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Abstract 

Human neutrophils, the most abundant leukocytes in circulation, serve as the primary 

responders in the innate immune defense against bacterial pathogens. Following the opsonization 

of bacteria by antibodies or complement fragments, neutrophils execute killing through both 

extracellular traps (NETs) and intracellular phagocytosis. While neutrophils employ a diverse 

arsenal of granule-resident defenses including proteases, lysozymes, and antimicrobial peptides, 

their oxidative killing system is paramount to bacterial clearance. This oxidative process is 

centered on the heme-containing enzyme myeloperoxidase (MPO), the most abundant protein 

within the neutrophil. Myeloperoxidase as a critical component of the antibacterial arsenal of 

neutrophils, consumes H2O2 as an oxidant to convert halogen and pseudohalogen anions into 

cytotoxic hypohalous acids.  

Following phagocytosis by neutrophils, the human pathogen Staphylococcus aureus 

secretes a potent myeloperoxidase inhibitory protein, called SPIN, as part of its immune evasion 

repertoire. The matured S. aureus SPIN polypeptide consists of only 73 residues yet contains two 

functional domains: whereas the 60 residue C-terminal helical bundle domain is responsible for 

MPO binding, the 13 residue N-terminal domain is required to inhibit MPO. Previous studies 

informed understanding of the SPIN N-terminal domain, but comparatively little was known 

about the helical domain insofar as the contribution of individual residues is concerned. To 

address this limitation, we carried out a residue-level structure/function investigation on the 

helical bundle domain of S. aureus SPIN. Using sequence conservation and existing structures of 

SPIN bound to human MPO, we selected residues L49, E50, H51, E52, Y55, and Y75 for 

interrogation by site-directed mutagenesis. We found that loss of L49 or E52 reduced SPIN 

activity by roughly an order of magnitude, but that loss of Y55 or H51 caused progressively 



 

 

greater loss of inhibitory potency. Direct binding studies by SPR showed that loss of inhibitory 

potency in these SPIN mutants resulted from a diminished initial interaction between the 

inhibitor and MPO. Together, our studies provided new insights into the structure/function 

relationships of SPIN and identified positions Y55 and H51 as critical determinants of SPIN 

function.  

S. aureus SPIN relies on its C-terminal α-helical bundle domain to mediate initial binding 

to MPO but requires a disordered N-terminal region to fold into a β-hairpin conformation to 

inhibit MPO activity. To further investigate the structure/function relationship of SPIN, we 

introduced two cysteine residues into its N-terminal region to trap SPIN in its MPO-bound 

conformation and characterized the modified protein, which we refer to here as SPIN-CYS. 

Although control experiments confirmed the presence of the disulfide bond in SPIN-CYS, 

solution structure determination revealed that the N-terminal region of SPIN-CYS adopted a 

physically constrained series of lariat-like structures rather than a well-defined β-hairpin. 

Nevertheless, SPIN-CYS exhibited a gain in inhibitory potency against human MPO when 

compared to wild-type SPIN. This gain of function persisted even in the presence of deleterious 

mutations within the C-terminal α-helical bundle domain. SPR studies showed that the gain in 

potency arose through an increase in apparent affinity of SPIN-CYS for MPO, which was driven 

primarily by an increased association rate with MPO when compared to wild-type SPIN. 

Together, this work provided new information on the coupled binding and folding events 

required to manifest biological activity of this unusual MPO inhibitor.  

S. aureus is primarily a human pathogen, and its SPIN protein cannot inhibit MPO from 

many non-human species. Evaluation of the inhibitory potency of SPIN orthologs against hMPO, 

revealed that these proteins also exhibited significantly weaker potency compared to SPIN-



 

 

aureus. This raised questions as to whether staphylococci that prefer alternative mammalian 

species might produce SPIN proteins with binding preferences for MPO from those hosts. We 

tested this hypothesis by isolating canine MPO (cMPO) from individual and pooled abscess fluid 

samples and exploring its inhibition profile by different SPIN orthologs. Consistent in both trials, 

our results showed that SPIN proteins from known canine pathogens bind more tightly to and 

inhibit canine MPO more potently than human MPO. We also found that the increased affinity 

and potency arose from increases in the second order (i.e. association rate constant (ka)) rate 

constant. Comparison of the prototypic of these inhibitors, SPIN-delphini, bound to canine MPO 

when compared to human MPO, explains the physical basis for our observation and provides 

support for our hypothesis. This work alongside our previous studies on SPIN/MPO interaction 

can be developed into a valuable model system for understanding the structure/function 

principles that underlie host-specific evolution of virulence proteins. 
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Abstract 

Human neutrophils, the most abundant leukocytes in circulation, serve as the primary 

responders in the innate immune defense against bacterial pathogens. Following the opsonization 

of bacteria by antibodies or complement fragments, neutrophils execute killing through both 

extracellular traps (NETs) and intracellular phagocytosis. While neutrophils employ a diverse 

arsenal of granule-resident defenses including proteases, lysozymes, and antimicrobial peptides, 

their oxidative killing system is paramount to bacterial clearance. This oxidative process is 

centered on the heme-containing enzyme myeloperoxidase (MPO), the most abundant protein 

within the neutrophil. Myeloperoxidase as a critical component of the antibacterial arsenal of 

neutrophils, consumes H2O2 as an oxidant to convert halogen and pseudohalogen anions into 

cytotoxic hypohalous acids.  

Following phagocytosis by neutrophils, the human pathogen Staphylococcus aureus 

secretes a potent myeloperoxidase inhibitory protein, called SPIN, as part of its immune evasion 

repertoire. The matured S. aureus SPIN polypeptide consists of only 73 residues yet contains two 

functional domains: whereas the 60 residue C-terminal helical bundle domain is responsible for 

MPO binding, the 13 residue N-terminal domain is required to inhibit MPO. Previous studies 

informed understanding of the SPIN N-terminal domain, but comparatively little was known 

about the helical domain insofar as the contribution of individual residues is concerned. To 

address this limitation, we carried out a residue-level structure/function investigation on the 

helical bundle domain of S. aureus SPIN. Using sequence conservation and existing structures of 

SPIN bound to human MPO, we selected residues L49, E50, H51, E52, Y55, and Y75 for 

interrogation by site-directed mutagenesis. We found that loss of L49 or E52 reduced SPIN 

activity by roughly an order of magnitude, but that loss of Y55 or H51 caused progressively 



 

 

greater loss of inhibitory potency. Direct binding studies by SPR showed that loss of inhibitory 

potency in these SPIN mutants resulted from a diminished initial interaction between the 

inhibitor and MPO. Together, our studies provided new insights into the structure/function 

relationships of SPIN and identified positions Y55 and H51 as critical determinants of SPIN 

function.  

S. aureus SPIN relies on its C-terminal α-helical bundle domain to mediate initial binding 

to MPO but requires a disordered N-terminal region to fold into a β-hairpin conformation to 

inhibit MPO activity. To further investigate the structure/function relationship of SPIN, we 

introduced two cysteine residues into its N-terminal region to trap SPIN in its MPO-bound 

conformation and characterized the modified protein, which we refer to here as SPIN-CYS. 

Although control experiments confirmed the presence of the disulfide bond in SPIN-CYS, 

solution structure determination revealed that the N-terminal region of SPIN-CYS adopted a 

physically constrained series of lariat-like structures rather than a well-defined β-hairpin. 

Nevertheless, SPIN-CYS exhibited a gain in inhibitory potency against human MPO when 

compared to wild-type SPIN. This gain of function persisted even in the presence of deleterious 

mutations within the C-terminal α-helical bundle domain. SPR studies showed that the gain in 

potency arose through an increase in apparent affinity of SPIN-CYS for MPO, which was driven 

primarily by an increased association rate with MPO when compared to wild-type SPIN. 

Together, this work provided new information on the coupled binding and folding events 

required to manifest biological activity of this unusual MPO inhibitor.  

S. aureus is primarily a human pathogen, and its SPIN protein cannot inhibit MPO from 

many non-human species. Evaluation of the inhibitory potency of SPIN orthologs against hMPO, 

revealed that these proteins also exhibited significantly weaker potency compared to SPIN-



 

 

aureus This raised questions as to whether staphylococci that prefer alternative mammalian 

species might produce SPIN proteins with binding preferences for MPO from those hosts. We 

tested this hypothesis by isolating canine MPO (cMPO) from two separate abscess fluid samples 

and exploring its inhibition profile by different SPIN orthologs. Consistent in both trials, our 

results showed that SPIN proteins from known canine pathogens bind more tightly to and inhibit 

canine MPO more potently than human MPO. We also found that the increased affinity and 

potency arose from increases in the second order (i.e. association rate constant (ka)) rate constant. 

Comparison of the prototypic of these inhibitors, SPIN-delphini, bound to canine MPO when 

compared to human MPO, explains the physical basis for our observation and provides support 

for our hypothesis. This work alongside our previous studies on SPIN/MPO interaction can be 

developed into a valuable model system for understanding the structure/function principles that 

underlie host-specific evolution of virulence proteins. 
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Chapter 1 - Introduction 

 NEUTROPHIL RECRUITMENT  

Neutrophils are the most abundant leukocytes in humans and are early acting cellular 

constituents of the innate immune response to bacteria [1,2]. Resting neutrophils circulate freely 

in the blood in an inactive state but exhibit major morphological and behavioral changes upon 

sensing any number of stimuli that lead to their activation. A pillar of the activated neutrophil’s 

response to bacteria is phagocytosis, which serves to envelop these potentially harmful 

microorganisms within an intracellular compartment where they can ultimately be killed and 

destroyed. Maturation of the nascent phagosome is an orchestrated process [2,3]. It involves 

fusion of the bacteria-laden compartment with several types of cytosolic granules, each of 

which contains various aspects of the neutrophil’s antibacterial arsenal of peptides, proteins, and 

enzymes [2,4].  This not only mobilizes an array of antibacterial peptides like -defensins, it 

also establishes the NADPH oxidase/myeloperoxidase (MPO) system for producing cytotoxic 

oxidants (e.g. HOCl) and liberates a series of chymotrypsin-like serine proteases, including 

neutrophil elastase (NE), cathepsin-G (CG), and proteinase-3 (PR3), that are collectively known 

as the neutrophil serine proteases (NSPs) [4–7]. Together, these systems generate a formidable 

antibacterial environment within the matured phagosome that is believed to exhibit synergistic 

potency when compared to its various components in isolation [8].  

 NEUTROPHIL DEGRANULATION 

Although killing bacteria with the phagosome provides a mechanism for isolating host 

cells from the neutrophil’s indiscriminate biochemical arsenal, it is not the only antibacterial 

response following activation. Neutrophil granule contents can also be directly released into the 

extracellular environment through a process known as degranulation [2,4]. Freed from the 
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restrictions of the phagosome, various antibacterial activities can thus manifest themselves 

across a broader area, albeit at lower concentrations. Separately, certain granule components are 

also key constituents of neutrophil extracellular traps (NETs) [9].  These webs of decondensed 

chromatin decorated with antimicrobial proteins serve to ensnare extracellular bacteria and 

restrict their mobility. NETs are thought to promote killing by increasing the local concentration 

of antimicrobial proteins [10,11], although this topic remains an area of active investigation. 

Nevertheless, neutrophils exhibit multiple, overlapping bacterial killing mechanisms that 

operate both within the cell as well as in the extracellular environment. 

 BACTERIAL IMMUNE EVASION STRATEGIES 

   Invading bacteria must contend with the neutrophil’s highly diversified and formidable 

antibacterial arsenal. Thus, there is heavy selective pressure on these bacteria to evolve the 

physical and biochemical means for inhibiting, evading, or escaping from neutrophil attack. 

Whereas evidence for bacterial evasion of neutrophils has been available since at least the 

pioneering work of van de Velde in the mid-1890’s [12], studies from the last two decades 

focused on the pathogen bacterium Staphylococcus aureus have greatly expanded our 

understanding of the breadth of neutrophil evasion mechanisms [13]. Several S. aureus evasion 

mechanisms targeting neutrophil cell-surface receptors important to sensing chemotactic cues 

have been described [14–16]. This includes the fundamental observation by Spaan et al. that the 

prototypic neutrophil evasion molecule, Panton-Valetine Leukocidin (PVL), binds to the cell-

surface C5a receptors, C5aR and C5L2 [17]. However, more recent work has identified two 

families of S. aureus innate immune evasion proteins, known as SPINs and EAP proteins, that 

target key antibacterial enzymes normally found within neutrophil granules, namely MPO and 

NSPs.  
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 SPIN: A UNIQUE MYELOPEROXIDASE INHIBITOR EXPRESSED BY 

STAPHYLOCOCCI 

 Myeloperoxidase (MPO) is a cornerstone of the neutrophil antibacterial arsenal, 

whereby it consumes H2O2 to generate cytotoxic hypohalous acids, most notably HOCl [5,18]. 

Since MPO is the most abundant antimicrobial enzyme within neutrophils and reaches 

concentrations estimated near 1 mM within the phagosome [19], de Jong et al. hypothesized that 

it would be an attractive target for a staphylococcal innate immune evasion strategy. By 

screening a specialized phage library that displayed only secreted S. aureus proteins, de Jong et 

al. identified a small, 73-residue protein that bound tightly to human MPO with an apparent Kd 

of ~10 nM [20]. The authors subsequently named this protein Staphylococcal Peroxidase 

INhibitor, or SPIN, since it potently blocked the peroxidase activity of MPO in functional 

assays [20]. Expression of SPIN by S. aureus increased by nearly an order of magnitude 

following phagocytosis by neutrophils, suggesting that the primary role of SPIN lies in 

inhibiting MPO within the phagosome [20]. Consistent with this model, S. aureus cells lacking 

SPIN were more susceptible to killing by isolated human neutrophils than were cells 

overexpressing SPIN [20]. 

 THE STRUCTURE/FUNCTION RELATIONSHIPS OF THE SPIN PROTEIN 

 Structural studies of S. aureus SPIN, either free or bound to a recombinant form of 

human MPO, revealed that this small protein consists of two functionally unique domains 

[20,21]. The ~60-residue C-terminal region adopts a compact, -helical bundle fold (Figure 

1.1A). Although studies on this domain in isolation showed that it mediates initial high-affinity 

binding to MPO, it cannot inhibit MPO on its own [21]. The ~13-residue N-terminal region is 

disordered in the absence of ligand [21], but folds into a -hairpin conformation following MPO 
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binding (Figure 1.1A-D) [20]. Several peptides designed to mimic this region did not appear to 

bind MPO or inhibit its activity [21]. However, the N-terminal segment of SPIN is required to 

inhibit MPO [20,21]. Examination of the crystal structure of S. aureus SPIN bound to a 

recombinant form of human MPO (rhMPO) revealed that the SPIN N-terminus inserts into the 

MPO active site channel, apparently blocking access to the MPO active site (Figure 1.1A-D) 

[20]. This observation, combined with the studies mentioned earlier in this paragraph, led to the 

“bind-fold-inhibit” model for SPIN function [21,22]. Although this model has certain 

limitations that have been pointed out by recent studies (e.g. [23]), it nevertheless served as a 

useful framework for understanding the structure/function properties of SPIN for several years. 
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Figure 1.1. Structure of SPIN bound to rhMPO. 

(A) Cartoon representation of the S. aureus SPIN (orange) bound to rhMPO (olive). (B) SPIN is 

drawn as an orange space-filling mesh and rhMPO is an olive molecular surface. The N-

terminal β-hairpin of SPIN inhibits MPO by restricting access to the catalytic heme which is a 

key determinant of MPO inhibition by SPIN. (C) Two distinct rhMPO/SPIN-aureus interaction 

interfaces. Interface/Site #1 (light purple) represents the residues within the α-helical bundle 

domain. Interface/Site #2 (silver) is comprised of residues within the β-hairpin domain. The 

ball-and-stick models represent the sidechains of residues that form contacts with rhMPO in the 

structure. (D) Representation of the SPIN/rhMPO structure. The two distinct SPIN-binding 

surfaces on MPO are colored according to panel C [22]. 
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 IDENTIFICATION AND CHARACTERIZATION OF SPIN HOMOLOGS FROM 

OTHER STAPHYLOCOCCI 

Shortly after the discovery of SPIN from S. aureus, Ploscariu et al. identified a cohort of 

SPIN orthologs from other closely related staphylococcal species [24]. The initial outcome of 

these efforts was the structure/function characterization of SPIN from S. delphini [24]. These 

authors showed that S. delphini SPIN binds and inhibits human MPO, albeit ~6.5-fold weaker 

than S. aureus SPIN. This loss in potency appeared to arise from weakening specific 

interactions at the SPIN/MPO interface: comparison of the crystal structures of recombinant 

human MPO bound to either S. delphini or S. aureus SPIN revealed either minor positional 

changes in key sidechains or substitution to different residues altogether (Figure 1.2A-D). 

Ultimately, this led to broader questions regarding which SPIN residues were most important 

for mediating initial binding of this inhibitor to MPO. 
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Figure 1.2. Structural characterization of rhMPO/SPIN-delphini.  

The cocrystal structure of rhMPO/SPIN-delphini solved to 2.4 Å limiting resolution [24]. (A) 

Superposition of SPIN-aureus (orange) and SPIN-delphini (purple) drawn as ribbon diagrams. 

(B) Superposition of the crystal structure of rhMPO/SPIN-delphini with that of rhMPO/SPIN-

aureus. The SPIN proteins are drawn as Cα wires using the same coloring scheme as panel A. 

(C) SPIN-aureus residues (carbon atoms colored orange) and the contacts formed with Asn352 of 

rhMPO (carbon atoms colored olive). Likely polar interactions, along with their distances, are 

shown as orange dashed lines. (D) SPIN-delphini residues (carbon atoms colored purple) and 

the contacts formed with Asn352 of rhMPO. Likely polar interactions and distances are shown as 

purple dashed lines, while interactions that fail to form due to excessive distance are shown as 

grey dashed lines [24].  

 

 Using the same crystal structures of S. aureus and S. delphini SPIN bound to human 

MPO as a guide, we examined a multiple sequence alignment of SPIN orthologs to identify 

candidate residues for study by site-directed mutagenesis. We focused our attention on residues 
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within the SPIN -helical bundle domain since this region of SPIN is required for MPO 

binding. The detailed explanation of this study can be found in chapter 2.  

 BIND-FOLD-INHIBIT MECHANISM FOR MPO INHIBITION BY SPIN 

Initial structure/function investigations on SPIN were broadly consistent with a "bind-

fold-inhibit" mechanism for MPO inhibition [20–22]. A central feature of this mechanism is that 

the SPIN N-terminal domain acts as a molecular plug, preventing the unimpeded exchange of 

substrates and products with the MPO active site (Figure 1.1). However, Leitgeb and coworkers 

noted that many MPO substrates are approximately the same size as water and suggested that 

such substances might still access the MPO active site to some degree, even in the presence of 

SPIN [23]; consistent with this premise, they observed that SPIN does not fully block halide 

oxidation by MPO [23]. These observations suggested that SPIN must fit rather loosely in the 

MPO active site. They also raised questions about how the N-terminus of SPIN folds following 

initial MPO binding. A subsequent computational study by Zhang et al. employed atomistic 

molecular dynamics simulations to investigate this issue [25]; these authors concluded that 

binding and folding of the S. aureus SPIN N-terminus is a highly cooperative process [25]. This 

observation suggested that restricting the conformational landscape accessible to the SPIN N-

terminus might have functional consequences. To investigate this issue experimentally, we 

introduced a stabilizing disulfide bond into the N-terminal region of S. aureus SPIN and 

characterized the structure and function of this disulfide-insertion mutant. The outcomes of this 

study can be found in chapter 3.  

 SPIN orthologs are distributed across several bacterial species closely related to S. 

aureus [24]. While S. aureus is recognized as a versatile pathogen capable of colonizing both 

humans and livestock (such as dairy cattle), multiple staphylococcal species encoding SPIN-like 
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sequences, including S. delphini, S. intermedius, S. schleiferi, and S. pseudintermedius, are 

primarily known as pathogens of livestock and/or companion animals [26]. Consistent with this, 

SPIN-aureus demonstrates a pronounced binding selectivity and inhibitory potency toward 

myeloperoxidase derived from its human host, yet it lacks any detectable interaction with or 

inhibition of murine MPO and many others [20]. Additionally, it is noteworthy that SPIN 

orthologs from S. delphini, S. intermedius, S. schleiferi, and S. pseudintermedius fail to bind 

with or inhibit human MPO with the same affinity or potency as the SPIN-aureus [24]. 

