium chloride, 0.5 mM EDTA, and 2 mM calcium chloride 

then flowed over the surface for two minutes to ensure baseline stability. B) Relative response 

measured in RU of final capture density for each liposome. Data are from three independent 
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experiments are shown and reported as the mean ± S.D.  Sensorgrams were analyzed with Biacore 

Evaluation software and GraphPad Prism. 

 

Modeling LOX-membrane interactions 

We began the investigation of LOX-membrane interactions using a model animal LOX, the 

coral 8R-LOX from Plexaura homomalla, which is a homolog of human 5-LOX [253]. Previous 

kinetic analyses have demonstrated that 8R-LOX activity is stimulated in the presence of Ca2+ and 

liposomes [247]. The N-terminal PLAT domain of 8R-LOX possesses three crystallographically-

resolved calcium-binding sites believed to promote membrane interactions between the enzyme 

and lipid bilayer [247]. We modeled the interaction of 8R-LOX with a eukaryotic plasma 

membrane using PPM v3.0 web server [261],  which provides a computational approach to predict 

the association of proteins at a membrane surface (Fig. 38A, B). Using the published crystal 

structure of wild-type 8R-LOX (PDB:2FNQ, chain A) [247] as input, a favorable transfer energy 

(ΔGtransfer = -7.5 kcal/mol) was calculated and lipid contacts were formed by hydrophobic loop 

residues 43-44 and 78-79. This computational model is consistent with the importance of PLAT 

domain loop residues and Ca2+ in the membrane-binding activity of 8R-LOX. 

Lipid membrane binding by 8R-LOX is calcium-dependent 

We next sought to test aspects of this model using 2D LP SPR sensor chips. In consideration 

of phospholipid interactions, PC is among the most highly abundant lipids found to compose lipid 

bilayers in plasma membranes, especially that of the extracellular leaflet. Due to its high stability, 

PC is also widely used as a model lipid system for liposome studies [254,262]. Given these 
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considerations, we chose 8R-LOX/PC as an initial model system for testing the binding properties 

of LOXs to membranes by SPR. Following capture of PC liposomes (Fig. 37), 500 nM 8R-LOX 

was injected in triplicate over the PC surface in a running buffer containing 2 mM Ca2+ for 2 

minutes and dissociation was monitored for 3 minutes. A strong binding response was observed as 

shown in the representative sensorgram in Fig. 38C (blue). In contrast, when an identical injection 

was performed in a buffer that was supplemented with excess EDTA to remove free Ca2+, no 

detectable binding response with the PC surface was observed (Fig. 38C, green).  

Loop mutations ameliorate membrane binding by 8R-LOX 

The relationship of Ca2+ to membrane interaction by 8R-LOX is proposed to arise through the 

binding of Ca2+ ions that stabilize key loops in the PLAT domain of 8R-LOX, including the 

membrane insertion loops (Fig. 38A, B). To directly test the importance of these residues, an 8R-

LOX variant was produced in which this loop was deleted by mutagenesis (i.e., Δ41-45:GS). 

Triplicate injections of 500 nM 8R-LOX loop-deletion mutant (8R-LOX-LM) were performed on 

a PC-surface in the presence and absence of Ca2+. No binding response was observed for 8R-LOX-

LM in buffers supplemented with Ca2+ or EDTA, which strongly suggests the structural and 

functional importance of these loop residues in 8R-LOX membrane-binding activity (Fig. 38C, 

D).  

8R-LOX displays dose-dependent membrane binding in the presence of calcium 

Next, we assessed the dose-dependence of 8R-LOX binding to PC biosensors in the presence 

of Ca2+ by injecting a two-fold serial dilution of 8R-LOX ranging from 500 nM to 15.6 nM (Fig. 

39A). 8R-LOX exhibited clear dose-dependent interactions over PC surfaces (Fig. 39A). 

Equilibrium dissociation constants using a steady-state binding affinity fit model (KD, s.s.) were 
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calculated using BiaEvaluation Software for three independent injection series with an average 

value of KD, s.s. = 260 ± 58 nM (Fig. 39A). However, attempts to fit these data to a kinetic 1:1 

Langmuir model of binding produced poor fits as judged by residual plots and elevated chi-squared 

values.  

 

FIGURE 38. 8R-LOX membrane binding. A-B) The 8R-LOX crystal structure (PDB: 2FNQ, 

chain A) was used as input for the PPM v3.0 web server to model its interaction with a membrane. 

8R-LOX is drawn with secondary structure shown in cartoon representation and the hydrophobic 

leaflet shown as grey rods. The catalytic domain is colored magenta, and the catalytic iron is 

displayed as an orange sphere. The PLAT domain is colored cyan and two membrane insertion 
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loops as green and slate blue. Calcium ions are displayed as yellow spheres. C) Calcium-dependent 

membrane binding, as well as loop-dependent membrane binding, was measured by injecting 500 

nM concentrations of control 8R-LOX and 8R-LOX with a loop-deletion mutation (8R-LOX-LM) 

over the PC surface using running buffer in the presence of free calcium (HBS+Ca2+) or absence 

(HBS-N) in three independent injection series. A representative SPR sensorgram is shown. 8R-

LOX binds the PC surface only in the presence of calcium and with the insertion loop intact. D) 

The relative binding response of 8R-LOX and 8R-LOX-LM triplicate 500 nM injections in the 

presence or absence of Ca2+ are represented in GraphPad by bar graph and shown as mean ± S.D.   

