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 The global rise of antibiotic resistance casts a shadow on treating infectious disease. An 

alternative to the use of antibiotics is bacteriophage-derived peptidoglycan hydrolases called 

endolysins. Endolysins, produced at the end of a bacteriophage replication cycle, cause bacterial 

cell lysis and virion release. When applied exogenously as recombinant proteins, they are also 

capable of cleaving the Gram-positive bacterial peptidoglycan. Various studies conducted in vitro 

and in vivo showcase the therapeutic potential of endolysins as the next generation of 

antimicrobials. Streptococcus pneumoniae is the most common cause of a variety of infections 

ranging from otitis media to invasive bloodstream infection (bacteremia) and meningitis (brain 

infection). While pneumococcal vaccination programs have proven to be effective, the high rates 

of antibiotic resistance reported for S. pneumoniae has led to the CDC classifying it as a “serious” 

threat. One of the most studied endolysins targeting S. pneumoniae is Cpl-1. This thesis represents 

an investigation into the molecular basis for dimer formation of the Cpl-1 endolysin which displays 



antibacterial activity against S. pneumoniae. In addition to disproving a long-accepted mechanism 

of dimerization of Cpl-1 in the presence of choline, we have conclusively identified the residue 

involved in the formation of the Cpl-1 dimer. Our findings led to the discovery of a novel C-

terminal consensus sequence shared by all pneumococcal endolysins that informs their propensity 

to form dimers in the presence of choline. Next, through a bioinformatics approach we identified 

a new endolysin containing this C-terminal consensus sequence, produced it, named it SP-CHAP, 

and showed that it forms a dimer in the presence of choline, indicative of the widespread 

dimerization phenomenon associated with pneumococcal endolysins. Of interest, SP-CHAP is the 

first endolysin with antimicrobial activity against S. pneumoniae that possesses a cysteine, 

histidine-dependent amidohydrolase/peptidase (CHAP) domain. SP-CHAP was subsequently 

characterized for its biochemical and antimicrobial properties and benchmarked against Cpl-1. SP-

CHAP is active in all physiologically relevant conditions (pH, temperature) against various S. 

pneumoniae strains and displays no activity towards oral/nasal commensal organisms. This 

enzyme also displays pneumococcal biofilm eradication ability to a greater extent than Cpl-1, as 

visualized by confocal microscopy. To further translate the antimicrobial potential of this enzyme, 

the antimicrobial efficacy of SP-CHAP was validated in a S. pneumoniae mouse nasopharyngeal 

colonization model. Our results demonstrate the therapeutic potential of SP-CHAP as an attractive 

endolysin to treat S. pneumoniae infections and warrant further translational development of this 

enzyme.  
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Reflections 
 

Ours is an ecosystem that is ever struggling, often peacefully, for space and survival within 

itself. Many a creature is driven by assuming unto itself the maxim “might is right” over peaceful 

coexistence. It falls to the lot of us biologists to unravel the energetic forces that drive life in all 

permutations of sizes and shapes, as they balance their intrinsic activities with virulent battles for 

species survival. 

Nowhere is this more pronounced than in the relationship between humans and microbes. 

Our scientific forefathers such as Edward Jenner and Alexander Fleming, standing on the 

shoulders of Antoni van Leeuwenhoek, had an uncanny knack of brilliance, observational insight, 

and serendipity to combat microbial aggression.   

Nevertheless, Lord Tennyson, with apologies to him, seemed to pen an ode to the lowly 

microbe, both virus and bacterium: 

   “And out again I curve and flow  
To join the brimming river,  
For men may come and men may go,  
But I go on for ever.” 
 

At no time in recent memory has the virulence of a microbe been so threatening to engulf 

humankind as during the pandemic of Covid-19.  

However, not every virus spews its venom only against humankind. In his Nobel Banquet 

speech, Sir Alexander Fleming narrated isolating a contaminating mold and christening it 

‘penicillin’, using the words “I had a clue that here was something good”. Coincidentally, our 

Nelson research team of biologists is committed to the optimistic song from Sweden “something 

good in everything I see, I believe in angels…”   
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We recognize that endolysins are that “something good” from a bacteriophage virus, our 

source of hope in combating bacterial infections. 

Notwithstanding the poetic license, this is in essence the beginning of my tryst with the 

quest that this dissertation describes. It has been a most pleasurable and rewarding, albeit 

sometimes arduous, scientific journey motivated and inspired by 

“Knowing is not enough; we must apply. 
Willing is not enough; we must do.” 
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Chapter 1: Introduction and Literature Review 
 
 

1.1 Streptococcal Infectious Diseases 
 

Few will disagree that the infectious disease burden is a long overdue compelling, urgent 

priority for global public health.   