Therefore, we hypothesized that these SPIN variants may instead exhibit a similar selectivity for 

MPO derived from their preferred hosts. To test this hypothesis, we isolated canine MPO from 

abscess fluid samples obtained for veterinary diagnostic purposes and explored its inhibition 

profile by different SPIN orthologs. The details of this study can be found in chapter 4.  
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ABSTRACT 

 Myeloperoxidase is a critical component of the antibacterial arsenal of neutrophils, 

whereby it consumes H2O2 as an oxidant to convert halogen and pseudohalogen anions into 

cytotoxic hypohalous acids. Following phagocytosis by neutrophils, the human pathogen 

Staphylococcus aureus secretes a potent myeloperoxidase inhibitory protein, called SPIN, as 

part of its immune evasion repertoire. The matured S. aureus SPIN polypeptide consists of only 

73 residues yet contains two functional domains: whereas the 60 residue C-terminal helical 

bundle domain is responsible for MPO binding, the 13 residue N-terminal domain is required to 

inhibit MPO. Previous studies have informed understanding of the SPIN N-terminal domain, 

but comparatively little is known about the helical domain insofar as the contribution of 

individual residues is concerned. To address this limitation, we carried out a residue-level 

structure/function investigation on the helical bundle domain of S. aureus SPIN. Using 

sequence conservation and existing structures of SPIN bound to human MPO as a guide, we 

selected residues L49, E50, H51, E52, Y55, and Y75 for interrogation by site-directed 

mutagenesis. We found that loss of L49 or E52 reduced SPIN activity by roughly an order of 

magnitude, but that loss of Y55 or H51 caused progressively greater loss of inhibitory potency. 

Direct binding studies by SPR showed that loss of inhibitory potency in these SPIN mutants 

resulted from a diminished initial interaction between the inhibitor and MPO. Together, our 

studies provide new insights into the structure/function relationships of SPIN and identify 

positions Y55 and H51 as critical determinants of SPIN function.   

KEYWORDS 

Myeloperoxidase, Inhibitor, Staphylococcus aureus, Immune Evasion, 

Structure/Function  
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 1. INTRODUCTION 

 Human neutrophils play an essential and early role in the innate immune response to 

bacterial pathogens [1,2]. Neutrophils contribute to killing of bacteria intracellularly with the 

phagosome, as well as extracellularly following formation of neutrophil extracellular traps 

(NETs). Although bacterial killing involves diverse antibacterial molecules derived from 

neutrophil granules [4], enzymatic generation of oxidants within the phagosome is paramount. 

As the bacteria-containing phagosome matures, membrane-resident NADPH oxidase consumes 

O2 to ultimately generate H2O2, which is subsequently used by the abundant intraphagosomal 

enzyme myeloperoxidase (MPO) to convert halides (e.g. Cl-) or pseudohalides (e.g. SCN-) 

anions into cytotoxic oxidant species, including HOCl [5,18]. According to known rate 

constants for the relevant reactions, the high concentrations of MPO within the phagosome are 

believed capable of generating HOCl at rates near 134 mM/min following phagocytosis [19]. 

Thus, efficient generation of this potent antibacterial environment is a cornerstone of a robust 

innate immune response. 

 Many successful bacterial pathogens have developed means to escape opsonization and 

killing by the innate immune system. Among such bacteria, Staphylococcus aureus appears 

particularly adept at immune evasion. Work from throughout the last two decades has identified 

nearly two dozen different proteins produced by S. aureus to block opsonization by complement 

fragments, as well as chemotaxis and subsequent phagocytosis by neutrophils (Reviewed in 

[27,28]). More recent studies have revealed an elaborate staphylococcal innate immune evasion 

program that appears to function with the phagosome. This includes a family of potent and 

selective inhibitors of Neutrophil Serine Proteases (NSPs) known as EAP proteins [29], as well 

as a novel class of MPO inhibitor known as SPIN (Staphylococcal Peroxidase Inhibitor) [20]. S. 
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aureus cells deficient in EAP proteins were less infectious in a mouse model of liver abscess 

formation when compared to wild-type cells [29], while S. aureus cells deficient in SPIN were 

more susceptible to killing by isolated neutrophils when compared to SPIN-expressing bacteria 

[20]. Although the contributions of EAP proteins and SPIN to S. aureus survival within the 

phagosome remain to be fully understood, the long-standing proposal of functional synergy 

between NSPs and MPO [8] suggests that inhibiting both systems simultaneously might be 

required to meaningfully influence the overall process of bacterial killing.  

 Since SPIN shares no sequence relationships with other known proteins [20], detailed 

structure/function studies were required to provide insight into its mechanism of MPO 

inhibition. Although SPIN from S. aureus consists of only 73 residues (Figure 2.1A), a 2.4 Å 

crystal structure of SPIN bound to a recombinant form of human MPO revealed that the 

inhibitor is comprised of two functional domains (Fig. 1B). Whereas the 60 residue C-terminal 

domain of SPIN assumes an -helical bundle fold, its short, 13 residue N-terminal region adopts 

a -hairpin structure when bound to MPO [20]. Significantly, this -hairpin is almost 

completely buried within the MPO active site channel. Consistent with this observation, studies 

using an N-terminal deletion mutant of SPIN showed that this truncation still binds tightly to 

MPO, yet lacks the ability to inhibit MPO activity [21]. Together, these observations led to the 

proposal that SPIN acts as a molecular plug to prevent free exchange of substrates and products 

with the MPO active site [20,21]. A more recent kinetic investigation has shown that SPIN 

cannot completely block MPO activity for small acceptor substrates such as halides, but that it 

becomes a more effective inhibitor as the size of the substrate increases [23]. This suggests that 

if SPIN indeed acts as a molecular plug, it must fit somewhat loosely within the MPO active site 

channel.   
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 Although the N-terminus of SPIN is required for inhibition, synthetic peptides 

corresponding to this region alone do not appear to bind or inhibit MPO activity [21]. 

Moreover, an N-terminally truncated form of SPIN also binds MPO with comparable affinity to 

the full-length molecule (c.f. ~10 nM vs ~30 nM) [21]. Together these observations suggest that 

the -helical bundle region of SPIN is the main determinant of MPO binding. Unfortunately, 

little is currently known about the residues within the SPIN -helical bundle region that mediate 

its interactions with MPO. This represents a significant barrier to understanding how SPIN 

initially binds to MPO. It also prevents a deeper appreciation of other relevant issues, including 

the selectivity of SPIN for human MPO versus MPO from other species [20,22,24].  

Following the initial discovery of SPIN, we reported the identification of a panel of 

SPIN orthologs from various staphylococcal species closely related to S. aureus [24]. This 

provided insights into the sequence conservation status of various residues across the entire 

SPIN protein, including the α-helical bundle domain (Figure 2.1A). In this report, we used this 

sequence conservation data and available structural information on the SPIN/MPO complex 

[20,21,23,24] (Figure 2.1B) to identify a cohort of residues that might contribute to the 

SPIN/MPO interaction. We then tested our hypothesis through a combination of site-directed 

mutagenesis, enzyme inhibition measurements, and direct binding studies. The outcome of this 

investigation allowed us to assign potential roles for each of these residues. Our results further 

show that loss of critical positions diminishes SPIN function primarily by slowing the initial 

interaction of the inhibitor with its target enzyme, MPO.   

 2. EXPERIMENTAL 

2.1. Proteins  
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Native human myeloperoxidase that had been isolated from quiescent human neutrophils 

was obtained from Planta Natural Products. The enzyme was reconstituted (10 mM HEPES (pH 

7.4), 150 mM NaCl), and stored until further use according to the manufacturer’s 

recommendations.  

All SPIN proteins were obtained in recombinant form according to the general methods 

described previously [21]. Briefly, gene fragments encoding the matured form of S. aureus 

SPIN, or various site-directed mutants, were subcloned into the prokaryotic expression vector 

pT7HMT [30] and obtained from GenScript. Following overexpression in cells of E. coli strain 

BL21(DE3), the recombinant SPIN was isolated from a clarified cell extract using immobilized 

metal ion affinity chromatography. The target protein was cleaved from the his-tag by digestion 

with TEV protease, and separated from the protease and remaining digestion products by a 

second round of immobilized metal ion affinity chromatography where the unbound fraction 

was collected. Final purification was achieved by size-exclusion chromatography using a 

Superdex 30 26/60 column attached to an AKTA format FPLC (Cytiva Life Sciences). 

Following confirmation of purity by SDS-PAGE, each protein was buffer exchanged in to 

ddH2O, separated into aliquots, and lyophilized for long-term storage.  

2.2. Circular Dichroism Spectropolarimetry 

Circular dichroism spectropolarimetry (CD) was used to examine the structural integrity 

of SPIN proteins containing single, double, and triple mutations by comparison to wild -type 

SPIN.  All experiments were conducted on a Jasco J-815 CD spectrophotometer using a 1-mm 

path-length jacketed cylindrical quartz cuvette. All proteins were dissolved in ddH2O and their 

concentrations were determined based on absorbance at 280 nm using a DeNovix DS-11 

spectrophotometer. Measurements were then conducted using a final protein concentration of 25 
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µM. All spectra were obtained from 260 to 190 nm at scan rate of 50 nm min−1 with a 1 nm step 

interval. An average of five scans for each sample was used to obtain a composite CD spectrum, 

prior to subtracting a blank measurement. The subtracted spectrum was smoothed with a 

Savitsky−Golay algorithm using Spectra Analysis software provided by the manufacturer (Jasco 

Inc., Easton, MD) [31].  

2.3. Myeloperoxidase Activity Assay 

Myeloperoxidase activity within the peroxidase cycle was measured using a coupled 

colorimetric assay consisting of MPO, H2O2, vanillic acid (VA), and 4-aminoantipyrine (AAP) 

[32]. In this reaction sequence, the oxidized AAP condenses with VA to form a quinoneimine 

dye such that two quinoneimines are formed for each molecule of H2O2 consumed. Reactions 

were carried out in a neutral pH buffer system (50 mM sodium phosphate (pH 7.0)) at 25 C 

and followed spectrophotometrically in a Versamax tunable microplate reader at 510 nm (: 6.98 

mM-1cm-1) [33].   

2.4. Steady-State Kinetic Analysis of Myeloperoxidase 

Initial velocities of the MPO reaction (2.12 nM enzyme) were measured 

spectrophotometrically via a plate-based assay outlined above. Briefly, 170 µL of mixture 

containing 4.24 nM MPO, 7 mM VA and 5mM AAP were added to 170 µL of buffer containing 

H2O2 concentrations ranging from ~ 5 µM to ~ 1.1 mM and the formation of the quinoneimine 

product at 25 C was followed at 510 nm. From these data, initial velocities were determined 

and converted to kcat values using the extinction coefficient of the quinoneimine, MPO 

concentration and the stoichiometry of substrate to product (1 H2O2:2 quinoneimine). Replicate 

data (a minimum of n=3 technical replicates) were fitted to the Michaelis-Menten equation with 
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an additional substrate inhibition component (uncompetitive inhibition) to determine the kcat, Km 

and KI with respect to H2O2 using GraphPad Prism.  

 

 

 

 

2.5. Steady-state Inhibition of Myeloperoxidase by SPIN proteins 

The half-maximal inhibition concentration (IC50) for various SPIN proteins was 

determined using the plate-based assay described above. Briefly, MPO (4 nM), VA (7 mM), 

AAP (5 mM) and various concentrations of SPIN proteins were incubated for 90 min at room 

temperature in sodium phosphate buffer. Following the incubation, 170 µL of each sample 

above were mixed with 170 µL of sodium phosphate buffer containing ~112 µM H2O2. 170 µL 

of the complete reaction mixture were added to the read plate and the formation of the 

quinoneimine product at 25 C was followed at 510 nm. Initial velocities were converted to kcat 

values as described above, and the replicate data (a minimum of n=3 technical replicates) were 

fitted to an IC50 equation containing four variables using GraphPad Prism. The ymax was fixed to 

the average value of uninhibited rates with the ymin, logIC50 and hillslope allowed to float.   

 

 

 

2.6. Surface Plasmon Resonance   
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Sciences) at 25°C. HBS-T was used as a running buffer (20 mM HEPES (pH 7.4), 140 mM 

NaCl, and 0.005% (v/v) Tween-20) with a flow rate of 30 μL/min. 

The biosensor surface was established on a CMD-200M sensor chip (Xantec 

Bioanalytics GmbH) by coupling MPO to three separate flow cells via amine coupling 

according to the manufacturer's recommendations. To activate the surface, equal volumes of N-

hydroxysuccinimide (NHS; 0.1 M in ddH2O) and N-ethyl-N'-(dimethylaminopropyl) 

carbodiimide hydrochloride (EDC; 0.4M in ddH2O) were mixed immediately prior to injection 

onto a naïve surface. Subsequently, 20 μg/mL MPO (prepared in 10 mM sodium acetate (pH 

5.5)) was injected to allow the coupling of protein-borne amine groups to the surface esters 

through amide bond formation. Finally, 1 M ethanolamine (pH 8.5) was injected to deactivate 

any uncoupled NHS-esters. The levels of MPO immobilization were 855.1, 798.4, and 701 

Resonance Units (RU) on the three experimental flow cells. One flow cell was activated but 

immediately inactivated by ethanolamine and served as the reference. 

Serial two-fold dilutions (1.93-1000 nM) of each SPIN protein were injected over the 

flow cells. A contact time of 3 min was used, followed by a 5 min dissociation phase. To 

regenerate the surface following each injection, a 0.5 min pulse of 0.1 M glycine (pH 10.0) 

containing 1 M NaCl was applied. To determine rate constants more accurately for more 

severely affected mutants, higher concentrations of certain SPIN proteins were injected over the 

surface (2.43-10,000 nM for L49A and E50A and 3-50,000 nM for H51A, L49A/E52A, Y55A, 

and H51A/Y55A/Y75A). Reference subtracted sensorgram series were processed using Biacore 

T-200 Evaluation Software v3.2.1 (Cytiva Life Sciences). Data were analyzed globally using a 

two-state reaction model with local fitting of Rmax. The fitted binding curves were then imported 

and graphed using GraphPad Prism.  
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2.7. Miscellaneous 

 Amino acid sequence alignments were performed using Clustal Omega [34]. 

Representations of secondary structure as a function of amino acid sequence were generated 

using EsPript [35]. Images of protein structures were rendered using PyMol 

(https://pymol.org/). Analyses of protein-protein interfaces were carried out using the EBI-PISA 

server (https://www.ebi.ac.uk/pdbe/pisa/) [36]. Statistical analyses were performed using 

GraphPad Prism 10 (https://www.graphpad.com/).    

 3. RESULTS 

3.1. Selection of Residues for Investigation and Generation of SPIN Mutants 

 In an earlier analysis of the SPIN/MPO cocrystal structure [20,21], we identified SPIN 

residues H43, D44, and D45 as positions of potential significance since these residues are 

buried at the protein-protein interface, form hydrogen bonds and/or salt bridges with groups 

derived from MPO, and are conserved across a panel of SPIN orthologs [24]. Characterization 

of a SPIN mutant wherein all three of these positions were changed to alanine revealed that this 

protein maintains high-affinity MPO binding, yet lacks the ability to inhibit MPO activity [21]. 

Although the loss of inhibition in this mutant is noteworthy, the fact that it retains high-affinity 

MPO binding (KD ~30 nM) suggests that other residues are potentially more important insofar 

as MPO binding is concerned. Therefore, we reevaluated the SPIN/MPO cocrystal structure and 

identified two additional sets of residues for further investigation. The residues in each set are 

either adjacent to one another in sequence (Set 1) or lie in close physical proximity in the SPIN 

tertiary structure (Set 2), and each of these residues is either highly conserved or invariant 

among known SPIN orthologs (Figure 2.1A-B). Furthermore, residues from both sets are buried 

at the protein-protein interface and form hydrogen bonds with groups derived from MPO 

https://pymol.org/
https://www.ebi.ac.uk/pdbe/pisa/
https://www.graphpad.com/
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(Figure 2.1C). Set 1 consists of L49, E50, H51, and E52, while Set 2 consists of Y55 and Y75 

(Figure 2.1A&C).   

 

Figure 2.1.  Sequence and Structural Properties of the Staphylococcal Peroxidase 

Inhibitor, SPIN.  
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(A) Structure-based sequence alignment of the SPIN family members, as rendered by EsPript 

[35]. Secondary structure elements of the MPO-bound form of S. aureus SPIN [20] are depicted 

above a multiple-sequence alignment of a cohort of SPIN orthologs [24]. Invariant residues are 

shown with a shaded background, while residues found in seven of nine sequences are outlined 

with a box. Residues H43, D44, and D45 of S. aureus SPIN are illustrated with a hollow circle 

above. Residues L49, E50, H51, and E52 are illustrated with a filled orange circle.  Residues 

Y55 and Y75 are illustrated with a filled blue circle. (B) Structure of the MPO-bound form of S. 

aureus SPIN. The SPIN polypeptide is depicted as ribbon diagram in the left image.  Invariant 

residues are labeled and shown as ball-and-stick models with their carbon atoms in light blue, 

while the boxed residues from panel A are colored dark blue. The structure of SPIN bound to 

human MPO is shown in the right image. MPO is drawn as an orange molecular surface, while 

its active site heme is colored with its carbon atoms in yellow. (C) Representation of the role(s) 

of conserved SPIN residues in MPO binding.  Residues from SPIN are drawn with their carbon 

atoms in dark blue, while residues from MPO are drawn with their carbon atoms in orange. 

Hydrogen bonds are represented by green dashed lines. The left image depicts the interactions 

formed by SPIN residues L49, E50, H51, and E52, while the right image depicts the interactions 

formed by SPIN residues Y55 and Y75.   

 

To test the functional contributions of these residues, we first prepared site-directed 

alanine substitution mutants for each residue within Set 1 (i.e. L49A, E50A, H51A, and E52A) 

and Set 2 (Y55A and Y75A). We also prepared one double mutant (i.e. L49A/E52A) and one 

triple mutant (i.e. H51A/Y55A/Y75A). Each mutant protein was obtained in yields comparable 

to the wild-type SPIN protein and exhibited similar behavior when analyzed by SDS-PAGE 

(Figure 2.2A). In addition, the CD spectrum of each mutant was essentially indistinguishable 

from that of the wild-type protein (Figure 2.2B). This suggested that these mutations did not 

adversely affect the overall structural properties of the SPIN proteins. Therefore, we proceeded 

to characterize this panel of SPIN mutants and compare their properties to those of wild-type 

SPIN. 
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Figure 2.2. Physical Characterization of Site-Directed Mutants of S. aureus SPIN.  

(A) SDS-PAGE of purified S. aureus SPIN proteins. Seven micrograms of each protein were 

loaded in each well, separated, and visualized by staining with Coomassie blue. A mixture of 

standard proteins was loaded in the left-most well with sizes indicated in kDa. Individual 

samples correspond to: 1, wild-type; 2, L49A; 3, E50A; 4, H51A; 5, E52A; 6, L49A/E52A; 7, 

Y55A; 8, Y75A; and 9, H51A/Y55A/Y75A. (B) Circular Dichroism spectropolarimetry 

analysis S. aureus SPIN variants at pH 7.4. Five spectra were collected for each sample, and 

were averaged, buffer-subtracted, and subjected to spectral smoothing as described in Materials 

& Methods. The processed spectra were plotted on the same graph to allow for direct 

comparison.  A legend identifying each sample is inset.  

 

3.2. Mutation of SPIN Residues Found at the MPO Interface Results in Loss of Inhibitory Activity 

 Having confirmed the structural integrity of our mutant SPIN proteins, we investigated 

the functional consequence of each mutation by quantifying the potency of each SPIN mutant 

against MPO. We employed a microplate-format colorimetric activity assay that monitors the 

MPO peroxidase cycle and determined the apparent kcat of the enzyme across a dilution series of 
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each SPIN mutant (please see Experimental 2.3-2.5). We then fitted the replicate data for each 

SPIN mutant to a four-parameter dose-response curve and calculated the IC50 and corresponding 

confidence interval (Table 2.1). 