 

Determining the effect of PL capture density on 8R-LOX binding 

Mass transport limitations may impact the ability to accurately measure rate constants in 

SPR experiments [263]. In these cases, the contribution of mass transport kinetics can be reduced 

by utilizing lower surface densities and/or higher flow rates; however, incomplete membrane 

coverage of the sensor chip may conceivably impact specific binding responses to the sensor chip 

surface, especially as it relates to lipid density within the lipid bilayer [264]. To test for these 

possibilities directly, the 8R-LOX/PC dose-response binding assays were repeated on a lower 

density PC surface and at an increased flow rate of 50 µL/min. A lower density surface was 

prepared by injecting a short 30-second pulse of freshly prepared 1mM PC liposome solution (Fig. 

39B). This yielded a capture density of 854 RU, or ~12% of the average capture density for our 

standard PC surfaces (Figs. 37B, 39A). Steady-state KD values were calculated for a triplicate 

injection series, KD, s.s. = 180 ± 32 nM (Fig. 39C), which was comparable to the value calculated 

for the higher-density PC surfaces (i.e., KD, s.s. = 260 ± 58 nM) (Fig. 39A). When all sensorgrams 
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were simultaneously fit to a kinetic 1:1 model, the calculated rate constants were (ka = 7.96 x 105 

M-1s-1 ± 1.70 x 104 (S.E.)) and (kd = 0.086 s-1 ± 9.40 x 10-4 (S.E.)), which were well fit and within 

the dynamic range of the instrument. These microscopic rate constants result in a calculated 

dissociation equilibrium constant of KD, kin = kd / ka = 110 ± 2.6 (S.E.) nM, which is similar to that 

calculated using the steady-state fitting approach on this surface.  
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FIGURE 39. 8R-LOX WT dose-response over PC immobilized biosensors. A) Dose-dependent 

binding of 8R-LOX to membranes of PC lipid composition was measured by SPR using a two-

fold variable concentration series ranging from 500 nM to 15.6 nM over.  KD values were 

calculated using steady-state analysis (KD, s.s.) with Biacore Evaluation software and reported as 

the mean ± S.D. Blue circles indicate the measured value for steady-state response and are plotted 

on the inset concentration vs. response diagram. B) PC liposomes were captured at “low” density 

by using a 30-second injection of 1 mM PC (green) and standard density using a 480-second 

injection. C) 8R-LOX was injected over the low-density surface using a two-fold variable 

concentration series ranging from 500 nM to 15.6 nM in triplicate injection series. Data were fit 

to a steady-state model of binding (KD,s.s.) using Biacore Evaluation software. Blue circles indicate 

the measured value for steady-state response and are plotted on the inset concentration vs. response 

diagram. Data were also fit to a kinetic model of binding (KD, kin) with fits shown as red traces.  

 

8R-LOX displays similar binding preferences across differing lipid membrane compositions 

Previous work has shown that certain LOXs display a preference for specific lipid 

membrane compositions due to the electrostatic and hydrophobic interactions that occur at the 

interface of the membrane contact plane of the enzyme [255,265,266]. To investigate the 

membrane interactions between 8R-LOX and alternative liposome compositions, we performed 

identical dose-dependent SPR binding assays of variable 8R-LOX concentrations to flow cells 

immobilized with PC:PE, PC:PI, and PC:PS. We note that original capture densities and steady-

state evaluations were utilized to facilitate these comparative studies. Interestingly, 8R-LOX 

showed similar binding affinities across these three surfaces, as assessed by calculated steady-state 
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KD values (KD, s.s., PC:PE. = 280 ± 42 nM , KD, s.s., PC:PI = 360 ± 71 nM, and KD, s.s., PC:PS = 210 ± 22 

nM) (Fig. 4 A-C).  

 

FIGURE 40. Binding activity of 8R-LOX to different lipid membranes. Dose-dependent 

binding of 8R-LOX to membranes of different lipid compositions was measured by SPR using a 

two-fold variable concentration series ranging from 500 nM to 15.6 nM over A) PC:PE, B) PC:PI, 

and C) PC:PS membrane surfaces in a running buffer containing free calcium. KD values were 
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calculated using steady-state analysis (KD, s.s.) with Biacore Evaluation software and reported as 

the mean ± S.D. Blue circles indicate the measured value for steady-state response and are plotted 

on the inset concentration vs. response diagram. 

 

Evaluation of human 15-LOX-2 and soybean SLO membrane-binding by SPR 

Having established that an SPR-based liposome capture method could be utilized to study a 

model animal LOX (i.e., 8R-LOX), we next evaluated other important model LOX enzymes. We 

selected the human isozyme, 15-LOX-2, for its implications in a number of inflammatory disease 

pathologies, including atherosclerosis [248,255], and soybean lipoxygenase-1 (SLO) as a model 

plant LOX [267], and ran parallel binding assays to those of 8R-LOX to serve as a comparison 

between LOXs across species.  

We first assessed dose-dependence of 15-LOX-2 with PC and PC:PS by injecting two-fold 

serial dilutions ranging from 500 to 15.6 nM of 15-LOX-2 at a flow rate of 20 µL/min over PC:PS 

immobilized to the sensor chip surface (Figs. 41A). 15-LOX-2 exhibited dose-dependent binding 

interactions and the steady-state binding affinity fit was calculated using BiaEvaluation Software 

for three independent injection series over the PC surface (KD s.s. = 1,400 ± 200 nM) and the PC:PS 

surface (KD s.s. = 630 ± 190 nM). These results are consistent with previous reports that 15-LOX-2 

binds to PC and PS lipids [265]. Similar to 8R-LOX, 15-LOX-2 is also expected to exhibit Ca2+-

dependence for membrane interactions that involve residues from a key membrane insertion loop 

[268]. Using a PC:PS surface, we tested this using single 500 nM concentration injections in the 

presence or absence of Ca2+. Injections without Ca2+ completely abrogated the binding response 
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(Fig. 5B). Furthermore, a variant of 15-LOX-2, in which a key membrane insertion loop is 

mutagenized (i.e., 15-LOX-2-LM), also exhibited no detectable binding response (Fig. 41B).  