Table 2.1.   Functional Properties of SPIN Variants as Assessed by Enzyme Assay and 

Surface Plasmon Resonancea,b 

SPIN Variant IC50 (nM)a KD (nM) ka1 (M-1s-1) x 104 kd1 (s-1) x 10-3 ka2 (s-1) x 10-3 kd2 (s-1) x 10-3 

WT       7.4 (6.9-7.9)       20.9 ± 2.3 47.4 ± 3.9 23.6 ± 1.7 3.5 ± 0.3 2.5 ± 0.3 

L49A     37.8 (34.3-41.8)     287.0 ± 31.7   2.5 ± 0.4 20.2 ± 2.9 3.8 ± 0.3 2.1 ± 0.3 

E50A       8.9 (8.1-9.9)       28.3 ± 4.9 27.9 ± 6.5 22.2 ± 7.0 4.1 ± 0.7 2.3 ± 0.5 

H51A 1193.0 (997.4-1505.0) - -  - - - 

E52A     64.4 (58.9-70.2)        492 ± 56.2 1.7 ± 0.4 18.6 ± 5.5 4.1 ± 1.3 3.2 ± 1.0 

L49A/E52A   268.5 (153.0-627.7)    19830 ± 1424 0.015 ± 0.005 12.1 ± 4.0 6.0 ± 1.8 1.9 ± 0.3 

Y55A   181.1 (126.5-321.5) - - - - - 

Y75A       9.6 (8.4-10.9)       41.1 ± 18 21.0 ± 5.2 19.9 ± 8.1 3.8 ± 1.3 3.2 ± 1.5 

H51A/Y55A/Y75A - - - - - - 

 

 

 We began by characterizing the mutants within Set 1 (Figure 2.3A & Table 2.1). 

Although the E50 sidechain forms a pair of hydrogen bonds with MPO (Fig. 1C), the E50A 

mutant displayed an IC50 value identical to SPIN-WT (c.f. 8.9 nM vs 7.4 nM). However, each of 

the remaining Set 1 mutants were significantly diminished when compared to SPIN-WT. Both 

L49A (37.8 nM) and E52A (64.4 nM) were impaired by roughly one order of magnitude. 

Simultaneous loss of both sidechains appeared to cause a greater than additive effect, since the 

L49A/E52A mutant lost approximately 36-fold in potency (268.5 nM). The H51A mutant was 

the most severely impacted, however, as it displayed an IC50 value roughly 180-fold weaker 

than SPIN-WT (1193 nM). This observation was consistent with both the invariant nature of 

this histidine across a panel of SPIN orthologs (Figure 2.1A), as well as the role of this 

sidechain at the SPIN/MPO interface (Figure 2.1Error! Reference source not found.C). 
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 We then characterized the mutants within Set 2 (Figure 2.3B & Table 2.1). Although 

Y75 is invariant across SPIN orthologs (Figure 2.1A) and its sidechain forms a hydrogen bond 

with MPO (Figure 2.1C), the Y75A mutant displayed a wild-type-like IC50 value (9.6 nM). By 

contrast, removal of the Y55 sidechain resulted in a significant loss of function, since the Y55A 

mutant was diminished by roughly 24-fold when compared to SPIN-WT (181.1 nM). This result 

was somewhat surprising, since the Y55 position is not invariant, and its sidechain forms a 

comparable hydrogen bond with MPO to that of Y75 (Figure 2.1C). Simultaneous loss of Y55, 

Y75, and H51 resulted in the greatest loss of function, though, as the H51A/Y55A/Y75A 

protein failed to exhibit saturable inhibition of MPO even at concentrations greater than 20 M 

protein. This result was consistent with previous observations on the H51A and Y55A mutants, 

both of which are significantly diminished on their own (Table 2.1). 
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Figure 2.3. MPO Inhibitory Properties of Various S. aureus SPIN Mutants.  

The MPO-inhibitory properties of wild-type S. aureus SPIN were compared to Set 1 and Set 2 

site-directed mutants. A minimum of nine independent replicates were conducted on each 

mutant prior to fitting the data to a four-parameter dose-response inhibition curve. The outcome 

of curve fitting is shown in Table I. Data points are shown as the mean plus or minus the 

standard deviation. (A) Comparison of wild-type SPIN with Set 1 mutants consisting of L49A, 

E50A, H51A, H52A, and the L49A/E52A double mutant. A legend is inset. (B) Comparison of 

wild-type SPIN with Set 2 mutants consisting of Y55A, Y75A, and the H51A/Y55A/Y75A 

triple mutant. A legend is inset.   

 

3.3. Loss of Inhibitory Activity in SPIN Mutants Results from Diminished Association Rates with 

MPO.   

   We previously showed that SPIN orthologs with decreased potency against human MPO 

also bind human MPO more weakly [24]. Therefore, we hypothesized that the loss of function 

exhibited by the SPIN mutants described above was likely due to diminished binding to MPO. 

To test this idea, we characterized the interaction of each SPIN mutant with immobilized human 

MPO using SPR (Fig. 4, Fig. S1 & Table I). Although we utilized a Langmuir binding model to 

evaluate SPIN/MPO binding in earlier work [20,21,24], we employed here a two-state 

interaction model similar to Leitgeb et al. [23]. This decision was made because structural 

studies of SPIN in both the free and MPO-bound state have shown that the SPIN protein 

undergoes a conformational change upon binding MPO [20,20,22]; moreover, the two-state 

model also results in notably improved fitting of the sensorgram series, as judged by lower 

normalized residual values (i.e. 2/Rmax). Using this approach, we determined an apparent 

affinity of 20.9 nM for SPIN-WT binding to immobilized human MPO (Figure 2.4A). This 

value corresponds well to our earlier reports of ~10 nM for SPIN-WT binding to recombinant 

human MPO [20,21], and similar values of ~9-16 nM for binding to the neutrophil-derived form 

of human MPO used here and in previous studies [21,24].  
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 Amongst Set 1 mutants (Figure 2.4B-F), we found that E50A (28.3 nM) displayed 

binding properties comparable to SPIN-WT. Both L49A (287 nM) and E52A (492 nM) were 

again diminished by roughly one order of magnitude, while the L49A/E52A double mutant 

exhibited a greater than additive loss of affinity for MPO (19,830 nM). H51A bound 

immobilized MPO too weakly to be fitted to a kinetic model, however, even when a higher 

concentration range of analyte was used (Fig. S1). Among Set 2 mutants (Figure 2.4G-I), we 

found that Y75A (41 nM) displayed binding properties comparable to SPIN-WT, while Y55A 

bound MPO too weakly to be fitted to a kinetic model. Similarly, binding of the 

H51A/Y55A/Y75A triple mutant to immobilized MPO could not be evaluated even at higher 

concentrations (Fig. S1). Nevertheless, when the observations from both Set1 and Set 2 mutants 

were considered together, we noted that the trend of weaker affinity for MPO correlating with 

weaker inhibition of MPO remained. 
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Figure 2.4. MPO Binding Properties of Various S. aureus SPIN Mutants as Assessed by 

SPR.   

The binding properties of wild-type SPIN to immobilized human MPO were compared to those 

of Set 1 and Set 2 mutants. Reference-subtracted sensorgrams (black traces) were obtained for 

each sample following injection of a two-fold dilution series, using 1 M as the highest 

concentration. Sensorgram series were fitted globally to a two-state binding model (red traces). 

The outcome of fitting is shown in Table I. (A) wild-type S. aureus SPIN (B) L49A (C) E50A 

(D) H51A (E) E52A (F) L49A/E52A (G) Y55A (H) Y75A (I) H51A/Y55A/Y75A.  

 

 The two-state model we employed to evaluate our SPR data incorporates two sets of rate 

constants linked to one another (Figure 2.5). In this mechanism, only the initial association is a 

bimolecular event described by a second order rate constant, whereas the remaining steps are 

unimolecular events described by first-order rate constants (Figure 2.5A). Since several of our 

SPIN mutants displayed statistically significant losses in affinity for MPO (Figure 2.5B & Table 

2.1), we wondered whether this was attributable to changes in one or more of these rate 
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constants as opposed to a combination of various parameters. Interestingly, we found that loss 

of affinity for MPO by our SPIN mutants resulted from a statistically significant reduction in 

the initial association rate with MPO (Figure 2.5C & Table I). This was true for both mildly 

affected mutants, such as E50A and Y75A (p < 0.001), and for those with greater loss of 

function also, such as L49A and E52A (p < 0.0001). By contrast, we did not find any consistent 

differences amongst the first-order rate constants in the binding model (Figure 2.5D-F & Table 

2.1). Although the more severely diminished mutants, including H51A and Y55A, could not be 

analyzed in this fashion, these observations strongly suggest that the conserved SPIN residues 

found at the interface with MPO play critical roles in driving the initial interaction of these two 

proteins.  
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Figure 2.5. Comparative Analysis of MPO-Binding Parameters from Various S. aureus 

SPIN Mutants.   

MPO binding parameters for wild-type SPIN and various mutants were compared to one 

another to derive potential roles for each residue. The mean value for each experimental group 

was compared to that of the wild-type SPIN control to arrive at an assessment of statistical 

significance using a one-way Brown-Forsythe and Welch ANOVA: n.s, not significant; *, p < 

0.05; **, p < 0.01; ***, p <0.001; ****, p < 0.0001.   (A) A description of the two-state 
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mechanism used to analyze SPIN binding to immobilized human MPO. Value ka1 is a second 

order rate constant, while values kd1, ka2, and kd2 are first order rate constants. The relationship 

yielding the apparent KD is shown below the mechanism. (B) Comparison of the apparent KD 

for wild-type SPIN and those mutants where binding to MPO could be fitted to the two-state 

model. (C) Comparison of the apparent ka1 for wild-type SPIN and those mutants where binding 

to MPO could be fitted to the two-state model. (D) Comparison of the apparent kd1 for wild-type 

SPIN and those mutants where binding to MPO could be fitted to the two-state model. (E) 

Comparison of the apparent ka2 for wild-type SPIN and those mutants where binding to MPO 

could be fitted to the two-state model.  (F) Comparison of the apparent kd2 for wild-type SPIN 

and those mutants where binding to MPO could be fitted to the two-state model.  

 

 4. DISCUSSION 

 The S. aureus innate immune evasion arsenal is comprised of numerous secreted 

proteins, many of whom display potent enzyme inhibitory properties. These include a series of 

complement inhibitors that prevent assembly and activity of C3 convertases [37–41] and family 

of highly potent NSP inhibitors [29,42–45], several of whom exhibit the unusual ability of 

inhibiting two NSPs simultaneously [46,47]. However, SPIN is unique among these proteins in 

that it blocks activity of an oxidant-generating enzyme, MPO [20]. Because SPIN had a novel 

function when it was discovered [20], extensive structure/function studies were needed to 

provide insight into its mode of action [20,21]. Collectively, this work revealed that SPIN 

follows a “bind then inhibit” mechanism. In this model, the SPIN -helical bundle domain 

drives initial interaction with MPO, allowing its otherwise disordered N-terminus to fold into an 

inhibitory -hairpin that is needed to block MPO activity [21,22]. Although work from our 

group and others have firmly established the -helical bundle domain as the MPO-targeting 

motif [21,23], relatively little is known about the contributions of residues within this -helical 

bundle to MPO binding. In this report, we identified several SPIN residues essential for high-

affinity inhibition and showed that loss of these sidechains diminishes the initial binding rate of 

SPIN with human MPO. 
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 Since there are several crystal structures available for the SPIN/MPO complex 

[20,21,23], we used these as a starting point to identify candidate residues for mutagenesis. We 

selected multiple positions within two different aspects of the compact SPIN surface (~500 Å2) 

that mediates MPO binding for a residue-level alanine scan (Figure 2.1 & Figure 2.2). From 

this, we determined that H51 plays the most important role within site 1, while Y55 plays the 

most important role within site 2 (Figure 2.3). These two residues are found in the first -helix 

of SPIN, and their sidechains are separated by only ~4-5 Å distance. It is noteworthy that H51 is 

invariant across SPIN orthologs, while Y55 would be if not for a single ortholog: the SPIN 

protein from S. sciuri contains a tyrosine to aspartate substitution, yet also fails to bind or inhibit 

human MPO [24]. Thus, H51/Y55 appears to be a hotspot in determining MPO binding and 

inhibition. On the other hand, we found that positions peripheral to H51 and Y55, including 

L49, E50, E52, and Y75 appear to make ancillary contributions to MPO binding. Despite high 

levels of sequence conservation (e.g. L49, E52, and Y75) and/or clearly defined interactions in 

structures of the SPIN/MPO complex (e.g E50), removal of these sidechains resulted in either 

weak (< ~10-fold) or modest (~10-fold) loss of function. Thus, levels of sequence conservation 

and/or structural information alone are not fully predictive of residue function for SPIN 

proteins.   

Characterization of our SPIN mutants by SPR provided additional insights into 

formation of the SPIN/MPO complex. Foremost, we found that the inhibitory potency of each 

mutant (as judged by its IC50) varied directly as a function of its affinity for human MPO 

(Figure 2.4 & Table 2.1). Whereas similar trends had been reported previously amongst a panel 

of SPIN orthologs [24], to our knowledge this is the first time that such observations have been 

made within a single SPIN sequence (in this case SPIN from S. aureus). Furthermore, we 
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noticed that decreasing affinity for human MPO among the SPIN mutants resulted from a 

statistically significant reduction in the initial association rate with the enzyme (Figure 2.5), 

whereas we saw no conclusive trends within any of the first order rate constants that described 

the SPIN/MPO interaction. Although we could not obtain SPR data on the most severely 

diminished mutants (i.e. H51A and Y55A), our observations suggest that the primary role of the 

residues interrogated here lies in promoting the initial association of SPIN with MPO. Finally, 

while we prepared only one double mutant in this investigation, studies on the L49A/E52A 

variant suggest that insights into more complex aspects of the SPIN mechanism might be 

discernable via combinatoric mutagenesis. For example, this double mutant was significantly 

diminished in its ability to inhibit MPO, owing to a dramatically weakened affinity for the 

enzyme (Figure 2.3, Figure 2.4, Figure 2.5 & Table 2.1).  However, this loss in affinity 

appeared to come from not only a lowered initial association rate, ka1, but also a decrease in kd1 

and an increase in ka2. As these latter two rate constants presumably describe the conformational 

changes associated with folding the N-terminal -hairpin [21], future studies on additional 

double mutants could help dissect the events that link initial binding of the -helical bundle 

domain to folding of the otherwise disordered N-terminus which is required to inhibit MPO. 

During the initial characterization of S. aureus SPIN, we used both SPR and a bead-

based Alpha Assay to derive an apparent affinity of SPIN for MPO in the 2-10 nM range [20]. 

In subsequent structure/function work on the same SPIN protein [21] as well as a panel of SPIN 

orthologs [24], we reported comparable apparent affinities for either recombinant or human 

neutrophil-derived MPO in the range of 10-20 nM. These values are consistent with the value of 

~20 nM we report here (Table 2.1), as well as the observed potency of SPIN in enzyme kinetic 

studies described both here and elsewhere [20,21,24]. By contrast, Leitgeb et. al recently 
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suggested that the affinity of S. aureus SPIN for leukocyte-derived human MPO was several 

orders of magnitude tighter and likely less than 5 pM [23]. This value was determined by SPR, 

albeit not by conventional coupling of the ligand to the sensorchip surface but through a capture 

strategy based upon a biotinylated-DNA conjugate [23]. Although the observations of these 

investigators should be taken at face value, we think such an apparent affinity for MPO makes 

little biological sense within the context of the phagosome. Since production of the SPIN 

protein by S. aureus is dramatically upregulated following phagocytosis, the principle site of 

SPIN action seems to be within the phagosomal compartment [20]. However, MPO is the most 

abundant protein in human neutrophils and has been estimated to reach concentrations 

approaching 1 mM within the phagosome [19]. With such an abundance of MPO present, we 

believe there would be little evolutionary advantage for the pathogen to express a single digit-

picomolar affinity inhibitor as opposed to one with more modest affinity, but which is produced 

in greater quantities. Although it may well be the case that the affinity of SPIN for MPO lies in 

the picomolar range, we note that a value in the low nanomolar range would also be more 

consistent with other S. aureus innate immune evasion proteins that bind to abundant host 

targets (e.g. complement C3 and C4) and various bioactive fragments thereof [37–41]. 
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Figure S2.  MPO Binding Properties of Wild-Type and Various S. aureus SPIN Mutants 

as Assessed by SPR.   

The binding properties of wild-type SPIN to immobilized human MPO were compared to those 

of Set 1 and Set 2 mutants. Reference-subtracted sensorgrams (black traces) were obtained for 

each sample following injection of a two-fold dilution series, using the concentrations given in 

parenthesis as the highest concentration. Sensorgram series were fitted globally to a two-state 

binding model (red traces). (A) wild-type S. aureus SPIN, with a highest concentration of 10 

M (B) wild-type S. aureus SPIN, with a highest concentration of 50 M.  (C) H51A, with a 

highest concentration of 50 M (D) L49A/E52A, with a highest concentration of 50 M (E) 

Y55A, with a highest concentration of 50 M (F) H51A/Y55A/Y75A, with a highest 

concentration of 50 M. In the cases of H51A, Y55A, and H51A/Y55A/Y75A, the sensorgram 

series could not be fit to the two-state binding model.   

 

 

  



36 

Chapter 3 - Staphylococcal Peroxidase Inhibitor (SPIN): 

Investigation of the Inhibitory N-terminal Domain via a 

Stabilizing Disulfide Insertion  

  

 

 

Soheila Fatehi1,*, Nitin Mishra1,*, Timothy J. Herdendorf1, Om Prakash1, Brian V. Geisbrecht1,$ 

 

 

1Department of Biochemistry & Molecular Biophysics 

Kansas State University 

Manhattan, KS 66506 U.S.A. 

 

*These two authors contributed equally to this work. 

 

 

 

 

$Address Correspondence To: 

Brian V. Geisbrecht, Ph.D. 

141 Chalmers Hall 

1711 Claflin Road  

Manhattan, KS 66506  U.S.A. 

E-mail:  geisbrechtb@ksu.edu 

 

 

 

  

mailto:geisbrechtb@ksu.edu


37 

ABSTRACT 

Staphylococcus aureus secretes an array of small proteins that inhibit key enzyme-

catalyzed reactions necessary for proper function of the human innate immune system. Among 

these, the Staphylococcal Peroxidase Inhibitor, SPIN, blocks the activity of myeloxperoxidase 

(MPO) and thereby disrupts the HOCl-generating system of neutrophils. Previous studies on S. 

aureus SPIN have shown that it relies on a C-terminal -helical bundle domain to mediate 

initial binding to MPO, but requires a disordered N-terminal region to fold into a -hairpin 

conformation to inhibit MPO activity. To further investigate the structure/function relationship 

of SPIN, we introduced two cysteine residues into its N-terminal region to trap SPIN in its 

MPO-bound conformation and characterized the modified protein, which we refer to here as 

SPIN-CYS. Although control experiments confirmed the presence of the disulfide bond in 

SPIN-CYS, solution structure determination revealed that the N-terminal region of SPIN-CYS 

adopted a physically constrained series of lariat-like structures rather than a well-defined -

hairpin. Nevertheless, SPIN-CYS exhibited a gain in inhibitory potency against human MPO 

when compared to wild-type SPIN. This gain of function persisted even in the presence of 

deleterious mutations within the C-terminal -helical bundle domain. Surface plasmon 

resonance studies showed that the gain in potency arose through an increase in apparent affinity 

of SPIN-CYS for MPO, which was driven primarily by an increased association rate with MPO 

when compared to wild-type SPIN. Together, this work provides new information on the 

coupled binding and folding events required to manifest biological activity of this unusual MPO 

inhibitor.  

KEYWORDS 

Myeloperoxidase, Inhibitor, Structure/Function, Staphylococcus aureus, Immune 

Evasion  
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 1. INTRODUCTION 

 Neutrophils are the most abundant leukocytes in humans and are critical components the 

innate immune response against bacterial pathogens (Reviewed in [1,2]). Following 

opsonization of bacteria by either complement fragments or antibodies, neutrophils engulf the 

bacteria into their phagosomal compartment and thereafter mobilize their granule-resident 

defenses to affect intracellular killing. Although neutrophils possess a diverse portfolio of 

antibacterial molecules including proteases, lysozymes, and antimicrobial peptides [1,2], they 

are perhaps best known for their oxidative killing system wherein the heme-containing enzyme, 

myeloperoxidase (MPO), plays an essential role [5,18]. MPO is the most abundant protein in 

neutrophils and is present at unusually high levels within the phagosome, where it catalyzes the 

rapid generation of cytotoxic levels of HOCl and other hypohalous acids [19]. However, this 

potent killing mechanism is thought to have exerted strong selective pressure on 

microorganisms to evolve strategies for escaping its action. Indeed, the Gram-positive 

bacterium Staphylococcus aureus and several closely related staphylococcal species secrete a 

small (~8.4 kDa), but potent MPO inhibitor known as SPIN (for Staphylococcal Peroxidase 

Inhibitor) [20,24]. Studies on S. aureus showed that expression of the gene encoding SPIN is 

induced upon exposure to oxidant and following bacterial phagocytosis, strongly suggesting that 

SPIN functions primarily within the phagosome [20]. Furthermore, cells of an S. aureus strain 

deficient in SPIN are also more readily killed by isolated human neutrophils than are cells of an 

isogenic control strain [20]. Together, these data suggest that SPIN contributes to S. aureus 

survival within the human neutrophil phagosome by inhibiting HOCl generation via MPO.      

SPIN from Staphylococcus aureus shares no significant sequence identity with any other 

proteins [20,21], aside from the orthologs from other closely related bacteria mentioned above 
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[24]. Therefore, extensive structure/function studies were required to understand its apparently 

unique mode of action as an MPO inhibitor (Reviewed in [22]). Despite its small size of only 

~73 residues, the initial X-ray crystal structure of SPIN bound to a recombinant form of human 

MPO strongly suggested that SPIN consists of two functional domains: an MPO-

binding/targeting -helical bundle domain of ~60-residues at its C-terminus, and an inhibitory 

~13-residue -hairpin that lies at its N-terminus [20]. The N-terminal -hairpin presented a 

paradox, though, as it lacks obvious stabilizing structural features such as disulfide bonds; 

consistent with this, NMR studies on the full-length SPIN protein in the absence of MPO 

revealed that this N-terminal region is in fact disordered prior to MPO binding [21,48]. 

Subsequent characterization of a SPIN mutant lacking the N-terminal region showed that this 

protein retains near wild-type binding affinity, but is completely devoid of the ability to inhibit 

MPO [24]. This led us to propose an ordered “bind, fold, then inhibit” mechanism for inhibition 

of MPO by SPIN [21,22]. 

Visualizing the structure of SPIN bound to recombinant human MPO as a molecular 

surface has been particularly informative in suggesting a physical basis for SPIN function 

[20,22]. In such representations, the SPIN N-terminus appears to serve as a molecular plug that 

occludes free solute exchange through the enzyme active site channel leading to the catalytic 

heme [20]. However, as pointed out by Leitgeb and coworkers [23], many biologically-relevant 

substrates of MPO, including the initial oxidant, H2O2, as well as halide anions, notably Cl- and 

Br-, are roughly the same size as H2O [23]. This suggested that it might still be possible for 

solutes like these to enter the MPO active site. Using an array of complementary biophysical 

and kinetic methods, Leitgeb et al. showed that SPIN does not fully block halide oxidation by 

MPO [23]. Therefore, their observations showed that the molecular plug model is not entirely 
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accurate. Nevertheless, the same authors also found that SPIN becomes an increasingly 

effective inhibitor as the size of the substrate to be oxidized increases [23]. Collectively the data 

presented by Leitgeb et al. seemed to suggest that the inhibitory N-terminal -hairpin of SPIN 

fits rather loosely inside the MPO active site channel even though it occupies much of the 

volume available. Whether this “loose fitting” inhibition goes so far as to involve a complete 

unfolding of the SPIN -hairpin while the -helical bundle domain remains associated with 

MPO has yet to be addressed through experimental methods. For that matter, little is known of 

how the SPIN N-terminus folds and inserts into the MPO active site channel following initial 

binding to the enzyme. 

 Zhang et al. recently described a series of atomistic molecular dynamics simulations 

investigating the coupled binding and folding mechanism of the SPIN N-terminus [25]. These 

authors concluded that binding and folding of the S. aureus SPIN N-terminus is a highly 

cooperative process. Considering their observations, we wondered if restricting the structural 

landscape accessible to the SPIN N-terminus might result in functional consequences. It is well-

documented that the S. aureus SPIN N-terminus lacks biochemical features that lead to intrinsic 

stabilization of the -hairpin seen in its MPO-bound form [20–22]. However, we were able to 

leverage existing structural information to generate a mutant of S. aureus SPIN that contains an 

intramolecular disulfide bond within its N-terminus. In this report, we characterize the structure 

of this disulfide-insertion mutant, which we refer to as SPIN-CYS. We show that this disulfide 

results in a mild gain-of-function in MPO inhibitory potency that is driven by an increase in its 

apparent affinity for MPO, primarily by increasing the association rate of the inhibitor for MPO. 

We also find that gain-of-function caused by this disulfide insertion remains even when other 

residues critical for mediating initial MPO binding have been removed by site-directed 
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mutagenesis [49]. Together, this work provides new insights into how the structural features of 

the SPIN N-terminus influence its function as the essential determinant of MPO inhibition in 

this unusual staphylococcal innate immune evasion protein.   

 

 2. EXPERIMENTAL 

2.1. Proteins  

Native myeloperoxidase isolated from purulent human sputum was obtained from 

Elastin Products Corp., while enzyme isolated from quiescent human neutrophils was obtained 

from Planta Natural Products. Both enzymes were reconstituted (10 mM HEPES (pH 7.4), 150 

mM NaCl), and stored until further use according to the manufacturer’s recommendations.  

All SPIN proteins were obtained in recombinant form according to the general methods 

described previously [21]. Gene fragments encoding the matured form of S. aureus SPIN, as 

well as various truncation and site-directed mutants, were subcloned into the bacterial 

expression vector pT7HMT [30] and obtained from GenScript. Following overexpression in E. 

coli strain BL21(DE3) cells, the recombinant SPIN protein was isolated from a clarified cell 

extract using immobilized metal ion affinity chromatography. The target recombinant protein 

was cleaved from the affinity tag by digestion with TEV protease. Thereafter, it was separated 

from the TEV protease and residual digestion products by a second round of immobilized metal 

ion affinity chromatography wherein the unbound fraction was collected and processed further. 

Final purification was achieved by size-exclusion chromatography using a Superdex 30 26/60 

column attached to an AKTA format FPLC (Cytiva Life Sciences). Following confirmation of 

purity by SDS-PAGE, each protein was buffer exchanged into ddH2O, separated into aliquots, 

and lyophilized for long-term storage.  
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Isotopically enriched forms of SPIN-CYS for NMR studies were expressed in E. coli 

strain BL21(DE3) cells using minimal media enriched with either 15NH4Cl and/or [13C]-glucose 

according to the general methods described in an earlier publication [41]. These forms of SPIN 

were overexpressed, purified, and processed for long-term storage as described above. 

2.2. Solution NMR spectroscopy  

Isotopically 15N- and/or 13C-labeled forms of SPIN-CYS were dissolved at 

concentrations of ~1 mM in a buffer containing 50 mM sodium phosphate (pH 6.5) with 5% 

(v/v) D2O as a lock solvent and placed in a 5 mm NMR tubes. All NMR measurements were 

conducted at a temperature of 25 °C using a 600 MHz Bruker Avance Neo NMR instrument 

equipped with a 5 mm HCN triple resonance cryogenically cooled probe. To facilitate the 

assignment of both backbone and sidechain resonances, various multidimensional spectra were 

collected. 15N-HSQC, Dipsi-TOCSY, (H)C(CCO)NH, and H(CCCO)NH spectra were 

employed for identifying spin systems, while HNCA, HNCACB, HN(CA)CO, HNCO, and 

HN(CO)CA spectra were utilized for the sequential assignment of SPIN-CYS. Additionally, 

15N-edited NOESY spectra were recorded with mixing times of 60, 100, and 150 ms to allow 

for a semi-quantitative calculation of distances between nuclei. All triple resonance NMR 

experiments were acquired using non-uniform sampling. Uniformly sampled data were obtained 

using reconstruction methods such as hmsIST, SMILE, NMRPipe IST, and RIST as 

implemented in the NMRPipe software [50]. 

Peak picking and resonance assignments were carried out using CARA NMR software. 

These assignments were then used to predict dihedral angles and secondary structure using 

TALOS-N [51]. Structure calculation was performed using Cyana v2.1 [52] with hydrogen-

bonding constraints introduced during the final structure calculation. These constraints were 
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obtained experimentally from 1H–15N HSQC spectra collected over a 24-hour period on a 

sample dissolved in 100% (v/v) D2O. 20 of the 300 lowest energy structures were selected for 

preparation of the final structural ensemble. Cyana v2.1 [52], PyMOL, PROCHECK_NMR 

[53], and the Protein Structure Validation Software Suite (PSVS) were used to assess structure 

quality. Chemical shifts, structural restraints (distance, dihedral, and H-bonding restraints), and 

atomic coordinates have been deposited in the BMRB (entry no. 52103) and RCSB (PDB ID 

9BD0).   

2.3. Steady-State Kinetic Measurement of Myeloperoxidase Inhibition by SPIN Proteins 

A coupled colorimetric assay consisting of H2O2, vanillic acid (VA), and 4-

aminoantipyrine (AAP) was used to measure MPO activity within the peroxidase cycle [32]. In 

this reaction, oxidized AAP condenses with VA to form a quinoneimine dye that is followed 

spectrophotometrically at 510 nm (Ɛ: 6.98 mM-1cm-1) [33]. To quantify MPO activity, 170 µL 

of a chromogenic assay mixture consisting of 4.24 nM MPO (enzyme from Planta Natural 

Products), 7 mM VA and 5mM AAP were added to 170 µL of 50 mM sodium phosphate buffer 

(pH 7.0) containing H2O2 concentrations ranging from ~ 5 µM to ~ 1.1 mM; the formation of 

the quinoneimine product was then followed spectrophotometrically in a 96-well plate format. 

Triplicate data (n = 3) were fit to a Michaelis-Menten equation with an additional substrate 

inhibition component (uncompetitive inhibition) to determine the kcat, Km and KI with respect to 

H2O2. 
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To investigate inhibition of MPO by SPIN proteins, an H2O2-free reaction mixture 

analogous to that described above was prepared and incubated with varying concentrations of 

SPIN proteins for 1.5 h at room temperature. Complete reactions were prepared in a 96-well 

plate by rapidly mixing 170 µL of each sample above with an equal volume of ~112 µM H2O2 

in 50 mM sodium phosphate buffer (pH 7.0); the absorbance was then followed continuously 

every 25 seconds for 30 min at 25 °C using a Versamax tunable microplate reader. Each 

inhibition assay was performed in at least three sets of three replicates and the IC50 values were 

estimated by fitting the data to an IC50 equation containing four variables (i.e. ymax (fixed to the 

average value of uninhibited rates), ymin, logIC50 and hillslope (allowed to float)) using 

GraphPad Prism. 

 

 

 

 

 

2.4. Surface Plasmon Resonance   

Protein-protein interactions between the SPIN mutants and MPO were investigated by 

Surface Plasmon Resonance using a Biacore T-200 instrument (Cytiva Life Sciences) and the 

general methods described earlier [6-8]. All experiments were performed at 25 °C using HBS-T 

as a running buffer and a flow rate of 30 µL/min. Replicate biosensors were created on three 

separate experimental flow cells of a CMD-200M chip (Xantec Bioanalytics GmbH) using 

standard NHS/EDC chemistry to couple human MPO (20 μg/mL in 10 mM sodium acetate (pH 

5.5)) to the surface. Two different sensor chips were used in this study. MPO obtained from 

Elastin Products Corp was used to assess binding of SPIN-CYS, SPIN-WT, and SPIN-dN; the 

final ligand densities on each flow cell were 1041.7, 758.5, and 643.8 resonance units (RU), 
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respectively. MPO obtained from Planta Natural Products was used to assess binding of all 

other SPIN variants; the final ligand densities on each flow cell were 855.1, 798.4, and 701 RU, 

respectively. One flow cell on each chip was activated by NHS/EDC and immediately quenched 

by ethanolamine to serve as the reference surface. Two-fold serial dilutions (1.93-1,000 nM) of 

each SPIN protein were injected over the flow cells with a contact time of 3 min, followed by a 

5 min dissociation phase. For the L49A-CYS and E52A-CYS mutants (1.93-2,000 nM), as well 

as the Y55A-CYS mutant (3-50,000 nM), higher concentration ranges were used to obtain a 

more accurate estimation of the apparent rate constants. A 0.5 min pulse of 0.1 M glycine (pH 

10.0) containing 1 M NaCl was applied to regenerate the surface between injection cycles. 

Kinetic evaluation was performed on each reference-subtracted injection series using Biacore T-

200 evaluation software (Cytiva). A two-state binding model was used to determine the 

apparent rate constants (i.e. ka1, kd1, ka2, and kd2) and equilibrium constant (i.e. KD) from the 

resulting fits. 

2.5. Miscellaneous 

 Representations of secondary structure as a function of amino acid sequence were 

generated using EsPript [35]. Images of protein structures were rendered using PyMol 

(https://pymol.org/). Analyses of protein-protein interfaces were carried out using the EBI-PISA 

server (https://www.ebi.ac.uk/pdbe/pisa/) [36].  

 

 3. RESULTS 

3.1. Rationale for and Structural Characterization of a Disulfide-Insertion Mutant in S. aureus 

SPIN 

 The “bind, fold, then inhibit” mechanism for SPIN action is an ordered process [21,22]: 

the C-terminal -helical bundle domain is responsible for initial MPO binding while the 

https://pymol.org/
https://www.ebi.ac.uk/pdbe/pisa/
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previously disordered N-terminal region folds into the -hairpin structure required to inhibit 

MPO catalytic activity. The N-terminal region of SPIN is comprised of only 13 residues and 

examination of its structure in the MPO-bound state reveals no obvious features to stabilize the 

-hairpin in the absence of MPO [20,20]. Interestingly, the sidechains of positions V34 and D44 

lie at opposing ends of the SPIN -hairpin yet are only ~3.6 Å distance from one another in the 

MPO-bound structure [20]. Therefore, we hypothesized that inserting a pair of cysteine residues 

at positions V34 and D44 would create a disulfide bond, stabilize the SPIN -hairpin in its 

MPO-bound conformation, and thereby promote inhibitory activity (Figure 3.1A).  

 To investigate this possibility, we overexpressed and purified a V34C/D44C double 

mutant in S. aureus SPIN (hereafter SPIN-CYS). Characterization of the recombinant protein 

using an Ellman assay revealed no free sulfhydryls in the sample (Data Not Shown); since SPIN 

has no other naturally occurring cysteine residues, and because the protein behaved as a 

monomer in solution, this result suggested that the sidechains of C34 and C44 had indeed 

oxidized to form the intended disulfide bond. Thereafter, we expressed and purified 15N/13C 

isotopically labeled SPIN-CYS and collected its 3D HNCACB spectrum; this experiment 

showed C resonances at 43.6 and 43.5 ppm for C34 and C44, respectively, which matched 

well the expected value of 43 ppm (13C) if the residue were in a disulfide bond (Fig. S1) [54]. 

We then used heteronuclear NMR methods to solve the solution structure of SPIN-CYS (Figure 

3.1B, Figure 3.1C & Table 3.1). Examination of a representative solution from the ensemble of 

the 20 lowest-energy structures showed that the C-terminal helical bundle domain of SPIN is 

not affected by the two mutations, and that the sidechains of C34 and C44 do indeed form a 

disulfide bond consistent with the observations described above. Although the N-terminal 

region of SPIN-CYS adopts a more constrained conformation resembling a -hairpin in certain 
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solutions (Figure 3.1B), comparison of the entire ensemble reveals significant structural 

differences in this area albeit with a more compact character distance-wise than would be 

expected in the absence of the disulfide (Figure 3.1C). 

 

Figure 3.1. Sequence of the Staphylococcal Peroxidase Inhibitor, SPIN, and Solution 

Structure of the Disulfide-Insertion Mutant, SPIN-CYS.  

(A) Sequence alignment of S. aureus SPIN proteins investigated here, as rendered by EsPript 

[35]. Secondary structure elements of the MPO-bound form of S. aureus SPIN [20] are shown 

above the sequence alignment, where the residues corresponding to the -helical bundle domain 

are enclosed in a blue rectangle. Residues V34 and D44, which were replaced by cysteines in 

SPIN-CYS, are illustrated with yellow circles. The locations of residues utilized in mutagenesis 

studies are indicated: L49, orange circles; E52, clear circles; and Y55, blue circles. (B) Structure 

of a representative solution from the NMR structure calculation for SPIN-CYS. The SPIN 

polypeptide is depicted as a black ribbon diagram. Residues comprising the N-terminal region 

are colored from C34 (blue) to D45 (red), with the inserted disulfide shown in ball and stick 

convention. Supporting data pertaining to structure solution and calculation are shown in Table 

3.1. (C) Ensemble of the 20 lowest-energy structure solutions for SPIN-CYS, as determined by 

NMR.  The color scheme is identical to that used in Panel B, except that the N-termini for 

individual solutions are depicted with single colors. Note that only C positions are shown for 

purposes of clarity.    
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Table 3.1.   Statistics for SPIN-CYS NMR Solution 

Structurea 

 

PDB Accession Code 

 

9BD0 

NOE-based distance restraints 

Intra-residue (i = j)  134 

Sequential (|i-j| = 1)  321 

medium range (1 < | i - j | < 5) 281 

Long Range (|i-j| ≥ 5)   56 

Total 792 

Hydrogen bond distance restraints   10 

Dihedral angle restraints (Φ and Ψ) 100 

Restraint Violations 

NOE > 0.2 Å 11.85 

NOE > 0.5 Å   0.25 

Dihedral angle > 5° 0 

RMSD from the mean structure (Å)b 

Main chain  0.88 ± 0.29 

Heavy atoms 1.52 ± 0.32 

RMSD from experimental restraints 

NOE-based distance restraints (Å) 0.032 ± 0.001 

Dihedral angle restraints (°) 0.683 ± 0.114 

Deviations from ideal geometry 

RMS deviation for bond angles (°)  0.2 

RMS deviation for bond lengths (Å) 0.001 

Ramachandran analysis (PROCHECK-NMR) 

Most favored regions (%)  88.6 

Additionally allowed regions (%) 10.2 

Generously allowed regions (%) 

Residues in disallowed regions 

1.2 

0 

Protein Structure Validation Suite Analyses c   

PROCHECK G-factor (all dihedral) -0.90 N/A (-5.32) 

PROCHECK G-factor (phi/psi) -0.35 N/A (-1.06) 

Verify3D 0.17 ± 0.03 (-4.65) 

ProsaII (-ve) 0.31 ± 0.11 (-1.41) 

MolProbity clashscore
d
 14.21 ± 5.84 (-0.91) 

MolProbity clashcore Analysis
e
 26.60 

aStatistics presented for the 20 lowest energy structures of the ensemble. 

bCalculated using Cyana 2.1. 

cValues in parentheses are Z-scores as calculated by version 1.5.  

dClashscore obtained from the PSVS server. 

eClashscore obtained from Molprobity server version 4.5.1.  
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 To further explore the structural differences between SPIN-CYS and wild-type S. 

aureus SPIN (hereafter SPIN-WT) in this N-terminal region, we compared the HetNOE values 

and relaxation rates (i.e. R2/R1) across the polypeptide backbone of the two proteins [48]. 

Whereas the average HetNOE value within the 13-residue N-terminal region of SPIN-CYS is 

0.482 (Figure 3.2A), the average value within the same residues of SPIN-WT is considerably 

lower at 0.169 (Figure 3.2B). By contrast, the average HetNOE values across the ~60-residue 

helical bundle domain of SPIN-CYS and SPIN-WT are in good agreement with one another at 

0.788 and 0.786, respectively. Similarly, the average R2/R1 ratio within the N-terminal region 

of SPIN-CYS is 3.057 (Figure 3.2C), but is 2.512 for the corresponding region of SPIN-WT 

(Figure 3.2D). The average R2/R1 values across the helical bundle domains of SPIN-CYS and 

SPIN-WT are 3.923 and 3.614, respectively. Considering these data in total, the observed 

increase in HetNOE enhancement and relaxation ratio (R2/R1) in the N-terminus of SPIN-CYS 

relative to SPIN-WT strongly suggests that the introduction of the disulfide greatly restricted 

the overall conformational flexibility of the N-terminus even though the structure solution itself 

does not reveal the presence of a β-hairpin structure as initially anticipated. 
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Figure 3.2. Solution Dynamic Properties of SPIN Proteins as Assessed by NMR.  