Next we examined the membrane association of a plant LOX, SLO, which is also a 15-LOX 

[238], by assessing dose-dependent binding to a PC:PS surface. Unlike 15-LOX-2 and 8R-LOX, 

SLO did not exhibit dose-dependent binding, and an equilibrium dissociation constant could not 

be determined under the concentration range employed (Fig. 41C). These results are in line with 

the expectation that plant LOXs do not associate strongly with membranes [269]. Collectively, 

these experiments demonstrate that like 8R-LOX, 15-LOX-2 binds directly to PC:PS membranes 

in a Ca2+-dependent manner and requires residues located on a loop in the PLAT domain. 

Furthermore, while dose-dependent binding is observed for 8R-LOX and 15-LOX-2, the plant 

LOX SLO does not exhibit dose-dependent interactions with membranes under the same 

conditions. 
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FIGURE 41. Human 15-LOX-2 and soybean SLO binding activity over PC:PS surface. A) 

Dose-dependent binding of 15-LOX-2 to a standard-capture PC:PS surface was measured by SPR 

using a two-fold variable concentration series ranging from 500 nM to 15.6 nM. KD values were 

calculated using steady-state analysis (KD, s.s.) with Biacore Evaluation software and reported as 

the mean ± S.D of three independent injection series. A representative sensorgram is shown. Blue 
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circles indicate the measured value for steady-state response and are plotted on the inset 

concentration vs. response diagram. B) Binding of 15-LOX-2 to the PC:PS surface is Ca2+- and 

loop-dependent, as indicated by  500 nM injections of wild-type 15-LOX-2 and 15-LOX-2-LM 

that contains a loop-deletion mutation. Triplicate independent injection series were carried out. A 

representative SPR sensorgram is shown. C) SPR response for SLO association over PC:PS 

membrane using the same concentration range for 15-LOX-2. KD, s.s. values could not be 

determined (N.D.) for SLO (inset).  

 

Discussion 

Liposomes composed of phospholipids naturally found within cellular membranes provide 

a simplified model of biological membranes. In this study, we immobilized liposomes on the 

surface of 2D LP SPR sensor chips to allow for the quantitative characterization of LOX enzymes 

with membranes. Several LOXs have been reported to depend on the presence of Ca2+ for 

membrane interaction [247,266,270]. Consistent with this, our SPR experiments showed that 8R-

LOX required Ca2+ for interaction with liposome captured membranes on the 2D LP sensor chip 

(Fig. 38C, D). The PPM-predicted interaction of 8R-LOX with the membrane (Fig. 38A, B) 

exhibits a ΔGtransfer of -7.5 kcal/mol, which is a similar binding energy observed for the 

homologous human 5-LOX [271]. Our data confirm the importance of loop residues in 8R-LOX-

membrane binding as 8R-LOX-LM showed no quantifiable membrane interactions with the 

liposome-captured biosensors (Fig. 38C, D).  

We found that 8R-LOX interacted with all four membranes tested to a comparable degree 

as judged by steady-state affinities (Fig. 40). A previous Forster resonance energy transfer (FRET) 
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assay of WT 8R-LOX on PC:PS liposomes estimated a KD value of 11 ± 3 µM [247]. This indirect 

fluorescence-based method relies on the quenching of the dansyl fluorophore (embedded in the 

liposomes) by the interaction of tryptophan sidechains in the putative membrane binding loop. The 

difference in affinities reported here could reflect the altered shape of the biomimetic membranes 

(convex vs flat) and the challenge in controlling the liposome size and fluorophore 

loading/distribution. While the overall magnitude of the KD varied, we note that the FRET 

technique also showed similar mutational trends in abolishing membrane association that were 

observed here. Overall, our study of LOX-membrane interactions demonstrates that this SPR 

method can be applied to the general study of LOX-membrane interactions, even in cases where 

Trp residues are not located in or adjacent to membrane loops.  

We found that capture of lower membrane densities and use of higher flow rates may better 

facilitate kinetic measurements for SPR-based LOX-membrane-binding assays (Fig. 39B, C). 

Further optimization could likely also be achieved in certain LOX systems by identifying an inert 

liposomal capture surface to serve as the reference surface, rather than the blank reference cell 

used here. Despite these limitations, we demonstrated the utility of the SPR-based system 

employed here in: i) quantitatively characterizing LOX-membrane interactions; ii) evaluating the 

requirement for Ca2+ in these interactions; and iii) probing the importance of specific LOX residues 

in promoting membrane binding. To this point, experiments carried out for human 15-LOX-2 

confirmed both Ca2+-dependence and the importance of loop residues for membrane binding (Fig. 

41B).  

In addition to being useful for elucidating the molecular requirements of LOX enzymes for 

direct membrane association, the SPR method utilized here could be readily adapted to high-

throughput screening formats that may be useful in drug discovery efforts of LOX-based 
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therapeutics. To date, a number of clinically available therapeutics have utilized SPR for rapid 

quantification of binding interactions between target protein and inhibitor, as well as protein-

substrate binding kinetics in the presence of inhibitor [272]. In the LOX field, SPR studies have 

previously supported the development of several small-molecule inhibitors targeting human LOXs 

to target their role in the synthesis of lipid oxidation products involved in exacerbation of chronic 

inflammatory disorders and cancers, such as rheumatoid arthritis, asthma, pancreatic cancer, 

among many others [273–275].  