(A) Residue-level hetNOE values for SPIN-CYS. Values for residues comprising the N-

terminal region are shown in blue, while those within the C-terminal -helical bundle domain 

are shown in black. Average values within each region appear at the top of the panel. (B) 

Identical information to Panel A, except for the SPIN-WT protein. Here, the values for residues 

comprising the N-terminal region are shown in orange. (C) Residue-level values for the ratio of 

observed 15N-R2 (transverse relaxation rate) and 15N-R1 (longitudinal relaxation rate) for SPIN-

CYS.  Values for residues comprising the N-terminal region are shown in blue, while those 

within the C-terminal -helical bundle domain are shown in black. Average values within each 

region appear at the top of the panel. (D) Identical information to Panel C, except for the SPIN-

WT protein. Here, the values for residues comprising the N-terminal region are shown in 

orange. 

 

3.2. Disulfide Insertion in the N-terminus of S. aureus SPIN Increases its Inhibitory Potency 

Against MPO  

We continued our characterization of SPIN-CYS to examine whether the constrained 

structural properties of its N-terminus might influence function of this protein as an MPO 
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inhibitor. As an initial assessment, we compared the potency of SPIN-CYS versus that of SPIN-

WT in a chromogenic assay that measures the peroxidase cycle of human MPO [13, 20, 21]. We 

performed assays in triplicate across a two-fold dilution series of SPIN proteins ranging from 

~32 M to 1 nM and fit the observed MPO activity to a four-parameter dose-response curve to 

determine apparent IC50 values and the associated confidence intervals (Figure 3.3A & Table 

3.2). Interestingly, we observed an enhancement of MPO inhibition for SPIN-CYS (IC50 3.6 

nM) when compared to SPIN-WT (IC50 6.6 nM). Although this enhancement is only roughly 

~1.8-fold, the associated confidence intervals derived from curve fitting do not overlap with one 

another, suggesting that the observed change potency is significant (Table 3.2). To further 

validate the accuracy of these findings, we compared the potencies of three SPIN orthologs 

from S. delphini, S. schleiferi, and S. intermedius in the same assay since these proteins had 

been reported to exhibit weaker dose-dependent inhibition of human MPO in a previously used 

method for assessing the MPO peroxidase cycle [24] (Figure 3.3A). Consistent with our 

previously published observations, we found that SPIN-delphini (IC50 44 nM) is ~6.5-fold 

weaker than SPIN-WT, while both SPIN-schleiferi (IC50 102 nM) and SPIN-intermedius (IC50 

125 nM) are weaker still than SPIN-delphini but comparable to one another [24]. Thus, we 

concluded that the difference observed between SPIN-CYS and SPIN-WT represents a bona 

fide change in potency.   

Because the absolute change in potency resulting from the disulfide insertion is modest, 

we sought to further substantiate its influence on SPIN function. In that regard, we recently 

completed a residue-level analysis of the -helical bundle domain of SPIN-WT that identified 

several residues, including L49, E52, and Y55, required for maximal MPO binding and 

inhibition [49]. We therefore prepared a series of site-directed mutants wherein the L49A, 
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E52A, and Y55A mutations were incorporated into the SPIN-CYS framework. We then 

compared the properties of these new proteins with the L49A, E52A, and Y55A mutants that 

lacked the disulfide insertion (Figure 3.3B & Table 3.2). Consistent with our data on SPIN-CYS 

versus SPIN-WT, we found that the N-terminal disulfide results in a ~1.3-fold gain for L49A-

CYS (IC50 29.1 nM), a ~1.9-fold gain for E52A-CYS (IC50 33.5 nM), and ~2.2-fold gain (IC50 

83.3 nM) in inhibitory potency for Y55A-CYS. Thus, the disulfide insertion also provides a 

gain of function in these SPIN variants despite the presence of the otherwise deleterious 

mutations.  

 

Figure 3.3. MPO Inhibitory Properties of Various S. aureus SPIN Mutants.  

(A) The inhibitory properties of SPIN-CYS were compared to SPIN-WT, SPIN-delphini, SPIN-

schleiferi, and SPIN-intermedius in an enzyme assay designed to interrogate the peroxidase 

cycle of MPO. A minimum of nine independent replicates were conducted on each inhibitor 

prior to fitting the respective data to a four-parameter dose-response inhibition curve. The 

outcome of curve fitting is shown in Table II. Data points are shown as the mean plus or minus 

the standard deviation. A legend is inset. (B) Identical experiment to that shown in Panel A, 

except that SPIN proteins with deleterious mutations in the -helical bundle domain were 

investigated within either the SPIN-CYS (solid lines) or the SPIN-WT (dashed lines) 

framework. A legend is inset. 

 

3.3. Disulfide Insertion Increases Potency by Increasing the Apparent Affinity of the Inhibitor 

with MPO.   
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In our earlier study of the SPIN -helical bundle domain, we found that the L49A, 

E52A, and Y55A mutants are diminished in MPO inhibition due to a reduction in their apparent 

affinities for MPO [49]. Therefore, we decided to investigate whether the increased potency of 

SPIN-CYS against human MPO is due to an increased apparent affinity when compared to 

SPIN-WT. We used SPR to compare binding of SPIN-CYS, SPIN-WT, and the N-terminal 

deletion mutant (i.e. SPIN-dN) to immobilized human MPO (Figure 3.4A-C & Table 3.2). 

Interestingly, we found that SPIN-CYS (KD 25.2 nM) displays an ~1.8-fold increase in apparent 

affinity when compared to SPIN-WT (KD 44.8 nM). Similarly, we found that the N-terminal 

disulfide results in an overall increase in apparent affinity for the mutants utilized above. Both 

the L49A-CYS (KD 211.8 nM) and E52A-CYS (KD 345.2 nM) mutants display an ~1.4-fold 

increase in apparent affinity for human MPO over the L49A and E52A mutants (Figure 3.4D-E 

& Table 3.2). Since Y55A within the SPIN-WT framework fails to bind human MPO in SPR 

experiments [49], a quantitative comparison of apparent affinities could not be made between 

the Y55A mutants; however, Y55A within the SPIN-CYS framework does show evidence of 

binding MPO on its own (Figure 3.4F & Table 3.2). Considered as a whole, these observations 

show that the N-terminal disulfide results in an increase in apparent affinity for MPO when 

compared to wild-type SPIN.   
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Figure 3.4. MPO Binding Properties of S. aureus SPIN Mutants as Determined by SPR.  

The binding properties of SPIN-CYS to immobilized human MPO were compared to SPIN-WT 

and various mutants. Reference-subtracted sensorgrams (black traces) were obtained for each 

sample following injection of a two-fold dilution series, where 1 M was used as the highest 

concentration for each analyte. Sensorgram series were fitted globally to a two-state binding 

model (red traces). The outcome of fitting is shown in Table II. (A) SPIN-CYS (B) SPIN-WT 

(C) SPIN-dN (D) L49A-CYS (E) E52A-CYS (F) Y55A-CYS. 

 

 

Table 3.2.    Functional Properties of SPIN Variants as Assessed by Enzyme Assay and 

Surface Plasmon Resonancea,b 

SPIN Variant       IC50 (nM)a KD (nM) ka1 (M-1s-1) x 104 kd1 (s-1) x 10-3 ka2 (s-1) x 10-3 kd2 (s-1) x 10-3 

SPIN-WTc     6.6 (6.2-7.1)      44.8 ± 9.5 22.6 ± 3.0   22.2 ± 11.7 5.2 ± 3.7 4.6 ± 1.6 

SPIN-dNc,d             n.d. 48.9 ± 4.2 20.8 ± 1.6 10.2 ± 0.8 - - 

SPIN-CYSc     3.6 (3.4-3.9) 25.2 ± 2.8 40.2 ± 6.1 24.7 ± 7.4 9.5 ± 4.8 6.4 ± 1.2 

L49Ae   37.8 (34.3-41.8) 287.0 ± 31.7   2.5 ± 0.4 20.2 ± 2.9 3.8 ± 0.3 2.1 ± 0.3 

L49A-CYS   29.1 (25.3-33.9)    211.8 ± 58.5   3.8 ± 1.3 25.0 ± 5.7 9.0 ± 1.4 3.3 ± 0.2 

E52Ae   64.4 (58.9-70.2) 492.0 ± 56.2   1.7 ± 0.4 18.6 ± 5.5 4.1 ± 1.3 3.2 ± 1.0 

E52A-CYS   33.5 (30.0-37.7) 345.2 ± 34.9   1.5 ± 0.5 15.0 ± 6.8 4.7 ± 1.7 2.1 ± 1.0 

Y55Ae 181.1 (126.5-321.5) n.d. n.d. n.d. n.d. n.d. 

Y55A-CYS   83.3 (71.1-100.9) 11590 ± 1202   0.05 ± 0.01 19.6 ± 5.7 2.6 ± 1.1 1.2 ± 0.3 

aValues in parentheses represent the lower and upper limits for the 95% confidence interval following non-linear curve fitting. 
bAside from IC50, all other values are reported as the mean ± standard deviation across replicate measurements (n>4). 
cSPR parameters determined from experiments using MPO obtained from Elastin Products Corp. 
dDue to the lack of the N-terminal region, these data were analyzed with a single site kinetic model.  
eValues taken from a recent study by Fatehi et al. for the sake of comparison [13]. 
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Earlier characterization of certain SPIN mutants revealed that their observed loss of 

inhibitory potency correlates directly with loss of apparent affinity for MPO [49]. Further 

examination of the rate constants governing their interaction with MPO revealed that this loss of 

apparent affinity is due primarily to slowing the association rate of these SPIN variants with 

MPO. Therefore, we wondered whether the increases in apparent affinity observed for the 

SPIN-CYS proteins are due to an increase in the association rate with MPO relative to their 

SPIN-WT counterparts. To address this question, we compared the apparent affinities and 

various rate constants derived from fitting experimental sensorgrams series to identify potential 

trends in the data (Figure 3.5 & Table 3.2). It should be noted that SPIN-CYS and SPIN-WT 

were fit to a two-state binding model owing to the conformational change that occurs in the 

SPIN N-terminal region following initial binding [23,49] (Figure 3.5A), while the sensorgram 

series from the SPIN-dN mutant was fit to a single-state binding model as this protein lacks the 

SPIN N-terminal region [21]. Examination of the apparent affinities (Fig. 5B) and individual 

rate constants (Fig. 5C-F) revealed that the enhanced affinity of SPIN-CYS seems to arise from 

an increase in the association rates attributable to both the initial binding of the helical bundle 

domain (i.e. the second order rate constant, ka1; ~2.4-fold increase) as well as the 

conformational change of the N-terminus (i.e. the first order rate constant, ka2; ~1.8-fold 

increase). This is partly offset by an increase in the dissociation rate of the conformational 

change (i.e. the first order rate constant, kd2; ~1.4-fold increase). Similarly, the enhanced affinity 

of L49A-CYS appears due to an increase in both association rate constants (ka1 ~1.5-fold 

increase; ka2 ~2.4-fold increase) that is partly offset by an increase in the second dissociation 

rate constant (kd2 ~1.6-fold increase). Although E52A-CYS displayed enhanced affinity when 

compared to E52A alone (Table 3.2), any changes to rate constants could not be discerned due 
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to too much variability in the data. Despite this limitation, it seems that incorporation of a 

disulfide bond in the N-terminal region of SPIN provides an enhancement in potency and 

affinity that arises from an increased association rate of the SPIN protein with MPO.    
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Figure 3.5. Analysis of the MPO-Binding Parameters for Various S. aureus SPIN Mutants.  

(A) Description of the two-state binding mechanism used to analyze interaction of SPIN with 

immobilized human MPO. Value ka1 is a second order rate constant, while values kd1, ka2, and 

kd2 are first order rate constants. The equation for the apparent KD appears below the 

mechanism. (B) Comparison of apparent KD values for SPIN-WT and various SPIN mutants. 

Error bars show the mean, plus or minus the standard deviation for a minimum of four 

replicates. (C) Observed ka1 for SPIN-WT and various mutants. (D) Observed kd1 for SPIN-WT 

and various mutants. (E) Observed ka2 for SPIN-WT and various mutants. (F) Observed kd2 for 

SPIN-WT and various mutants. 

 

 4. DISCUSSION 

 Although the molecular plug model has been a facile way of explaining MPO inhibition 

by SPIN, emerging evidence has challenged that notion by showing that SPIN only partly 

blocks halide oxidation [23]. This has raised questions about the SPIN N-terminus and the 

events that lead to its change from a disordered structure to a folded -hairpin that inserts into 

the MPO active site channel. Because separate computational studies have proposed that this 

binding and folding event is highly cooperative [25], we investigated whether changing the 

structural properties of this otherwise disordered SPIN N-terminus would impact its ability to 

inhibit MPO. Our strategy was to insert a stabilizing disulfide bond into the SPIN N-terminus 

by targeted mutations in two residues, V34 and D44, whose sidechains lie very near one another 

in the structure of MPO-bound S. aureus SPIN [20]. We succeeded in forming a disulfide bond 

within the SPIN-CYS N-terminus (Fig. S1); however, solution structure calculation on this 

mutant revealed that the N-terminus did not adopt a defined -hairpin, but rather an ensemble of 

lariat-like conformations whose overall dimensions and dynamics were constrained by the 

presence of the disulfide (Figure 3.1, Figure 3.2, Figure S 3.1 & Table 3.1). We found that this 

disulfide caused a modest yet statistically meaningful gain in potency of SPIN-CYS against 

human MPO when compared to SPIN-WT (Fig. 3 & Table II). We also showed that this 
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increase was retained in the presence of otherwise deleterious mutations (Fig. 3 & Table II). 

Using SPR, we determined that the increase in potency of each disulfide-containing mutant 

arises from increasing its apparent affinity for MPO, apparently through enhancement of its 

association rate with MPO (Figure 3.4, Figure 3.5 & Table 3.2). Therefore, we conclude that 

restricting the conformational space accessible to the SPIN N-terminus promotes binding to 

MPO, leading to the gain of function we observed in these experiments. In the future, it may 

prove interesting to test if the increased potency of these disulfide-containing mutants is also 

retained in assays that interrogate the halogenation cycle of MPO.  

 Inserting a disulfide had the intended effect of restricting the conformational space 

accessible to the SPIN N-terminus, however, it failed to trap this region in the -hairpin 

structure seen in the MPO-bound inhibitor. There may be at least two plausible explanations for 

this observation. On one hand, the -hairpin may result from simple spatial restrictions imposed 

on SPIN by the MPO active site channel when the two proteins interact. On the other hand, the 

-hairpin could also arise through formation of key hydrogen bonds between groups from the 

SPIN N-terminus and others from the MPO active site channel. In either scenario, the presence 

of the binding partner (in this case, MPO) would necessarily play such a fundamental role in 

folding the inhibitory N-terminus that it cannot be replicated by trivial modifications of the 

SPIN protein alone. It might be informative, however, to investigate alternative locations for 

disulfide insertions and assess their consequences. One such option is S36 and V41, whose 

sidechains are similarly distant to those of V34 and D44. Interestingly, preliminary 

characterization of an S36C/V41C disulfide insertion revealed that this mutant was ~1.5-fold 

diminished in potency compared to SPIN-WT (Figure S3.2). Another possibility would be a 

combinatoric mutant V34C/S36C/V41C/D34, which would result in two pairs of disulfide 
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bonds within the N-terminus. Presumably, the second disulfide bond would further constrain the 

SPIN N-terminus within conformational space and perhaps lead to additional gain of function. 

Unfortunately, incorporating four reactive cysteine residues within such a small region of 

polypeptide could potentially cause problems like incorrect and/or partial disulfide bonding. 

While these concerns highlight the limitations of the approach we used in this study, it still 

provided useful insights into how the structure of the SPIN N-terminus influences its function. 

 There are several orthologs of S. aureus SPIN that also bind and inhibit human MPO 

[22,24].  The best characterized of these is SPIN from S. delphini [24], which inhibits human 

MPO ~6.5-fold less effectively than S. aureus SPIN and which we utilized here as a control for 

reproducibility of our assay (Figure 3.3). SPIN-delphini is 53% identical to SPIN-aureus, and 

their overall structures when bound to recombinant human MPO are essentially identical [24]. 

Yet, recent computational studies by Zhang et al. suggest that the mechanisms underlying the 

coupled binding and folding of their respective N-termini are fundamentally different [25]. 

Whereas the N-terminus of SPIN-aureus obeys a highly cooperative binding and folding 

process, the same region of SPIN-delphini seems to follow instead a conformational selection 

mechanism [25]. Zhang et al. further observed that the SPIN-delphini N-terminus has a much 

greater tendency to adopt -hairpin-type structures in the absence of MPO [25]. During our 

initial characterization of SPIN-delphini we found that the weaker affinity of this ortholog for 

human MPO is largely due to a slower association rate with MPO when compared to SPIN-

aureus [24]. Intriguingly, these data seem to argue that preforming -hairpin structures like 

those seen in the MPO-bound form of SPINs may be counterproductive to inhibitor binding. In 

the early stages of this work, we attempted to create a disulfide-insertion variant of SPIN-

delphini to serve as a comparator for SPIN-CYS; unfortunately, that protein was prone to 
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incomplete intramolecular disulfide bond formation, which precluded further study. An 

alternative approach for investigating this issue was to create a chimeric protein wherein the 

SPIN-delphini N-terminus was appended to the SPIN-aureus -helical bundle domain. We 

hypothesized that this chimera ought to have a reduced potency for human MPO due to a slower 

association rate, presumably resulting from a preformed -hairpin character in its N-terminal 

region. Indeed, when we prepared and preliminarily characterized a SPIN-delphini-aureus 

chimera, we found that its potency was ~5-fold diminished when compared to SPIN-WT (Fig. 

S2). Although we did not perform a detailed structural analysis on this chimera, our 

observations support the idea that the reduced potency of SPIN-delphini may be partly due to 

the preformed -hairpin character of its N-terminus. 

  Considering the information in the previous paragraph, we may have been fortunate that 

our disulfide insertion in SPIN-aureus resulted in a more physically constrained ensemble rather 

than a fixed -hairpin per se. Although the gain in function of SPIN-CYS was modest, we 

found that it was reproducible not only within individual experiments, but across various assays 

for SPIN activity (e.g. MPO inhibition vs MPO binding). The gain of function we observed for 

SPIN-CYS could be attributed to an increase in its affinity for MPO that appeared 

commensurate with the increase in its association rate (Table 3.2). We suspect this occurs 

because the SPIN-CYS protein is more physically compact than SPIN-WT when it first 

encounters MPO, leading to an increased rate of productive binding events. Although that is 

largely conjecture, the gain in function in terms of potency, affinity, and association rate was 

comparable across a panel of SPIN-CYS mutants that had distinct deleterious mutations within 

their -helical bundle domains. How these experimental observations correlate with 

computational studies suggesting a highly cooperative binding and folding mechanism of SPIN-
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aureus is not clear at this time [25]. Nevertheless, our previous observations on the 

H43A/D44A/D45A mutant of SPIN-aureus that binds MPO with wild-type affinity but fails to 

inhibit its activity strongly suggest that the N-terminal region requires a guide to fold into the 

MPO active channel [21]. In the future, it might prove informative to examine mutations in H43 

and D55 within the SPIN-CYS framework to further investigate this issue and how it is 

influenced by the conformational properties of the SPIN N-terminus.  
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Figure S 3.1. Confirmation of a Disulfide Bond between C34 and C44 in the SPIN-CYS 

Protein.  

Visualization of segments within the HNCACB spectrum collected on a sample of 15N/13C-

labeled SPIN-CYS protein. The chemical shift values of the Cβ resonances for C34 (left panel, 

referred to therein as C2; 43.6 ppm) and C44 (right panel, referred to therein as C12; 43.5 ppm) 

correspond well to the expected value of about 43 ppm (13C) if the residue participates in a 

disulfide bond. For a reduced cysteine, the expected value for the Cβ resonance is about 29 

ppm.  The peak annotated as H/CB-1 represents the Cβ resonance for the previous residue in 

both panels. 
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Figure S 3.2. Sequence Information and Partial Characterization of Two Additional SPIN 

Mutants.  

(A) Sequence alignment of wild-type SPIN-aureus, SPIN-CYS, an S36C/V41C disulfide-

insertion mutant and a chimeric SPIN consisting of the N-terminal region from SPIN-delphini 

and the C-terminal region of SPIN-aureus. Secondary structure elements of the MPO-bound 

form of S. aureus SPIN are shown above the sequence alignment, where the residues 

corresponding to the -helical bundle domain are enclosed in a blue rectangle. The locations of 

positions 36 and 41 are highlighted with yellow circles. (B) The inhibitory properties of SPIN-

S36C/V41C were investigated using an MPO activity assay. 15 independent replicates were 

conducted prior to fitting the respective data to a four-parameter dose-response inhibition curve. 