In conclusion, we have investigated the utility of 2D LP sensor chips for the purpose of 

studying the membrane-binding activities of lipoxygenases. These sensor chips allowed for a 

reproducible method by which to capture liposomes of different phospholipid composition and 

provided a system to quantitatively study the direct interaction of lipoxygenases with lipid 

membranes. Our results confirm a clear role of Ca2+-dependence in the membrane-associated 

activity of 8R-LOX and 15-LOX-2 and demonstrate a requirement for key loop residues in the 

PLAT domain for direct membrane binding. The use of 2D LP sensor chips provides a robust 

platform that may aid future efforts to better understand the membrane-associated enzymatic 

activities of LOXs and the impact of small molecule effectors or inhibitors to support the 

development of novel LOX-targeted therapeutics. 



 

 

CHAPTER 7: DISCUSSION AND SUMMARY OF THESIS 

Enzyme cascades play critical physiological roles in a number of biological processes involved 

in digestion, coagulation, fibrinolysis, metabolism, and immunity [72,146], and whose ability to 

crosstalk with other host pathways make them instrumental in maintaining homeostasis. 

Dysregulation of the proteins involved in these enzyme cascades can lead to catastrophic 

consequences for the host that cover a wide array of pathologies. The complement system is one 

such biological system with heavy involvement in both innate and adaptive immune responses that 

can drive host tissue damage associated with a growing number of diseases involved in 

autoimmunity, inflammatory disorders, and neurodegeneration. Due to the diverse assortment of 

pathway activators, understanding the molecular mechanisms guiding complement activation is a 

necessary element to developing therapeutic options to combat aberrant complement activation. 

The initiating serine proteases of the classical and lectin pathways have been extensively 

studied; however, the intricate molecular details involved in their autocatalytic behavior are not 

well understood. Using the structural information gleaned from the X-ray crystallographic 

enzyme-product complex of self-associated MASP-2, we were able to glean insights into the 

catalytic mechanisms governing autoactivation. These structural details help provide a framework 

from which to identify target elements present on and within the proteases that could be leveraged 

for structure-based drug discovery.  

High level knowledge of the underpinnings of serine protease biology is instrumental in small-

molecule drug design as the greatest hurdle in the preclinical stages of drug development is 

accounting for target specificity. The molecular binding events and conformational changes that 

occur within the active site can be targeted for ligand interactions and, consequently, inhibition of 

the protease when designing competitive small-molecule inhibitors. In this study, we identified a 
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compound hit predicted to bind within the active site of C1r and inhibit activation of the classical 

pathway. Using molecular dynamics simulations, we designed analogs of the parent compound to 

further elucidate SAR to guide future optimization efforts designed to increase binding affinity and 

specificity.  

The intricacies of catalysis are also vital for understanding how concerted correlated and anti-

correlated protein motions at distal sites may be involved in catalytic activity. In expanding our 

knowledge of protein dynamics, we can look to avenues of small-molecule inhibitor development 

through allostery. Our initial library screen of compounds designed to identify C1r-binding hits 

identified a fragment capable of noncompetitive C1r inhibition. Rational drug design through ring 

replacement strategies added to the SAR repertoire available for forthcoming endeavors in 

noncompetitive small-molecule inhibitor design. 

Limitations imposed by off-target effects and low bioactivity inherent in small-

molecule/fragment-based drug design can be ameliorated by leveraging machine learning and 

artificial intelligence to  design novel inhibitors based on algorithms utilizing existing protein-

inhibitor structures to identify unique biochemical fingerprints to synthesize high affinity hits 

curated from fragment scaffolds. In a parallel study to identify inhibitors against serine protease 

target C1s, we collaborated with the Geisbrecht lab at Kansas State University, which was 

partnered with biopharmaceutical company, Atomwise, to identify a potent small-molecule hit 

predicted to bind within the substrate binding groove of C1s. This compound was characterized, 

and analogs synthesized with the medicinal chemistry of the Walker lab of the Saint Louis 

University School of Medicine to develop novel leads with similar biochemical and 

pharmacokinetic properties of the parent compound, A1. These efforts lend themselves to the 
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additional optimization of A1 for the potential development of an orally bioavailable drug designed 

to mitigate pathologies associated to classical pathway overactivation and dysregulation.  

Additional efforts were undertaken to develop a novel platform for elucidating protein function 

in molecules involved in other pathways with known implications in proinflammatory disorders. 

Collaboration with the Offenbacher lab from the department of chemistry at East Carolina 

University lent itself to the development of a bilayer model for which to simulate protein-

membrane interactions between captured liposomes and integral membrane lipoxygenase proteins. 

This led to the characterization of several model lipoxygenases with the membrane bilayer, as well 

as provided a tool for the future screening and evaluation of small-molecule inhibitors blocking 

critical membrane association requisite for mammalian lipoxygenase activity. 

Our work has produced high resolution mechanistic details involved in autocatalysis in the 

initiating proteases of the complement system and provided additional information to the field of 

serine protease biology. Moreover, using structure-based drug discovery approaches, we have 

identified three small-molecule compound hits that have activity against both C1r and C1s using 

different methodologies and means of inhibition, which provided for differing strategies of 

inhibitor design. The identification of these hits, in addition to the development of a novel SPR 

screening platform, has led to the generation of in-depth structural data and method systems to 

guide future continued optimization efforts that may one day lead to the design of a small-molecule 

therapeutic option for diseases marked by autoimmune and inflammatory pathologies.
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APPENDIX 

X-ray crystallography 

X-ray crystallography utilizes the diffraction patterns of a crystal sample to yield a three- 

dimensional molecular structure for making structural determinations of proteins or biological 

macromolecules. Protein crystallography relies on the high quality and high concentration of 

homogenous, soluble protein. Crystals are grown from protein solutions containing a minimum 

protein concentration of 2 mg/mL that are induced to slowly precipitate out of solution in the form 

of a crystal under given crystallization conditions 83. These conditions can be obtained through 

commercially available “crystal screen” packages containing 50 solutions of differing precipitant, 

buffer, pH, and salt 83.  