The outcome of curve fitting is shown as a solid line, while the data points are shown as the 

mean plus or minus the standard deviation. The apparent IC50 value is 9.9 nM (8.8 - 11.2 nM). 

(C) The inhibitory properties of SPIN-delph-aureus were investigated using an MPO activity 

assay. 15 independent replicates were performed prior to curve fitting.  The apparent IC50 value 

is 33.1 nM (25.1 – 48.9 nM). 
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Chapter 4 - Studies on the Host Selectivity of the 

Staphylococcal Innate Immune Evasion Protein SPIN 

Abstract  

Staphylococcus aureus and related species are highly adapted to their hosts and have 

evolved numerous strategies to evade the immune system. The Staphylococcal Peroxidase 

Inhibitor (SPIN) is a small, secreted protein that inhibits myeloperoxidase (MPO) activity. SPIN 

blocks the MPO active site and prevents production of cytotoxic hypochlorous acid within the 

neutrophil phagosome, thereby enabling evasion of innate immunity by bacteria. S. aureus is 

primarily a human pathogen, and its SPIN protein cannot inhibit MPO from many non-human 

species. This raised questions as to whether staphylococci that prefer alternative mammalian 

species might produce SPIN proteins with strict binding preferences for MPO from those hosts. 

We tested this hypothesis by isolating canine MPO (cMPO) using samples of canine pus 

obtained for veterinary diagnostic purposes and exploring its inhibition profile by different 

SPIN orthologs. The inhibition profile analysis of cMPO obtained in both isolations 

demonstrated that SPIN proteins from known canine pathogens bind more tightly to and inhibit 

canine MPO more potently than human MPO. We also find that the increased affinity and 

potency arise from increases in the second order (i.e. association rate constant (ka)) rate 

constant. A 2.1 Å resolution co-crystal structure of SPIN-delphini bound to canine MPO 

allowed us to explain the physical basis for our observation structural and to propose sequence-

dependent physical explanations for why SPIN-delphini binds canine MPO with higher affinity 

than human MPO. This work alongside our previous studies on SPIN/MPO interaction can be 

developed into a valuable model system for understanding the structure/function principles that 

underlie host-specific evolution of virulence proteins.  
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 1. INTRODUCTION 

Human neutrophils, the most abundant leukocytes in circulation, serve as the primary 

responders in the innate immune defense against bacterial pathogens [1,2]. Following the 

opsonization of bacteria by antibodies or complement fragments, neutrophils execute killing 

through both extracellular traps (NETs) and intracellular phagocytosis [4]. While neutrophils 

employ a diverse arsenal of granule-resident defenses including proteases, lysozymes, and 

antimicrobial peptides, their oxidative killing system is paramount to bacterial clearance [1,2]. 

This oxidative process is centered on the heme-containing enzyme myeloperoxidase (MPO), the 

most abundant protein within the neutrophil [5,18]. As the phagosome matures, membrane-

resident NADPH oxidase generates H2O2, which MPO subsequently utilizes to convert halide or 

pseudohalide anions (Cl-, SCN-) into potent cytotoxic oxidants like hypochlorous acid (HOCl) 

[5,18]. Given the exceptionally high intraphagosomal concentration of MPO, HOCl can be 

generated at rates reaching approximately 134 mM/min, creating a lethal antimicrobial 

environment that forms a cornerstone of a robust immune response [19]. 

To survive the hostile environment of the neutrophil phagosome, Staphylococcus aureus 

along with closely related staphylococcal species produce nearly two dozen distinct proteins to 

inhibit complement-mediated opsonization, chemotaxis, and phagocytosis [28,55]. Beyond 

these extracellular defenses, S. aureus employs an elaborate intraphagosomal evasion program, 

which includes EAP proteins that inhibit Neutrophil Serine Proteases (NSPs) and a novel class 

of inhibitors known as SPIN (Staphylococcal Peroxidase Inhibitor) [20,29]. Through phage 

display screening, de Jong et al. discovered SPIN, a small (~8.4 kDa) secreted protein that binds 

human MPO with high affinity and potently inhibits its peroxidase activity [20]. It blocks the 
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MPO active site and prevents production of cytotoxic hypochlorous acid within the neutrophil 

phagosome, thereby enabling evasion of innate immunity by bacteria [20].  

Structural investigations into S. aureus SPIN (SPIN-aureus hereafter), both free or in 

complex with recombinant human MPO, identified two functionally distinct domains [20,21]. 

The C-terminal region, spanning approximately 60 residues, forms an α-helical bundle that 

facilitates high-affinity binding with MPO; however, this domain lacks inhibitory capability on 

its own [21]. In contrast, the ~13-residue N-terminal domain remains intrinsically disordered 

until it binds MPO, at which point it adopts a structured β-hairpin conformation [20,21]. While 

synthetic peptides mimicking this N-terminal sequence fail to bind or inhibit MPO 

independently, this domain is indispensable for the SPIN’s inhibition of MPO [20,21]. Crystal 

structures demonstrate that the SPIN N-terminus physically occupies the MPO active site 

channel and obstructs substrate access [20]. These findings collectively established the "bind-

fold-inhibit" model as a foundational framework for SPIN structure-function studies [21,22]. 

Following characterization of SPIN-aureus, SPIN orthologs were identified in related 

staphylococcal species [24]. Characterization of SPIN-delphini demonstrated that it inhibited 

human MPO with approximately 6.5-fold lower potency than the SPIN-aureus [24]. 

Comparisons of the crystal structures of rhMPO bound to SPIN-delphini or SPIN-aureus 

revealed that this diminished potency appeared to arise from subtle shifts in sidechain positions 

or residue substitutions at the protein-protein interface, raising questions about which specific 

residues drive the initial high-affinity binding [24]. Alanine scanning site-directed mutagenesis 

on the α-helical bundle domain including residues L49, E50, H51, E52, Y55, and Y75, revealed 

that mutants E50A and Y75A maintained wild-type potency [21,49]. However, H51A and 

Y55A exhibited 161-fold and 24.5-fold decreases in inhibition, respectively, pointing to this 
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area as a functional "hotspot" for MPO recognition. Consistent with the premise that inhibitory 

potency is directly proportional to binding affinity [24], Surface Plasmon Resonance (SPR) 

analysis confirmed that these functional losses were driven by reduced affinity for MPO 

resulting from impaired association rate constant (ka) of the mutants with MPO. These findings 

established that conserved SPIN residues found at the MPO interface are critical for mediating 

the initial binding of the inhibitor to its target [49]. 

In addition to SPIN-delphini, evaluation of the inhibitory potency of other SPIN 

orthologs against hMPO revealed that these proteins also exhibited significantly weaker potency 

compared to SPIN-aureus [24]. This raised questions as to whether staphylococci that prefer 

alternative mammalian species might produce SPIN proteins with binding preferences for MPO 

from those hosts. Here we tested this hypothesis by isolating canine MPO (cMPO) from two 

separate abscess fluid samples driven from single animal and pooled pus from several animals 

and exploring its inhibition profile by different SPIN orthologs.  

MPO is a heme-containing peroxidase found mainly in the neutrophils azurophilic 

granules [56]. MPO catalyses the oxidation of chloride by hydrogen peroxide to form the potent 

antimicrobial agent, hypochlorous acid and plays a prominent role in the innate immune system. 

Intracellular processing of human MPO in the endoplasmic reticulum produces a 90 kDa 

inactive form of the enzyme known as apoproMPO [57]. Insertion of heme into the peptide 

backbone [58] then results in the enzymatically active precursor of MPO, proMPO. ProMPO is 

then cleaved and generates mature human MPO which is a dimeric glycoprotein [57] and has 

two heavy chains (59 kDa) and two light chains (13.5 kDa) joined together by disulfide bonds. 

Both heavy chains contain a protoporphyrin IX group with a central iron ion [56]. The hemes 

are joined with a threefold linkage to the protein including two ester and one sulfonium ion 
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linkage which is unique to MPO [56]. It makes the porphyrin ring slightly curved and is 

discussed as the reason for the red shift of the Soret band to 430 nm in MPO with additional 

bands at 496, 570, 620 and 690 nm, which are responsible for the characteristic green color of 

this enzyme [59–61]. Here we obtained canine MPO from two different preparations of 

myeloperoxidase using individual and pooled pus from several animals. The SDS-PAGE gel 

analysis of cMPO ran side by side hMPO showed identical pattern for both proteins, yielding 

three distinct bands with molecular weights of 58.5 kDa, 40 kDa, and 14.5 kDa. 

The inhibition profile analysis of cMPO obtained in both tirals demonstrated that SPIN 

proteins from known canine pathogens bind more tightly to and inhibit canine MPO more 

potently than human MPO. We also find that the increased affinity and potency arises from 

increases in the second order (i.e. association rate constant (ka)) rate constant. Molecular level 

analysis of SPIN-aureus [20] and SPIN-delphini [24] bound to rhMPO has provided 

fundamental insights into the structure and function of different SPIN orthologs. However, our 

current understanding is restricted to sequence/structure features specific to human MPO. To 

expand our understanding of this matter, we sought to purify MPO from a non-human host and 

characterize its interaction with its most potent SPIN inhibitor. Here we report here a 2.1 Å 

cocrystal structure of SPIN SPIN-delphini bound to cMPO. This work alongside our previous 

studies on SPIN/MPO interaction can be developed into a valuable model system for 

understanding the structure/function principles that underlie host-specific evolution of virulence 

proteins. 

 2. EXPERIMENTAL 

2.1. Proteins  

2.1.1. Native human myeloperoxidase 
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Native human myeloperoxidase that had been isolated from quiescent human neutrophils 

and lyophilized was obtained from Planta Natural Products. 

2.1.2. Isolation and Purification of Native Canine Myeloperoxidase 

Native canine myeloperoxidase was isolated using samples of individual and pooled 

canine pus obtained through routine veterinary diagnostics. The isolation protocol established 

by Harrison et al. [62] was modified to optimize enzyme recovery. Initial processing involved 

centrifugation of the fluid at 5,000 xg for 10 minutes at 7 °C to precipitate cellular matter 

containing neutrophils. This was followed by a lysis phase, wherein the resulting pellet was 

resuspended in 1% cetyltrimethylammonium bromide (CTAB) and 0.2 M K2HPO4, 

supplemented with Halt protease inhibitor cocktail to protect MPO from proteolytic 

degradation. This suspension was homogenized using a Dounce homogenizer on ice, followed 

by sonication and a seven-hour solubilization at 4 °C. The solubilized protein was separated 

from insoluble debris by centrifugation at 13.2 rpm at 4 °C for 15 minutes. MPO was 

precipitated using 55% ammonium sulfate overnight at 4 °C. The ammonium sulfate precipitate 

was collected via centrifugation at 4,000 xg for 15 minutes and dissolved in 50 mM KPi buffer 

(pH 7.8) and dialyzed against 1 L 50 mM KPi buffer for four hours using a 10 kDa molecular 

weight cut-off cassette. Following dialysis, the protein was further purified using Resource S-

1ml cation exchange column followed by Superdex 200 increase 10/300 GL size exclusion 

chromatography on an AKTA FPLC system. The myeloperoxidase activity was monitored 

through the purification procedure. The purity of the final product was confirmed using SDS-

PAGE and the determination of the Reinheits Zahl ratio (A430/A280), with absorbance values 

measured using a DeNovix DS-11 spectrophotometer. 

 

2.1.3. SPIN proteins 
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All SPIN proteins were recombinantly expressed according to the general methods 

described previously [21]. Gene fragments encoding the matured form of SPIN proteins were 

subcloned into the prokaryotic expression vector pT7HMT [30] and obtained from GenScript. 

Following overexpression in E. coli strain BL21(DE3), the recombinant SPIN proteins were 

isolated from a lysed and clarified cell extract using immobilized metal ion affinity 

chromatography. The target protein was cleaved from the his-tag by digestion with TEV 

protease and separated from the protease and remaining digestion products by a second round of 

immobilized metal ion affinity chromatography to collect the unbound fraction. Final 

purification was achieved by size-exclusion chromatography using a Superdex 30 26/60 column 

attached to an AKTA format FPLC (Cytiva Life Sciences). Following confirmation of purity by 

SDS-PAGE, each protein was buffer exchanged to ddH2O, separated into aliquots, and 

lyophilized for long-term storage.  

2.2. Myeloperoxidase Activity Assay 

Myeloperoxidase activity within the peroxidase cycle was measured using a coupled 

colorimetric assay consisting of MPO, H2O2, vanillic acid (VA), and 4-aminoantipyrine (AAP) 

[32]. In this reaction sequence, the oxidized AAP condenses with VA to form a quinoneimine 

dye such that two quinoneimines are formed for each molecule of H2O2 consumed. Reactions 

were carried out in a neutral pH buffer system (50 mM sodium phosphate (pH 7.0)) at 25 C 

and followed spectrophotometrically in a Versamax tunable microplate reader at 510 nm (Ɛ: 6.98 

mM-1cm-1) [33].   

2.3. Steady-State Kinetic Analysis of Myeloperoxidase 

Initial velocities of the MPO reaction (2.12 nM enzyme) were measured 

spectrophotometrically via a plate-based assay outlined above. Briefly, 170 µL of a mixture 

containing 4.24 nM MPO, 7 mM VA and 5mM AAP were added to 170 µL of buffer containing 
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H2O2 concentrations ranging from ~ 5 µM to ~ 1.1 mM and the formation of the quinoneimine 

product at 25 C was followed at 510 nm. From these data, initial velocities were determined 

and converted to kcat values using the extinction coefficient of the quinoneimine, MPO 

concentration and the stoichiometry of substrate to product (1 H2O2:2 quinoneimine). Replicate 

data (a minimum of n=3 technical replicates) were fitted to the Michaelis-Menten equation with 

an additional substrate inhibition component (uncompetitive inhibition) to determine the kcat, Km 

and KI with respect to H2O2 using GraphPad Prism [49,63].  

 

 

 

 

2.4. Steady-State Inhibition of Myeloperoxidase by SPIN proteins 

The half-maximal inhibitory concentration (IC50) for various SPIN proteins was 

determined using the plate-based assay described above. Briefly, MPO (4 nM), VA (7 mM), 

AAP (5 mM) and various concentrations of SPIN proteins were incubated for 90 min at room 

temperature in sodium phosphate buffer. Following the incubation, 170 µL of each sample 

above were mixed with 170 µL of sodium phosphate buffer containing ~112 µM H2O2. 170 µL 

of the complete reaction mixture were added to the read plate and the formation of the 

quinoneimine product at 25 C was followed at 510 nm. Initial velocities were converted to kcat 

values as described above, and then the replicate data (a minimum of n=3 technical replicates) 

were expressed as percent activity using the no-inhibition Kcat as 100 % activity. The 

normalized data then were fitted to an IC50 equation of log (inhibitor) vs. normalized response 

(variable slope) using GraphPad Prism v10.6.1 [49,63].  

2.5. Surface Plasmon Resonance   
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Surface Plasmon Resonance (SPR) was used to investigate interactions between each 

SPIN protein and immobilized human and canine MPO during according to the general methods 

described previously [20,21,24,49,63]. All experiments were conducted using a Biacore T-200 

instrument (Cytiva Life Sciences) at 25°C. HBS-T was used as a running buffer (20 mM 

HEPES (pH 7.4), 140 mM NaCl, and 0.005% (v/v) Tween-20) with a flow rate of 30 μL/min. 

The biosensor surface was established on a CMD-200M sensor chip (Xantec 

Bioanalytics GmbH) by coupling human MPO (as control) to flow cell #2 and canine MPO to 

flow cells #3 and #4 via amine coupling according to the manufacturer's recommendations. To 

activate the surface, equal volumes of N-hydroxysuccinimide (NHS; 0.1 M in ddH2O) and N-

ethyl-N'-(dimethylaminopropyl) carbodiimide hydrochloride (EDC; 0.4 M in ddH2O) were 

mixed immediately prior to injection onto a naïve surface. Subsequently, 20 μg/mL human and 

canine MPO (prepared in 10 mM sodium acetate pH 5.5) were injected to allow the coupling of 

protein-borne amine groups to the surface esters through amide bond formation. Finally, 1 M 

ethanolamine (pH 8.5) was injected to deactivate any uncoupled NHS-esters. The levels of 

MPO immobilization for protein purified from the pus driven from an individual animal were as 

follows: hMPO flow cell #2, 794; cMPO flow cell #3, 1030.2 and cMPO flow cell #4, 599.3 

Resonance Units (RU). The levels of MPO immobilization for protein purified from the pooled 

pus were as follows: hMPO flow cell #2, 326.3; cMPO flow cell #3, 616.6 and cMPO flow cell 

#4 156.1 RU. Flow cell #1 was activated but immediately inactivated by ethanolamine and 

served as the reference in both experimental setups. 

Serial two-fold dilutions (1.93-1000 nM) of each SPIN protein were injected over the 

flow cells. A contact time of 3 min was used, followed by a 5 min dissociation phase. To 

regenerate the surface following each injection, a 0.5 min pulse of 0.1 M glycine (pH 10.0) 
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containing 1 M NaCl was applied. Reference subtracted sensorgram series were processed using 

Biacore T-200 Evaluation Software v3.2.1 (Cytiva Life Sciences). Data were analyzed globally 

using Langmuir binding model with global fitting of Rmax. The fitted binding curves were then 

imported and graphed using GraphPad Prism v10.6.1.  

2.6. Miscellaneous 

 Amino acid sequence alignments were performed using Clustal Omega [34]. 

Representations of secondary structure as a function of amino acid sequence were generated 

using EsPript [35]. Images of protein structures were rendered using PyMol 

(https://pymol.org/). Analyses of protein-protein interfaces were carried out using the EBI-PISA 

server (https://www.ebi.ac.uk/pdbe/pisa/) [36]. Statistical analyses were performed using 

GraphPad Prism v10.6.1 (https://www.graphpad.com/). 

2.7. Crystallization, structure determination and refinement 

A sample of the SPIN-delphini/cMPO complex was prepared by mixing the purified 

proteins in a 2:1 molar ratio. The sample was buffer exchanged to 10 mM HEPES (pH 7.4), 

50mM NaCl and the concentration was adjusted to 1.5 mg/ml total protein. The Initial 

crystallization trials were carried out by vapor diffusion of sitting drops at 20 °C using Hampton 

Research Crystal Screen Index HT and PEGRx, and thereafterof hanging drops using various 

customized buffers. Single crystals suitable for X-ray diffraction studies were grown over the 

course of 7–10 days from drops consisting of either 1 μL of complex mixed with 0.5 μL 

distilled water and 0.5 μL of a precipitant solution ( 0.1 M sodium acetate trihydrate (pH 4.1, 

4.3 and 4.5) and 2 M ammonium sulfate) or drops consisting of 1 μL of complex mixed with 1 

μL of the precipitant solution, and were equilibrated over 0.5 mL of precipitant solution.  

Individual crystals for analysis were briefly soaked in a cryoprotectant consisting of 

precipitant solution supplemented with 25% (v/v) glycerol, prior to flash cooling in liquid N2. 

https://pymol.org/
https://www.ebi.ac.uk/pdbe/pisa/
https://www.graphpad.com/
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X-ray diffraction data were collected at beamline BL-5.0.1 of the Advanced Light Source at 

Lawrence Berkeley National Laboratory. A total of 1440 images were collected with an 

oscillation angle of 0.25°, an exposure time of 0.25 s, radiation of λ=0.9774 Å, and a sample to 

detector distance of 225 mm. The reflections were indexed, integrated, and scaled using the 

HKL-2000 package. The structure was solved by molecular replacement using the refined 

polypeptide coordinates of SPIN-delphini/rhMPO (PDB entry 6BMT) as a search model and 

PHASER as implemented in the PHENIX software suite. The final model was constructed by 

an iterative combination of automated and manual rebuilding, followed by crystallographic 

refinement using PHENIX.REFINE. 94.87% of the modeled polypeptide residues lie in favored 

regions of the Ramachandran plot, with only 0.47% in regions classified as outliers. The 

asymmetric unit of the crystal contained a homodimer of cMPO bound to SPIN-delphini. We 

performed our downstream interface analyses using a single enzyme/inhibitor complex (Chains 

A and C). This selection was justified by several factors. First, the two complexes within the 

asymmetric unit exhibited high structural identity when superimposed (RMSD of 0.142 Å over 

the total 481 Cα atoms). Second, a comparative analysis of the displacement parameters (B-

factors) revealed that the complex defined as Chains A and C possessed lower overall thermal 

mobility compared to the second complex defined as Chains B and D. Consequently, this 

complex was utilized for EBI-PISA interface calculations and evaluations. Beyond the 

polypeptides, the final model also includes 930 ordered solvent molecules. Each MPO 

polypeptide also contains a covalently bound heme prosthetic group within the active site, a 

single Cl- ion and a Ca2+ ion which is coordinated entirely by residues derived from MPO. A 

more detailed description of the cell constants, diffraction data quality, and properties of the 

final model can be found in Table 4.5. All structural analyses, including calculation of buried 
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surface areas and identification of potential hydrogen bonds and salt bridges, were performed 

using EBI-PISA (http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver). Representations of 

protein structures were generated by PyMol (http://www.pymol.org/). 