Crystallization of the protein occurs through vapor diffusion of the 2 µL protein drop 

solution exchanged with the 50 µL crystallization solution. There are two techniques for 

establishing vapor diffusion. One method is manually introducing a “hanging drop” of the 

sample suspended from a glass coverslip over a reservoir of the crystallization condition while the 

other method is mechanically establishing vapor diffusion through a “sitting drop,” which utilizes 

a Crystal Gryphon instrument that dispenses the proteins into 96-channel crystal plates containing 

the crystallization condition 83. To co-crystallize a compound in complex with the protein, small 

volumes of compound solution are added to the protein sample prior to vapor diffusion. 

Crystal growth can take days or weeks at room temperature, but once crystals are obtained, 

they are introduced into a cryoprotectant buffer so that they may be collected and stored in liquid 

nitrogen to prevent degradation. In our study, our proteins are then sent to the Southeast Regional 

Collaborative Access Team (SER-CAT) located at the Advanced Photon Source at the Argonne 
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National Laboratory for diffraction analysis. 

When the crystals are ready for analysis of their X-ray diffraction behavior, they are 

remotely and mechanically mounted within a rotating spindle and adjusted for proper alignment 

with the X-ray beam using what is called a goniometer head (Fig. 42). The X-rays are generated 

by accelerating electrons in a synchrotron storage ring and the X-rays focused into a beam. The 

diameter of the incident beam, as well as alignment of the crystal must be carefully adjusted to 

ensure proper exposure and prevent radiation damage 83. 

The crystal rotates within the spindle perpendicularly to the incident beam to provide the 

maximum amount of diffraction data. After exposure, diffraction spots are collected on an imaging 

plate revealing a digitized image (Fig. 42). The diffraction spots are resolved based on the distance 

from the crystal to the detector with the highest resolution accounting for the edge of the detection. 

The diffraction image becomes strongest at lower resolutions, with a resolution of 3 Å sufficient 

for detecting amino acid side chains in an electron density map. The resolution of the 

image is dictated by how well-ordered the molecular subunit is. Within the crystal, the unit cell is 

defined as the smallest repeating unit that makes up the crystal with dimensions given by three 

lengths and angles. The dimensions of the unit cells are proportional to the number of diffraction 

spots for a given unit area. The space group of the crystal is given by the symmetry of the 

diffraction pattern, which is defined by the configuration and packing of the molecules within the 

crystal lattice. The more symmetrical a crystal structure, the more ordered the diffraction spots 

appear in image 83. 

Computer programs with well-established algorithms for making structural determinations 

are employed to resolve the unit cell dimensions and orientation, measure the intensity of 
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diffraction spots, and normalize spot intensity using a scale factor to relate all the information 

within the data set. Given the availability of published models of related protein structures, 

molecular replacement is utilized to reconstruct amino acid sequences within the protein. 

Combining the “borrowed” model and diffraction data produces electron density maps that account 

for the location and bond angles of amino acid sequences of the protein. The crystal structure must 

undergo several rounds of model building and refinement to establish the structural molecular 

nuances of a given protein. The quality of the protein model is calculated from the reflection data 

and given by an R-factor 83. The lower the R-value, the closer the fit is to “perfect.” In general, a 

random set of atoms produces an R-value of approximately 0.63, whereas high-quality published 

structures aim for values of about 0.20. 

 

 