 3. RESULTS 

3.1. SPIN orthologs display a preference for cMPO compared to hMPO 

Most of innate immune strategies employed by S. aureus show clear human specificity 

[13]. De Jong et al. documented the species-specificity of SPIN-aureus, noting its potent 

inhibition of human myeloperoxidase (MPO) while remaining ineffective against MPO from 

other mammals such as mice, rabbits, bovines, or equines [20]. Given the identification of 

various SPIN orthologs within staphylococcal species that primarily colonize livestock and 

companion animals (including S. intermedius, S. pseudintermedius, and S. delphini) [26], 

Ploscariu et al. evaluated the inhibitory potency of these orthologs against hMPO and revealed 

that each protein exhibited significantly weaker potency compared to SPIN-aureus [24]. 

Specifically, while SPIN-aureus inhibited hMPO activity with a potent IC50 of 6.6 nM, SPIN-

delphini exhibited a nearly 6.5-fold reduction in potency (IC50 44 nM). Furthermore, SPIN-

schleiferi and SPIN-intermedius displayed even lower inhibitory potency, with IC50 values of 

102 nM and 125 nM, respectively [24]. Therefore, they hypothesized that these inhibitors might 

demonstrate a comparable selectivity for the MPO from their respective hosts. 

Despite the theoretical significance of this hypothesis, experimental validation was 

restricted by the limited availability of MPO derived from these specific animal hosts. In this 

study, we addressed this question by successfully isolating and purifying canine MPO from its 

native biological environment, canine pus, and sought to investigate whether these SPIN 

orthologs exhibit any preference for canine MPO. We extracted the enzyme from abscess fluid 

through a combination of cell lysis using 1% CTAB and homogenization, followed by 

http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver
http://www.pymol.org/
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precipitation via ammonium sulfate. The crude extract was then purified using dialysis and two-

stage FPLC chromatography including cation exchange and size exclusion, to ensure high 

enzymatic purity. Finally, we verified the purity and heme-group integrity of the isolated MPO 

through SDS-PAGE and spectrophotometric Reinheits Zahl (RZ) ratio analysis. The final 

purified cMPO achieved a purity of 82%. When analyzed via SDS-PAGE alongside a 

commercial hMPO, the cMPO displayed a migration pattern consistent with hMPO. 

Specifically, both samples yielded three distinct bands at molecular weights of 58.5 kDa, 40 

kDa, and 14.5 kDa (Figure 4.1A). 
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Figure 4.1. cMPO inhibitory properties of different SPIN variants. 

The inhibitory properties of SPIN orthologs against cMPO was assessed using a colorimetric 

enzyme assay designed to track the production of quinoneimine dye resulting from consumption 

of H2O2 as MPO substrate. A minimum of nine replicates were conducted on each ortholog 

prior to fitting the data to an IC50 equation of log (inhibitor) vs. normalized response (variable 

slope). The outcome of curve fitting is shown in Table 4.1 & Table 4.3. Data points are shown 

as the mean plus or minus the standard deviation. (A) SDS-PAGE of purified human and canine 

MPO. Two micrograms of each protein were loaded in each well, separated, and visualized by 

staining with Coomassie blue. A mixture of standard proteins was loaded in the center with 

sizes indicated in kDa. Left lane corresponds to commercially obtained hMPO and right lane 

represents the cMPO purified from pooled pus. (B) cMPO inhibition profile by SPIN orthologs 

(trial 1). A legend is inset. (C) cMPO inhibition profile by SPIN orthologs (trial 2). A legend is 

inset. (D) hMPO inhibition profile by SPIN orthologs [24,63]. A legend is inset. 

 

To quantify the potency of these SPIN orthologs against cMPO, we used a colorimetric 

assay, with two trials conducted independently. Our analysis in first trial revealed that SPIN-

delphini, SPIN-intermedius, and SPIN-schleiferi exhibited profound selectivity for cMPO 

(Figure 4.1B). Notably, SPIN-delphini was the most potent inhibitor of cMPO with an IC50 of 

2.88 nM, which represented a 16-fold increase in potency compared to hMPO (IC50 45.4 nM) 

(Figure 4.1B & D, Table 4.1) [24,63]. SPIN-intermedius and SPIN-schleiferi demonstrated 
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approximately 33-fold (IC50 4.02 nM) and 28-fold (IC50 3.73 nM) greater potency against cMPO 

relative to hMPO, respectively (Figure 4.1B & D, Table 4.1) [24,63]. SPIN-aureus, which is a 

hallmark inhibitor of hMPO (IC50 6.6 nM), exhibited nearly 12-fold weaker potency against 

cMPO (IC50 82.5 nM) (Figure 4.1B & D & Table 4.1) [24,63]. Although SPIN-

pseudintermedius displayed no detectable inhibition of hMPO even at high micromolar 

concentrations, it inhibited cMPO with an IC50 of 115.5 nM (Figure 4.1B & D & Table 4.1) 

[24,63].  
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Table 4.1. Functional Properties of SPIN Variants over canine MPO purified in first trial 

as Assessed by Enzyme Assay and SPR  

SPIN Variant  IC50 (nM) KD (nM) ka (M-1s-1) x 104 kd (s-1) x 10-3 χ2/Rmax 

delphini 2.88 (2.67-3.1) 7.96 ± 3.19 26.55 ± 8.16 1.92 ± 0.19 2.74 ± 1.16 

intermedius   4.02 (3.53-4.57) 13.78 ± 2.24   18.82 ± 3.3 2.54 ± 0.03 1.7 ± 0.61 

schleiferi   3.73 (3.24-4.3) 26.8 ± 5.9   6.4 ± 1.15 1.6 ± 0.08 1.16 ± 0.24 

pseudintermedius   115.5 (103.7-128.3) 182.3 ± 23.8   1.42 ± 0.05 2.5 ± 0.24 0.16 ± 0.08 

canis n.d. n.d. n.d. n.d. n.d. 

aureus 82.5 (71.72-94.75)      17.95 ± 2.24 22.05 ± 0.55  3.96 ± 0.55 2.5 ± 0.3 

 

 

Table 4.2. Functional Properties of SPIN Variants over human MPO (as control) Assessed 

by SPR (first trial) 

SPIN Variant  KD (nM) ka (M-1s-1) x 104 kd (s-1) x 10-3 χ2/Rmax 

delphini 129 ± 5.65 1.65 ± 0.03 2.14 ± 0.04 0.36 ± 0.24 

intermedius 71.95 ± 9.12 1.78 ± 0.04 1.27 ± 0. 1 1.43 ± 0.02 

schleiferi 181.5 ± 26.16 1.12 ± 0.01 2.03 ± 0.26 0.2 ± 0.07 

pseudintermedius n.d. n.d. n.d. n.d. 

canis n.d. n.d. n.d. n.d. 

aureus 15.88 ± 0.99 18.25 ± 0.33 2.9 ± 0.14 2.04 ± 0.11 

 

Subsequent evaluations conducted during second trial yielded results consistent with our 

previous observations. SPIN-delphini, SPIN-intermedius, and SPIN-schleiferi remained the 

most potent inhibitors of cMPO. These orthologs demonstrated highest inhibition potency with 

IC50 values of 1.54 nM, 3.8 nM, and 5.31 nM, respectively. This represented approximately 29-, 

35-, and 20-fold increase in their inhibitory potency relative to human MPO (Figure 4.1C & D) 

[24,63]. 

3.2. SPIN Variants Show Higher Affinities for cMPO compared to hMPO 

Prior research has established a direct correlation between weakened inhibitory potency 

and diminished binding affinity among SPIN orthologs to human MPO [24]. This relationship 

was further elucidated through residue-level analyses of the S. aureus SPIN α-helical bundle 
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and its N-terminal domain [49,63]. Specifically, site-directed mutagenesis involving L49A, 

E52A, and Y55A substitutions within the α-helical bundle resulted in a significant reduction in 

hMPO inhibition which was attributed to a decline in their apparent affinities for the enzyme 

[49]. Subsequent investigations of the SPIN-aureus N-terminal inhibitory domain by insertion 

of a stabilizing disulfide bridge (the SPIN-Cys mutant) provided further evidence for this 

biochemical correlation. It was observed that the enhanced potency of the SPIN-Cys variant was 

driven by an increase in its apparent affinity for hMPO [63].  

 

Table 4.3. Functional Properties of SPIN Variants over canine MPO purified in second 

trial as Assessed by Enzyme Assay and SPR 

SPIN Variant  IC50 (nM) KD (nM) ka (M-1s-1) x 104 kd (s-1) x 10-3 χ2/Rmax 

delphini 1.54 (1.46-1.63)      8.95 ± 1.16 27.12 ± 7.42  2.36 ± 0.33 3.13 ± 1.92 

intermedius   3.8 (3.28-4.41) 9.25 ± 0.5   31 ± 4.71 2.87 ± 0.32 2.87 ± 1.56 

schleiferi   5.31 (4.68-6.04)    26.15 ± 3.97   8.12 ± 1.35 2.08 ± 0.2 1.44 ± 0.62 

pseudintermedius   97.9 (90.67-105.6) 157.3 ± 51.37 1.7 ± 0.14 2.62 ± 0.66 0.47 ± .25 

canis n.d. n.d. n.d. n.d. n.d. 

aureus 119.8 (106.1-135.3)      22.48 ± 8.57 34.25 ± 17.91  6.71 ± 1.9 4.43 ± 1.72 

 

Table 4.4. Functional Properties of SPIN Variants over human MPO (as control) Assessed 

by SPR (second trial) 

SPIN Variant  KD (nM) ka (M-1s-1) x 104 kd (s-1) x 10-3 χ2/Rmax 

delphini 100 ± 0.0 1.64 ± 0.21 2 ± 0.0 3.13 ± 0.21 

intermedius 107.5 ± 2.12 1.46 ± 0.02 1.58 ± 0.0 4.88 ± 0.12 

schleiferi    200 ± 100   1.26 ± 0.3 2.25 ± 0.57 1.62 ± 1.49 

pseudintermedius n.d. n.d. n.d. n.d. 

canis n.d. n.d. n.d. n.d. 

aureus      14.75 ± 5.65 33.83 ± 15.46  4.61 ± 0.38 7.34 ± 2.47 

 

Therefore, we asked the question whether the functional/inhibitory preference for cMPO 

exhibited by certain SPIN orthologs is primarily driven by an increased binding affinity for the 

enzyme. To address this, we employed SPR to characterize the interactions between each SPIN 
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ortholog and immobilized human or canine MPO, through two independent assessments. 

Injections of an increasing concentration of each recombinant SPIN ortholog including SPIN-

delphini, SPIN-intermedius and SPIN-schleiferi and SPIN-pseudintermedius gave clear 

evidence of their binding preference for cMPO compared to hMPO (Figure 4.2 & Figure 4.3). 

We utilized a simplified Langmuir binding model to evaluate SPIN/MPO binding in our SPR 

study, rather than a two-state model, as it resulted in fitting of the sensorgram series with 

normalized residual values of less than 10% in all cases (i.e. χ2/Rmax) [64,65]. Data obtained 

during the first trial revealed that SPIN-delphini displayed a nearly 16-fold higher affinity for 

cMPO (KD 7.96 nM) relative to hMPO (KD 129 nM) (Figure 4.2A-B, Table 4.1) [24,63]. 

Similarly, SPIN-intermedius and SPIN-schleiferi demonstrated 5- and 7-fold stronger binding to 

cMPO, respectively (Figure 4.2E-F, Table 4.1 & Table 4.2). In contrast, SPIN-aureus exhibited 

comparable affinities for both canine and human MPO (17.95 nM vs 15.88 nM) (Figure 4.2I-J, 

Table 4.1 & Table 4.2). Furthermore, while SPIN-pseudintermedius failed to produce any 

detectable binding signal with hMPO, its apparent affinity for cMPO was calculated at 182.3 

nM (Figure 4.2G-H, Table 4.1 & Table 4.2).  
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Figure 4.2. MPO Binding Properties of Various SPIN Orthologs as Assessed by SPR in 

first trial.  

The binding properties of SPIN orthologs to immobilized canine MPO purified in first trial were 

compared to those of immobilized human MPO. Reference-subtracted sensorgrams (black 

traces) were obtained for each sample following injection of a two-fold dilution series, using 1 

μM as the highest concentration. Sensorgram series were fitted globally to a Langmuir binding 

model (red traces). The outcome of fitting is shown in Table 4.1 & Table 4.2.  

 

The findings derived from the cMPO purified during the second trial resembled our 

previous observations and aligned with the results of the inhibition assays (Figure 4.1B-D, 

Figure 4.3, Table 4.1 & Table 4.2). Specifically, the apparent affinity of SPIN-delphini for 

cMPO was estimated at 8.95 nM, contrasting with its 11-fold weaker interaction with hMPO 

(KD 100 nM) (Figure 4.3A-B, Table 4.3 & Table 4.4). This selectivity was observed in SPIN-

intermedius and SPIN-schleiferi, which exhibited approximately 12-fold (KD 9.25 nM) and 8-

fold (KD 26.15 nM) greater binding affinities for cMPO relative to their respective interactions 

with hMPO (KD 107.5 nM and 200 nM) (Figure 4.3C-F, Table 4.3 &Table 4.4). Furthermore, 

SPIN-pseudintermedius maintained its profile, associating with cMPO with an apparent affinity 

of 157.3 nM despite showing no detectable evidence of binding to the human ortholog (Figure 

4.3G-H, Table 4.3 &  Table 4.4). This reproducibility across two independent biological 

replicate experiments reinforces the premise that these SPIN variants have evolved refined host-

specific molecular recognition properties.  
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Figure 4.3. MPO Binding Properties of Various SPIN Orthologs as Assessed by SPR in 

second trial.  

The binding properties of SPIN orthologs to immobilized canine MPO purified in second trial 

were compared to those of immobilized human MPO. Reference-subtracted sensorgrams (black 

traces) were obtained for each sample following injection of a two-fold dilution series, using 1 

μM as the highest concentration. Sensorgram series were fitted globally to a Langmuir binding 

model (red traces). The outcome of fitting is shown in Table 4.3 & Table 4.4. 

 

3.3. Binding Preferences of SPIN Variants for MPOs from Known Host Species arise from 

Increased Association Rates 

Characterization of SPIN-aureus loss-of-function mutants demonstrated that the 

observed decline in apparent affinity for hMPO was primarily attributable to a significant 

reduction in the association rate of these variants [49]. This fundamental role of association rate 

was further confirmed by investigation of the N-terminal domain of SPIN-aureus [63]. In that 

study, the incorporation of a stabilizing disulfide bond-the SPIN-Cys mutant-yielded a 

simultaneous enhancement in inhibitory potency and binding affinity driven by an accelerated 

association rate with hMPO [63]. This prompted us to consider the underlying mechanism 

driving the increased potency of these SPIN orthologs. Specifically, we sought to determine 

whether the increased affinity displayed by these SPIN variants for cMPO similarly resulted 

from an increased association rate.   

To address this question, we compared the individual rate constants derived from fitting 

experimental sensorgram series to identify potential trends in the data. Examination of the 

individual rate constants revealed that the enhanced affinity of SPIN orthologs arises from an 

increase in their association rates with cMPO (Figure 4.4, Figure 4.6). If there is a statistically 

significant difference in binding affinity (KD), there is a statistically significant difference in 

association rate (ka) (Figure 4.5). 

The 16-fold higher affinity of SPIN-delphini for cMPO is driven by a commensurate 

increase in its association rate (Figure 4.4B & E, Figure 4.5A-B, Table 4.1 & Table 4.2), as its 
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dissociation rates from both canine and human MPO remain nearly identical (Figure 4.4 C & F, 

Figure 4.5B-C, Table 4.1 & Table 4.2). In contrast, the enhanced affinity of SPIN-intermedius is 

a cumulative result of an 11-fold faster initial binding of the helical bundle domain (Figure 4.4B 

& E, Figure 4.5E, Table 4.1 & Table 4.2) combined with a 2-fold slower dissociation rate from 

cMPO (Figure 4.4C & F, Figure 4.5F, Table 4.1 & Table 4.2). Similarly, SPIN-schleiferi 

interacts with cMPO with a 7-fold accelerated association rate (Figure 4.4B & E, Figure 4.5H, 

Table 4.1 & Table 4.2)but a comparable dissociation rate from both enzymes (Figure 4.4B & E, 

Figure 4.5 I, Table 4.1 & Table 4.2). While SPIN-aureus maintains similar binding affinities for 

both enzymes due to similar association rates (Figure 4.2I-J, Figure 4.4A-B & D-E, Figure 4.5J-

K, Table 4.1 & Table 4.2), its 1.4-fold faster dissociation from cMPO could account for its 

diminished inhibitory potency against the cMPO (Figure 4.4C & F, Figure 4.5L, Table 4.1 & 

Table 4.2).  
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Figure 4.4. Comparative Analysis of the Binding Parameters for Various SPIN Variants 

over canine MPO (purified in first trial) and human MPO.  

(A) Comparison of apparent KD values for SPIN orthologs over cMPO. Error bars show the 

mean, plus or minus the standard deviation for a minimum of four replicates. (B) Observed ka 

for SPIN orthologs over cMPO (C) Observed kd for SPIN orthologs over cMPO (D) 

Comparison of apparent KD values for SPIN orthologs over hMPO. Error bars show the mean, 

plus or minus the standard deviation for a minimum of four replicates. (E) Observed ka for SPIN 

orthologs over hMPO. (F) Observed kd for SPIN orthologs over hMPO. 
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Figure 4.5. Pairwise Comparison of Binding Parameters for SPIN Variants over canine 

MPO with human MPO. 

(Panels A, D, G and J) Comparison of apparent KD values for SPIN-delphini, -intermedius, -

schleiferi and -aureus over cMPO (obtained in first and second trial) with that of hMPO. Error 

bars show the mean, plus or minus the standard deviation for a minimum of two replicates. 

(Panels B, E, H and K) Comparison of observed ka values for SPIN-delphini, -intermedius, -

schleiferi and -aureus over cMPO (obtained in first and second trial) with that of hMPO. Error 

bars show the mean, plus or minus the standard deviation for a minimum of two replicates. 

(Panels C, F, I and L) Comparison of observed kd values for SPIN-delphini, -intermedius, -

schleiferi and -aureus over cMPO (obtained in first and second trial) with that of hMPO. Error 

bars show the mean, plus or minus the standard deviation for a minimum of two replicates.  
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Our subsequent observations remained consistent with the first trial dataset. SPIN-

delphini maintained a 16-fold elevation in its association rate with cMPO (Figure 4.6B & E, 

Figure 4.5A-B, Table 4.3 & Table 4.4), whereas its dissociation rate exhibited no significant 

difference between the two enzymes (Figure 4.6 C & F, Figure 4.5B-C, Table 4.3 & Table 4.4). 

SPIN-intermedius displayed a 21-fold increase in association rate (Figure 4.6B & E, Figure 

4.5E, Table 4.3 & Table 4.4) coupled with a 1.8-fold reduction in dissociation rate when 

interacting with cMPO relative to hMPO (Figure 4.6C & F, Figure 4.5F, Table 4.3 & Table 

4.4). Similarly, SPIN-schleiferi demonstrated an ~6-fold acceleration in its association with the 

cMPO (Figure 4.6B & E, Figure 4.5H, Table 4.3 & Table 4.4), though it dissociated from both 

enzymes comparably (Figure 4.6B & E, Figure 4.5 I, Table 4.3 & Table 4.4). In contrast, the 

association rate for SPIN-aureus remained similar across both enzymes (Figure 4.6A-B & D-E, 

Figure 4.5J-K, Table 4.3 & Table 4.4); however, it dissociated ~1.4-fold faster from cMPO. 
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Figure 4.6. Comparative Analysis of the Binding Parameters for Various SPIN Variants 

over canine MPO (purified in second trial) and human MPO.  

(A) Comparison of apparent KD values for SPIN orthologs over cMPO. Error bars show the 

mean, plus or minus the standard deviation for a minimum of four replicates. (B) Observed ka 

for SPIN orthologs over cMPO (C) Observed kd for SPIN orthologs over cMPO (D) 

Comparison of apparent KD values for SPIN orthologs over hMPO. Error bars show the mean, 

plus or minus the standard deviation for a minimum of four replicates. (E) Observed ka for SPIN 

orthologs over hMPO. (F) Observed kd for SPIN orthologs over hMPO. 

 

3.4. The crystal structure of SPIN-delphini bound to cMPO at 2.1 Å resolution 

The purification procedure outlined in Materials and Methods yielded peroxidase which 

was pure by 82% analyzed by SDS-PAGE as well as the ratio of the absorbance at 430 nm to 

that of 280 nm. Electrophoretic examination revealed the presence of components of apparent 

molecular weights 14500 and 57500 (heavy and light components). Different preparations of 

myeloperoxidase, either from individual animal (first trial) or from pooled pus (second trial), 
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gave a reproducible pattern in electrophoretic analysis. This pattern was similar to that observed 

in native human myeloperoxidase. SPIN orthologs from S. delphini, S. intermedius, S. 

schleiferi, and S. pseudintermedius fail to bind with or inhibit human MPO with the same 

affinity or potency as the S. aureus SPIN. Therefore, we hypothesized that these SPIN variants 

may instead exhibit a similar selectivity for MPO derived from their preferred hosts. Additional 

structural and functional information was required to determine whether or not this is the case. 

To test this hypothesis, we crystallized SPIN-delphini bound to cMPO to better understand the 

host species specificity of these SPIN proteins at the structural level. We succeeded in growing 

single crystals of SPIN-delphini bound to cMPO that diffracted synchrotron X-rays to 2.1 Å 

limiting resolution and solved and refined this structure to Rwork/Rfree (%) values of 17.8 / 20.1. 

The final 2Fo-Fc electron density maps were consistent with the existence of four covalent bonds 

between SPIN-delphini bound cMPO and the heme group: H502 to heme Fe at 2.1 Å, M409 to 

heme CBB at 2.6 Å, D260 to heme CMD at 2.4 Å and E408 to heme CMB at 2.6 Å. In all 

mammalian peroxidases each half of dimeric MPO contains one iron, present as covalently 

bound heme, one calcium and one chloride [59]. Our predicted model confirmed this 

composition, locating a single Cl- and Ca2+ in each monomer, coordinated entirely by residues 

within the MPO polypeptide chain. We identified four N-linked glycosylation sites within the 

large polypeptide, conforming to the Asn-X-Ser/Thr consensus motif at residues N355, N391, 

N483, and N729. Of these, N355, N483, and N729 exhibited extensive glycan chains (PDB entry 

TBD). 
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Table 4.5. X-ray Diffraction Data, Structure Solution, and Refinement Statisticsa 

 SPIN-delphini/cMPO 

PDB Accession Code 12CL 

Data Collection  

Beamline ALS-5.0.1 

Space Group C2 

Wavelength (Å) 0.9775 

Cell Dimensions  

   a, b, c (Å) 132.70, 145.38, 107.61 

   , ,  (º) 90, 114.85, 90 

Resolution (Å) 50.00-2.10 

Wilson B-Factor (Å2) 27.6 

Completeness (%) 100.0 (99.8) 

I / I 12.4 (1.9) 

Rpim 0.060 (0.404) 

CC1/2 0.992 (0.658) 

Redundancy 6.8 (6.0) 

Refinement  

Resolution (Å) 49.42-2.09 (2.17-2.09) 

Number of Reflections 107,489 

Rwork / Rfree (%) 16.7 / 19.9 

Atoms Modeled 11,582 

Ordered Solvent 866 

Ramachandran Plot  

   Favored/Allowed (%) 97.16 / 2.76 

Average B-Factors (Å2) 36.79 

R.M.S. Deviations  

   Bond Lengths (Å) 0.008 

   Bond Angles () 0.95 
aValues in parentheses are for the highest-resolution shell. 

 

3.5. Sequence-dependent structural differences between human and canine MPO explain 

preference of SPIN-delphini for canine MPO 

Whereas MPO from human and canine share about 90% identity, the affinity of SPIN-

delphini for these two MPOs differ by nearly 14-fold at 114.5 nM and 8.4 nM, respectively. 

Therefore, we considered whether the differences in affinities observed by SPR were due to 

alterations of key sidechains found at the respective SPIN/cMPO interfaces. We analyzed the 

SPIN-delphini/cMPO complex using the EBI-PISA server and used the output to construct both 

an interface map and a list of likely intermolecular interactions. We then compared these data 
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from SPIN-delphini/cMPO to analogous results obtained for SPIN-delphini/rhMPO [24]. We 

determined that the total number of inhibitor-derived residues at the SPIN-delphini/cMPO 

interface (30) is identical to that of SPIN-delphini/rhMPO (30) (Table 4.6). Out of the 30 

residues found at the interface, 28 interfacing residues are identical between SPIN-

delphini/cMPO and SPIN-delphini/hMPO [24] (Table 4.6). We found that 13 residues driven 

from SPIN-delphini are involved in polar interactions (i.e. hydrogen bonds and salt bridges) 

with residues derived from cMPO, whereas only 10 residues formed polar contacts with 

residues derived from hMPO [24] (Table 4.6). Eight of these residues are identical between the 

two complexes and were deemed to form equivalent interactions (i.e. S31, Q32, N33, H38, R42, 

M43, Y50 and D89) [24] (Table 4.6).  

By contrast, residues D40, H46, Q47, Q62 and T63 form polar contacts only in SPIN-

delphini/cMPO while residues D45 and Y70 do so only in complex with rhMPO [24] (Table 4.6). 

D40, which resides in the SPIN-delphini beta-hairpin domain, is involved in hydrogen bonding 

with L349 and R352 of cMPO (Table 4.6 & Figure 4.7A) while there is no such interaction 

between SPIN-delphini and rhMPO (Table 4.6 & Figure 4.7B) [24]. Separately, SPIN-delphini 

H46 is involved in a hydrogen bond with R352 and R354 of cMPO, but lacking an equivalent 

interaction with hMPO (Table 4.6 & Figure 4.7A & B) [24]. E47 from SPIN-delphini forms two 

strong H-bonds with R352 of cMPO (Table 4.6, Figure 4.7A & B).  H46 forms two H-bonds with 

R352 and R354 in cMPO, lacking an equivalent interaction with hMPO (Table 4.6, Figure 4.7A & 

B). SPIN-delphini Y50 forms stronger hydrogen bonds with residues R354 and L356 from cMPO 

(3 Å and 2.9 Å, respectively) compared to those of rhMPO (3.2 Å and 3.1 Å, respectively) 

(Table 4.6, Figure 4.7A-B). In summary, while SPIN-delphini maintains an ability to bind 

human MPO and inhibit its activity, the quantitative differences between its affinity for and 
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inhibition of human and canine MPO appear to be predicated upon sequence/structure changes 

that affect both the overall orientation and positioning of functional groups at the MPO binding 

site. 
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Table 4.6: Comparative interface analysis of SPIN-delphini/cMPO and SPIN-

delphini/rhMPO [24]. 

  Interface with cMPO  Interface with hMPO 

 SPIN residue Bond type MPO residue Bond type MPO residue 
29 VAL               
30 THR               
31 SER     H    GLU268/PRO269  H    GLU268/PRO269 
32 GLN  H    SER266 H    THR266/GLU268 
33 ASN       H    GLU268  H    GLU268 
34 GLY                  
35 ILE                   
36 ILE                 
37 LEU                  
38 HIS    HS ASP380 H/S/S   ASP380 
39 ASP                     
40  ASP   H/HS   LEU349/ARG352        
42 ARG   H/H    ARG352/ASN381 H    ASN381 
43 MET     H    ASN381 H    ASN381 
44 LEU                 
45 ASP          H/S   ARG368 
46 HIS   H    ARG354        
47 GLU   HS ARG352        
49 GLN                 
50 TYR   H     ARG354/LEU356 H    ARG354/MET356 
53 VAL                 
60 ASN              
62 GLN   H    ASP438        
63 THR   H    GLN359        
66 ARG                 
67 LEU                 
70 TYR          H    ASN352 
74 GLN                 
89 ASP   H    ASN381 H    ASN381 
91 LEU                 
92 ASP              

 Identical interactions in bold typeface   residues at the interface with MPO 

 H: hydrogen bond     bond forming residues with cMPO only 

 S: salt bridge     bond forming residues with hMPO only 

         bond forming residues with both MPOs 
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Figure 4.7. Molecular Analysis of the SPIN-delphini/cMPO Interface and Comparsion 

with SPIN-delphini/rhMPO. 

(A) Polar interactions between residues driven from SPIN-delphini to those of canine MPO. D40 

sidechain (orange) forms two hydrogen bonds with L349 and R352 of cMPO (aqua green). Likely 

interactions (yellow dashes) and their corresponding distances are labeled. H46 is involved in 

two H-bonds with R352 and R354 of cMPO. Likely interactions (yellow dashes) and their 

corresponding distances are labeled. E47 H-bonds R352 of cMPO. Likely interactions (yellow 

dashes) and their corresponding distances are labeled. Y50 forms two strong H-bonds with R354 

and L356 from cMPO. Likely interactions (yellow dashes) and their corresponding distances are 

labeled. (B) SPIN-delphini D40 sidechain (orange) distances from L349 and N352 of rhMPO 

(purple) shown in grey dashes representing interactions not formed due to excessive distance 

between donor and acceptor groups. H46 sidechain (orange) distance from M356 of rhMPO 

(purple) shown in grey dashes representing interactions not formed due to excessive distance 

between donor and acceptor groups. Polar interactions between SPIN-delphini Y50 sidechains 

(orange) with R354 and M356 of rhMPO (purple). Likely interactions (yellow dashes) and their 

corresponding distances are labeled.  

 

 4. DISCUSSION 

Majority of the immune evasion molecules secreted by S. aureus at infection sites, 

demonstrate a pronounced specificity for human [13]. This species-selectivity is notably evident 

in the bi-component pore-forming leukocidins of S. aureus and related staphylococci as they 

exhibit strong preference for cellular receptors from specific species, thereby dictating their 

divergent cytotoxic effects across target leukocytes from various hosts [66]. Similarly, the S. 
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aureus SCIN (Staphylococcal Complement Inhibitor) protein family effectively neutralizes the 

alternative complement pathway in humans while remaining inactive in murine models [67,68]. 

SPIN, as an S. aureus immune evasion protein, also shows strong selectivity for MPO from its 

biologically relevant host [20].   

SPIN orthologs are distributed across several bacterial species closely related to S. 

aureus [24]. While S. aureus is recognized as a versatile pathogen capable of colonizing both 

humans and livestock (such as dairy cattle), multiple staphylococcal species encoding SPIN-like 

sequences, including S. delphini, S. intermedius, S. schleiferi, and S. pseudintermedius, are 

primarily known as pathogens of livestock and/or companion animals [26]. Consistent with this, 

SPIN-aureus demonstrates a pronounced binding selectivity and inhibitory potency toward 

myeloperoxidase derived from its human host, yet it lacks any detectable interaction with or 

inhibition of murine MPO and many others [20]. Additionally, it is noteworthy that SPIN 

orthologs from S. delphini, S. intermedius, S. schleiferi, and S. pseudintermedius fail to bind 

with or inhibit human MPO with the same affinity or potency as the S. aureus SPIN [24]. 

Therefore, we hypothesized that these SPIN variants may instead exhibit a similar selectivity for 

MPO derived from their preferred hosts.  

To evaluate this hypothesis, we successfully isolated cMPO and characterized its 

inhibitory profile against a diverse array of SPIN orthologs. Leveraging canine abscess fluid 

samples collected independently for veterinary diagnostic purposes, we purified the native 

enzyme through a combination of purification strategies including CTAB extraction, sonication 

and ammonium sulfate precipitation, followed by cation exchange and gel filtration 

chromatographies. Our preliminary efforts to isolate native MPO from canine pus were 

significantly hindered by a dramatic loss of enzymatic activity due to extensive proteolytic 
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degradation within the sample. To mitigate this issue, we incorporated a potent protease 

inhibitor cocktail into the extraction mix prior to cellular lysis. The progressive enrichment of 

the catalytically active enzyme was monitored following each purification step via validation of 

both protein concentration and enzymatic activity through determination of the Reinheit Zahl 

ratio (A430/A280) and the colorimetric activity assay. During the purification process, the 

enzyme’s distinctive green color served as a visual indicator to identify MPO-rich fractions 

following each chromatographic step. 

Our preliminary findings substantiated our hypothesis, revealing that SPIN orthologs 

from other staphylococcal species exhibit significantly higher affinity and potency toward 

cMPO relative to hMPO (Figure 4.1, Figure 4.2 & Figure 4.3). Across both independent 

experimental series, we observed that SPIN-delphini, SPIN-intermedius, and SPIN-schleiferi 

suppressed cMPO activity with greater potency than hMPO. Specifically, during the first trial, 

these orthologs demonstrated approximately 16-, 33- and 28-fold increase in potency, 

respectively (Figure 4.1B, Table 4.1 & Table 4.2); this trend was reproduced in the second trials 

with corresponding shifts of 29-, 35-, and 20-fold (Figure 4.1C, Table 4.3 & Table 4.4). The 

notable increase in the fold-difference observed for SPIN-delphini during the second trial is 

likely a result of methodological refinement, as the use of lower inhibitor concentrations 

allowed for a more precise generation of the dose-response curve. Furthermore, despite SPIN-

pseudintermedius failure to bind to or inhibit hMPO (Figure 4.2 & Figure 4.3), it inhibited 

cMPO with IC50 values of 115.5 nM and 97.9 nM in the first and second trials, respectively 

(Figure 4.1B-C). 

S. aureus is a known pathogen of both humans and livestock [25]. In our SPR analysis 

across both trials, SPIN-aureus demonstrated nearly identical association rates for both human 
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and canine MPO (Figure 4.4B & E, Figure 4.5K & Figure 4.6B& E), resulting in overall 

comparable binding affinities (Figure 4.2I-J, Figure 4.3I-J & Figure 4.5J). However, we 

observed a significantly faster dissociation rate (kd) from cMPO compared to hMPO (Figure 

4.4C & F, Figure 4.5L, Figure 4.6C & F). This increased off-rate likely explains the observed 

reduction in inhibitory potency against canine MPO. Even though the protein recognizes both 

targets with equal rate, the resulting cMPO/SPIN-aureus complex is shorter-lived and less stable 

than that of hMPO/SPIN-aureus. The increased affinity and potency of SPIN-delphini and 

SPIN-schleiferi are driven by a statistically significant enhancement in the initial association 

rate (ka) with cMPO (Figure 4.4B&E, Figure 4.5B&H, Figure 4.6B&E). The increased affinity 

of SPIN-intermedius for cMPO also resulted from a significant improvement in the association 

rate (ka) (Figure 4.4B&E, Figure 4.5E, Figure 4.6B&E), but further displayed a modest, but 

significant, 2-fold decrease in the dissociation rate (kd) (Figure 4.4C&F, Figure 4.5F, Figure 

4.6C&F).  

The comparative structural analysis of SPIN-delphini in complex with cMPO versus 

hMPO (Figure 4.7A & B) reveals that while the total number of interfacing residues remains 

identical (30 residues) (Table 4.6), the specific network of polar interactions is distinct and 

likely dictates the differential binding affinities. We observed that SPIN-delphini forms 13 polar 

contacts with cMPO compared to only 10 with hMPO (Table 4.6). Notably, D40, which resides 

in the SPIN-delphini beta-hairpin domain, is involved in hydrogen bonding with L349 and R352 

of cMPO (Table 4.6 & Figure 4.7A) while there is no such interaction between SPIN-delphini 

and rhMPO (Table 4.6 & Figure 4.7B) [24] since this position is N352 instead. This could partly 

explain the increased potency of SPIN-delphini against cMPO when compared to hMPO. 

Separately, SPIN-delphini H46 is involved in two hydrogen bonds with R352 and R354 of cMPO, 
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but lacking an equivalent interaction with hMPO (Table 4.6 & Figure 4.7A & B) [24]. The 

residue H51 of SPIN-aureus has been found to be the most critical residue in SPIN C-terminal 

domain for binding to MPO and its loss results in 160-fold weaker inhibition of MPO [49]. E47 

forms two strong hydrogen bonds with R352 of cMPO, lacking such interaction with hMPO 

(Table 4.6, Figure 4.7A & B).  Loss of E52 in SPIN-aureus has shown an order of magnitude loss 

in its affinity and potency against hMPO [49]. It can be inferred that the H46 (H51 in SPIN-

aureus) interaction with R352 and R354 in cMPO, could also contribute to the 14-fold increased 

affinity of SPIN-delphini for cMPO when compared to hMPO (Table 4.6, Figure 4.7A-B). It 

seems that residues D40 and E47 from SPIN-delphini may be collaborating to engage R352 in 

canine MPO, but this isn't possible in human MPO, since this position is N352 instead. 

SPIN-delphini Y50 forms stronger hydrogen bonds with residues R354 and L356 from 

cMPO (3 Å and 2.9 Å, respectively) compared to those of rhMPO (3.2 Å and 3.1 Å, 

respectively) (Table 4.6, Figure 4.7A & B). In earlier studies on SPIN-aureus, removal of the 

Y50 sidechain (Y55 based on SPIN-aureus numbering) resulted in a roughly 24-fold loss of 

function when compared to SPIN-WT [49]. Thus, shortening of the hydrogen bond distances for 

this functionally-important position may also contribute to the increased affinity of SPIN-

delphini for cMPO compared to rhMPO. 

Taken together, these data suggest that while the global binding mode is conserved, the 

increased potency of SPIN-delphini against canine MPO is predicated upon a more 

sophisticated network of polar interactions and the strategic positioning of functional groups 

within the MPO binding pocket. Our quantitative biochemical, functional, and comparative 

structural information on SPIN orthologs bound to MPO from their preferred host species, can 
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be developed into a valuable model system for understanding the structure/function principles 

that underlie host-specific evolution of virulence proteins. 
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Chapter 5 - Conclusions 

The work in this dissertation has clarified the specific molecular interactions that enable 

S. aureus to evade the host innate immune system via the SPIN. Here we investigated the 

contribution of individual residues in SPIN C-terminal helical bundle binding using sequence 

conservation and existing structures of SPIN bound to human MPO as a guide. Among selected 

residues, we found that loss of L49 or E52 reduced SPIN activity by roughly an order of 

magnitude, but that loss of Y55 or H51 caused progressively greater loss of inhibitory potency. 

SPR analysis showed that loss of inhibitory potency in these SPIN mutants resulted from a 

diminished initial interaction between the inhibitor and human MPO. This study identified 

positions Y55 and H51 as critical determinants of SPIN function.  

We showed that SPIN-CYS mutant exhibited a gain in inhibitory potency against human 

MPO when compared to wild-type SPIN which persisted even in the presence of deleterious 

mutations within the C-terminal domain. Our SPR studies showed that the gain in potency arose 

through an increase in apparent affinity of SPIN-CYS for human MPO, which was driven by an 

increased association rate with MPO when compared to wild-type SPIN. This work provided 

new information on the coupled binding and folding events required to manifest biological 

activity of SPIN. 

In this dissertation we investigated the species specificity of SPIN proteins using canine 

MPO and explored its inhibition profile by different SPIN orthologs. We found that SPIN 

proteins from known canine pathogens bind more tightly to and inhibit canine MPO more 

potently than human MPO. We also found that the increased affinity arose from increases in the 

association rate constant. We solved a 2.1 Å resolution co-crystal structure of SPIN-delphini 
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bound to canine MPO and explained the sequence-dependent physical basis for why SPIN-

delphini binds canine MPO with higher affinity than human MPO.  

Future research will expand the investigation of host selectivity within the SPIN protein 

family by leveraging an extensive library of orthologs and purified MPO from diverse host 

species. We aim to characterize the inhibitory profiles across these variants and elucidate the 

physical basis for host-specific interactions by solving co-crystal structures of the resulting 

complexes. Ultimately, this data will be used to establish a model system for understanding the 

structure-function principles that govern the host-specific evolution of bacterial virulence 

factors. 
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