FIGURE 42. Schematic diagram of X-ray crystallography.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	Introduction
	The developmental landscape of anti-complement therapies is now robust and includes many drugs in preclinical and clinical stages [55,87,173]. Two complement drugs, C1 esterase inhibitor (C1-INH) and the anti-C5 antibody drug eculizumab/Soliris, have ...
	Among the proteins that comprise the complement system are a small set of serine proteases with highly restricted substrate specificity. These include the initiating proteases of the alternative pathway (i.e., MASP-3/factor D), lectin pathway (i.e., M...
	A common challenge for the development of drugs that target serine proteases like C1r, especially with small molecules, is addressing specificity. Interestingly, the role of C1r as the initiator protease of the classical pathway requires the molecular...
	With these considerations in mind and with the long-term goal of producing a highly specific small-molecule C1 inhibitor, we report here the results of a C1r-targeted fragment-based drug discovery (FBDD) campaign (Fig. 15). FBDD employs compound scree...
	Materials and Methods
	Recombinant expression, purification, and refolding of C1r-domain truncations
	Purified C1r and C1r proenzyme were purchased from Complement Technology. Recombinant C1r-domain truncations were produced by sub-cloning an Escherichia coli codon-optimized synthetic oligonucleotide (IDT Technologies) flanked with a 5’ BamHI site, a...
	Compound library
	Small-molecule compounds were obtained from ChemDiv Inc. All compounds were received in pre-weighed vials as powder, dissolved in dimethyl sulfoxide (DMSO) (GoldBio) to a final concentration of 10 mM and stored at -20  C.  Representations of compound...
	Surface plasmon resonance
	All SPR experiments were carried out using a Biacore T200 (GE Healthcare) at 25 C. For all experiments, a running buffer (HBS-T) of 20 mM HEPES, 140 mM NaCl, 0.005% (v/v) Tween-20, 5% DMSO (v/v) was used. For each experiment, DMSO calibration curves ...
	Initial SPR screening
	Using 96-well plates, 5 µL of each of the 2,000 fragment compounds were diluted with 95 µL of 1.05x HBS-T. This provided individual 500 µM solutions of each compound with a final DMSO concentration of 5% (v/v) to match the running buffer. All compoun...
	Evaluation of dose-dependent binding by SPR
	To further evaluate hit compounds from the initial SPR screen, dose-dependent SPR binding assays were carried out. Three replicate flow cells were used containing both low and high immobilization densities of C1r. Hit compounds were tested for dose-d...
	Complement Inhibition Assay
	To carry out classical pathway ELISA-based inhibition assays, IgM was dissolved in coating buffer (100 mM Na2CO3/NaHCO3, pH 9.6) to a final concentration of 3 µg/mL and was dispensed into 96-well plates at 100 µL per well. Mannan was dissolved to 2 µ...
	FIGURE 16. C1r-CCP2-SP crystals grown in conditions from the Hampton crystal screen.
	Molecular Docking
	Compound structures in 2D SDF formatted images were converted to 3D MOL2 formatted files using OpenBabel v 2.4.1 [197].  MOL2 formatted files were then converted to PDBQT file format using the prepare_ligand.py script from AutoDockTools1.5.6 [198].  P...
	C1r proenzyme activation assay
	Individual stock solutions of 1 mM of Z-Gly-Arg-sBzl (MP Biomedicals) and 5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB) (Sigma-Aldrich) were made by dissolving powder in DMSO to give 10 mM stocks of each compound, which were then diluted to 1 mM in assa...
	Molecular Dynamics
	Molecular dynamics simulation of C1r-CCP2-SP/CMP-1696 binding were performed with Gromacs 2019.3 [201]. For C1r simulation, the high-resolution crystal structure with PDB code:1MD8 was used and missing residues were built using Coot v0.8.9.2 [202]. Si...
	Binding energy calculations for the receptor-compound complex were carried out with g_mmpbsa program [208]. Initially, for all the docked poses, the entire simulation trajectories were subjected to these calculations with an interval of 100 ps, ...
	Statistics
	Statistical analyses were performed using GraphPad Prism version 8. For complement inhibition assays, measures of statistical significance for single-dose experiments were assessed using unpaired Student’s t tests compared to no inhibitor controls (p...
	Ring replacement strategy
	Ring Replacement Recommender v2002.02 was utilized to identify ring analogs derived from the compound structure of CMP-1696. The oxadiazole group, computationally shown to interact transiently with C1r residues, was selectively swapped with aromatic r...
	Results
	Small-molecule fragment library design
	This study began with the design and acquisition of a custom-selected, commercially synthesized 2,000-compound small-molecule library (ChemDiv Inc.). The library was composed of five subsets: i) 250 “2-dimensional fragments” (2D-FL), ii) 250 “3-dimens...
	Initial library screening of C1r-binding by surface plasmon resonance.
	To identify compounds with non-specific binding behavior in our SPR screening platform and/or low solubility in aqueous SPR buffers, each compound was initially subjected to a “clean screen.” Compounds were first diluted to a final concentration of 50...
	C1r-binding properties of hit compounds
	We obtained 65 hit compounds in larger quantities for further characterization. Of these, 24 compounds bound to C1r dose-dependently and fit well to a 1:1 steady-state binding model. Steady-state affinities for these compounds ranged from (KD = 180 - ...
	To better understand where each fragment binds on C1r, we used molecular docking. C1r is a 92 kDa modular serine protease composed of six sequentially arranged domains named Complement C1r/C1s, Uegf, Bmp1 (CUB), Epidermal Growth Factor-like (EGF), Com...
	To limit the conformational search space and to restrict the docking to experimentally derived structures rather than a model of C1r, we carried out two independent in silico experiments. To this end, each of the 24 lead compounds were docked onto the...
	The identification of two structurally distinct C1r-binding and complement inhibitory lead fragments
	To determine if our lead fragments had direct inhibitory activity against the classical pathway, each compound was tested in a serum-based in vitro assay of complement function using conditions specific for classical pathway activation. Compared to a ...
	FIGURE 17. Selectivity and mechanistic analysis of CMP-1611 and CMP-1696. (A) Dose-dependent inhibition by CMP-1611 and CMP-1696 in a classical pathway-specific ELISA. Data were fit with GraphPad Prism using non-linear regression with a log(inhibitor)...
	To assess selectivity of CMP-1611 and CMP-1696, we performed pathway-specific ELISA-based inhibition assays. Neither CMP-1611 nor CMP-1696 inhibited complement under conditions that selectively activate the alternative pathway, suggesting a level of s...
	C1r-binding mode of CMP-1696
	Collectively, the data above showed that CMP-1611 is selective for classical pathway inhibition but that its interaction site on C1r and mechanism of action remain ambiguous. By contrast, an analogous set of experiments for CMP-1696 is consistent wit...
	Identification of the correct binding pose resulting from a molecular docking experiment may be improved by rescoring the ensemble of poses using a combination of MD simulations and molecular mechanics Poisson–Boltzmann surface area (MM/PBSA) free bin...
	To further analyze the binding mode of CMP-1696, we carried out a longer 50 ns simulation using docking pose 1. MM/PBSA analysis of this simulation further highlighted the importance of the polar interactions mentioned above in the CMP-1696/C1r intera...
	FIGURE 18. CMP-1696 structure activity relationship. (A) CMP-1696 was redocked onto C1r-CCP2-SP (PDB: 1MD8, grey surface representation) and the top nine scored poses are shown. All CMP-1696 poses dock into the S1 subsite (cyan) near the catalytic tri...
	The SAR data that was generated provided helpful theoretical information for which to move forward with compound optimization. Due to the lack of empircal binding evidence, such as that which could be obtained through a co-crystal structure of the co...
	This first generation of analogs derived from parent compound CMP-1696 were comprised of seven novel small molecules that were prioritized and selected for based on their predicted binding affnities for C1r via molecular docking studies. The compound...
	The two compounds with the greatest inhibition at 500 M (32 and 29) were selected for evaluation of dose-dependent inhibition of the classical pathway, as well as analog 35, due to its structural similarity to analog 32, differing only in the replac...
	As previously described, one of the greatest challenges in designing small-molecule inhibitors targeting serine proteases is compound specificity against a single target. Classical-pathway specific ELISAs answer to pathway selectivity, however, infor...
	Figure 19. Activity of analogs synthesized from parent compound, CMP-1696. A) Seven newly synthesized compounds formed via the replacement of the unstable oxadiazole methoxyethane group. Compounds were selected for and synthesized post-in silico C1r-C...
	To gain improved insight into the binding mechanisms of these three analogs and increase our pool of SAR data, the John Walker lab synthesized a second generation of analogs using analogs 29, 32, and 35 as the new parent compounds. Analog 29 underwen...
	FIGURE 20. Additional R-group substitutions drive activity changes in analog behavior. A) Results from the first generation of analog synthesis, specifically from compounds 29, 32, and 35, were used to synthesize a second generation of analogs with ad...
	To delve deeper into the mechanisms underpinning these changes in bioactivity as observed by SPR binding analysis, we performed molecular docking studies to examine the molecular interactions taking place and how they differ between analogs 35 and 35...
	FIGURE 21. R-group substitutions alter proposed H-bond network and further elucidate structure-activity relationship. A) Three-dimensional representation of molecular docking of compound 35 (black sticks) show the top binding conformation within the s...

	While subtle modifications to substituent groups led to increases in hydrogen bond interactions and increases in binding affinity for second-generation analogs, we next wanted to explore the chemical space involving aromatic ring systems. Much resear...
	The compounds obtained from ChemDiv were designated 1696-1, 1696-2, 1696-3, and 1696-4, with the only structural differences between them being the presence/location of heteroatoms in the replaced ring systems. To evaluate efficacy in inhibition of t...
	FIGURE 22. Ring replacement of the oxadiazole group in CMP-1696 results in improvements in biological activity. A) Compounds commercially available in the ChemDiv database and structurally similar to compounds generated through the Ring Replacement Re...
	Discussion
	The field of complement-directed therapeutics has grown considerably over the past decade, which is exemplified by latest estimates of over three dozen complement-targeted drugs in various stages of clinical development [55,87,88,173,174]. This growth...
	The classical pathway of complement has been implicated as a driver of several human diseases [177–182,218]. Development of drugs that specifically target classical pathway components is currently limited to recombinant and native preparations of C1-I...
	The mechanisms underlying the role of complement in human diseases are often complex, disease-specific, and in many cases, poorly understood. In some classical pathway-related diseases, autoantibodies activate complement via C1q/immune complex binding...
	In this study, we set out to expand the classical pathway-specific therapeutic toolkit by targeting C1 activation at the level of C1r with small-molecule inhibitors. As the initiating protease of the classical pathway, C1r catalyzes the first proteoly...
	To begin to address this gap, we carried out an unbiased screen to identify novel small-molecule fragments that bound directly to C1r. We chose a FBDD approach, as fragment hits are often better positioned than larger, more chemically complex hits, to...
	While the compounds identified here represent high quality fragment hits, we note that several limitations remain for the continued development of these leads. The first challenge is common to nearly all FBDD projects in the need to optimize affinity ...
	In lieu of empirical binding evidence, we used bioisosteric replacement of substituent groups to validate the molecular dynamics simulation results, in which it was predicted that the azetidine group is required to drive activity of the compound again...
	In summary, we report the identification of 24 novel small-molecule fragments that bind directly to the initiator protease of the classical pathway of complement, C1r. Two of these fragments directly inhibit the classical pathway but exhibit different...
	CHAPTER 4: SMALL-MOLECULE INHIBITOR DEVELOPMENT: CMP-1611
	Introduction
	Serine proteases play a significant role in a number of physiological processes. Many of these processes are involved in signaling pathways, such as blood coagulation, cell signaling, inflammation, digestion, fibrinolysis, development, fertilization, ...
	Indeed, structural data reveals that serine proteases share conserved structural and physicochemical similarities, especially among functionally related proteins. These homologous features are especially prevalent in the catalytic domains and active s...
	Despite structural and functional homology, serine proteases, like those found in the complement system, maintain a high degree of macromolecule specificity in limited proteolysis [124], which underscores the importance of identifying molecular nuance...
	Noncompetitive inhibition of sites distinct from the active site can modify protease activity through correlated backbone motions of amino acid residues mediated by hydrogen-bond networks at both the local and long-distance range, locking in or blocki...
	Successful strategies for applied discovery of noncompetitive protease inhibitors targeting these features requires high resolution protein structure determination and binding site analysis, which can be revealed by computational tools such as molecul...
	FIGURE 23. Schematic diagram showing hit-to-lead generation to identify CMP-1611 and generate optimized analogs. Initial screening began with a 2,000 small molecule, SPR screening binding screens, molecular docking, biofunctional assays for compound c...
	Methods
	Molecular docking
	Molecular docking was performed as described in chapter 3 methods. Additional docking studies were performed utilizing the AlphaFold full-length structure of C1r, including domains CUB1, EGF, CUB2, CCP1, CCP2, and SP.
	Surface plasmon resonance binding experiments
	All SPR experiments were carried out using a Biacore T200 (GE Healthcare) at 25 C and performed as previously described in chapter 3 methods.
	Complement Inhibition Assay
	Complement pathway-specific ELISAs were performed as previously described in chapter 3 methods.
	DataWarrior Scaffold Analysis
	Chemistry data analysis and visualization platform, DataWarrior, was used for the identification of the core chemical scaffold primarily responsible for activity of the compound. Chemical and structural descriptors were generated through input of the ...
	Ring replacement strategy
	Ring Replacement Recommender v2002.02 was utilized to identify ring analogs derived from the compound structure of CMP-1611. Ring features present on CMP-1611 could be theoretically and selectively swapped with an analogous ring structure with improve...
	Results
	Compound screening and triaging
	An initial screen of 2,000 small-molecule compounds sourced from ChemDiv compound libraries encompassing five subsets: 2-dimensional fragments, 3-dimensional fragments, serine-protease inhibitor compounds, natural product scaffolds, and protein-prote...
	FIGURE 24. Compound structure of CMP-1611.
	Dose-dependent binding of full-length C1r
	A critical element for hit compound identification was the ability of the compound to dose-dependently bind full-length C1r. In our SPR binding experiments, CMP-1611 displayed dose-dependent binding in triplicate injection series of two-fold serial di...
	Dose-dependent inhibition of the classical pathway
	To assess dose-dependent inhibition of the classical pathway, inhibitor concentrations of CMP-1611 ranging from 500 mM – 15.6 mM were incubated with 2% (v/v) NHS and C4b deposition was measured as a metric for pathway activation (Fig. 25B). The half-m...
	Delineating pathway-specificity
	Developing selective serine proteases remains a challenge to the field due to the structural similarity found between serine proteases. To test for selectivity, CMP-1611 was tested in triplicate at 500 M concentrations in ELISAs selective for either ...
	FIGURE 25. Dose-dependent binding and inhibition of C1r.
	Molecular docking studies
	Previous molecular docking experiments utilizing each domain of C1r as the macromolecular structure for which to dock and triage compounds from the initial screen had identified CMP-1611 as having preferential binding to the SP domain. Indeed, SPR exp...
	Ring replacement and what it informs about SAR and previous use of Data Warrior to identify core scaffold
	There are several established methods for improving the activity of a fragment against a target using structure-guided  approaches employing fragment growing, merging, linking, or a combination of those methods. Optimization approaches can originate f...
	Figure 26. Analogs derived from parent CMP-1611 with retained core pyrimidine scaffold retain inhibitory characteristics against classical pathway activation. A) Compound analogs of CMP-1611 display dose-dependent inhibition against the classical path...
	Building off the results that suggest that the core pyrimidine is an essential element for C1r inhibition, we decided upon a novel ring replacement optimization approach for the next generation of CMP-1611 analogs. Because the initial SAR information ...
	The electronic, hydrophobic, and steric properties of substituent groups can dramatically alter the bioactivity of a compound, and exploiting this facet can lend itself to effective hit optimization. One such available method of visualizing these chem...
	Increased efforts have been made to derive compound bioactivity data from scientific literature analyzing known drugs, as well as X-ray structures of protein-ligand complexes, allowing for the estimation of average contributions of functional groups, ...
	FIGURE 27. Design strategy for CMP-1611 analogs was performed using the Craig plot and ring replacement. Replacement of substituent aromatic ring groups was guided by chemical property and bioactivity analysis of compound chemical entities.
	For more rapid turnaround, we then screened the ChemDiv library for available compounds that were structurally similar to those that were designed by ring replacement using hierarchical clustering from atom pair Tanimoto coefficients. While ChemDiv di...
	FIGURE 28. Structurally similar compounds to CMP-1611 analogs designed by ring replacement. All compounds retain the core pyrimidine ring and were obtained from ChemDiv.
	Compounds were then tested at 500 M in a classical pathway-based ELISA for their ability to block pathway activation as quantified through C4c deposition on the plate surface in comparison to parent compound CMP-1611. Despite retention of the core py...
	FIGURE 29. Evaluation of second-generation analogs for inhibition against the classical pathway of complement. Compounds were tested in triplicate at single concentrations of 500 M for their ability to block C4c deposition.
	While improved activity was not achieved, most analogs did retain marginal activity against classical pathway activation (Fig. 29). Furthermore, strict emphasis on the pyrimidine core scaffold as the most important element responsible for CMP-1611 act...
	Discussion
	The vast majority of protease-targeted therapeutics available on the market are designed with the intent of competitive binding to the active site, thereby blocking or modifying enzymatic activity [101]. This becomes a challenge in designing effective...
	Beyond the realm of computational molecular approaches for identifying and designing specific small-molecule inhibitors, high-throughput and fragment-based screens also allow for the identification of novel compounds that have the ability to bind dist...
	At present, much headway has been made in characterizing the atomistic elements and molecular interactions that occur between protein-small-molecule inhibitor complex structures available in the PDB. With this wealth of structural information, tools h...
	In the development of small-molecule inhibitors targeting classical pathway protease C1r, we identified fragment hit, CMP-1611, with favorable binding and inhibitory characteristics against C1r. Structural elucidation studies failed to derive the mode...
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	Abstract
	Each year, the number of drug candidates in the research and development pipeline increases, yet despite advancements driving this ongoing growth, most candidates never progress to clinical trials. Of those that do, about 90% of those drugs in clinica...
	Introduction
	Expression and purification of recombinant C1s domain truncation mutants
	Purified C1s was purchased from Complement Technology. Recombinant C1s-domain truncations were produced by sub-cloning an Escherichia coli codon-optimized synthetic oligonucleotide (IDT Technologies) flanked with a 5’ BamHI site, a 3’ NotI site and a ...
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