Less than a year ago, the Global Burden of Disease 2019 group of collaborators spread 

over 204 countries, published their findings on 11 infectious syndromes by studying 343 million 

individual records or isolates covering 11,361 study-location-years (GBD Antimicrobial 

Resistance Collaborators, 2022).  They found that of the 13.7 million infection related deaths in 

2019, 54.9% were due to five pathogens, viz. Staphylococcus aureus, Escherichia coli, 

Streptococcus pneumoniae, Klebsiella pneumoniae, and Pseudomonas aeruginosa, out of the 33 

pathogens investigated. Of these five, only S. pneumoniae has been a focus of global surveillance 

and public health initiatives. The study found it to be the leading pathogen in terms of years-of-

life-lost (YLL) in 69 of the 204 countries. S. pneumoniae was associated with the most deaths 

(225,000) among young children (post-neonatal to age 4 years) across the entire study.   

The Global Burden of Disease data reported two infectious syndromes as responsible for 

more than 2 million deaths each in 2019: lower respiratory infections with 4 million deaths, and 

bloodstream infections with 2.91 million.  

Delving into the last pandemic of the “Spanish flu” from a hundred years earlier, i.e. before 

antibiotics were discovered, Dr. Anthony Fauci and his team studied slides recut from preserved 

autopsy lung tissue specimens of influenza fatalities and revisited bacteriology and pathology 

records (Morens et al., 2008).  Their conclusion was that most deaths in this influenza pandemic 
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resulted from secondary bacterial pneumonia rather than the etiologic agent of the time, since the 

changes observed were consistent with classical descriptions of extensive bacterial pneumonia.   

There is now wide acceptance for pneumonia occurring when secondary bacterial infection 

is associated with acute respiratory viral infection. Streptococcus pneumoniae, Haemophilus 

influenzae, and Staphylococcus aureus are the most common coinfecting bacteria.  Much of the 

studies of interactions between organisms of the human microbiome, particularly for chronic 

conditions, has been focused on the gut. Early studies point to a linkage between the respiratory 

system and the gastrointestinal tract, known as the “gut-lung axis” (Lane et al., 2023), with immune 

dysregulation caused by the antiviral response being a contributor to secondary bacterial infection 

setting in. 

The Streptococcus genus comprises a diverse collection of Gram-positive bacteria that are 

responsible for causing a wide variety of infections. In humans, streptococcal infections vary in 

severity from mild dental caries to life-threatening meningitis and necrotizing fasciitis. 

Streptococci are classified into different groups based on their hemolytic properties. The most 

common groups of Streptococcus that cause disease in humans are: Streptococcus pyogenes 

(Group A streptococcus), Streptococcus agalactiae (Group B Streptococcus), Streptococcus 

pneumoniae, and Streptococcus mutans.  

Streptococcus pyogenes (Group A Streptococcus, GAS), is a human pathogen that infects 

over 600 million people a year and causes over 1.78 million severe infections that lead to over half 

a million deaths each year (Sanyahumbi et al., 2016). It colonizes epithelial surfaces of the throat 

and skin causing strep throat (streptococcal pharyngitis), skin infections such as impetigo, scarlet 

fever and cellulitis. Strep throat is the most common form of infection; it is highly contagious 

among children and adolescents but can infect people of all ages. While these mild infections are 
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typically not life-threatening, when left untreated, can lead to more serious complications such as 

rheumatic heart disease which is an inflammatory condition affecting the heart, joints, nervous 

system and skin. Some of the most serious life-threatening diseases caused by GAS include 

necrotizing fasciitis (flesh-eating disease) and streptococcal toxic shock syndrome (STSS).  

Streptococcus agalactiae (Group B Streptococcus, GBS), is found in the lower human 

gastrointestinal tract and causes illness in infants, pregnant women, the elderly and the 

immunocompromised. GBS is the main cause of neonatal sepsis, meningitis and pneumonia 

worldwide. As per a global study conducted in 2017 regarding the impact of S. agalactiae, it was 

found that approximately 21.7 million pregnant women, accounting for one out of every five 

harbor S. agalactiae in their vagina asymptomatically. The pathogen is transmitted to the newborn 

during the process of childbirth (Seale et al., 2017). S. agalactiae infections have been estimated 

to cause 3.5 million preterm births, 409,000 adverse maternal/infant outcomes and 147,000 

preventable stillbirths annually.  

Streptococcus mutans colonizes the human oral cavity causing dental caries (i.e. cavities). 

Demineralization of tooth enamel resulting from localized acidification due to fermentation of 

carbohydrate rich environments by oral S. mutants is the cause of dental cavities. S. mutans 

attaches to the surface of teeth forming biofilms, also known as “plaque”. When it spreads into the 

bloodstream, S. mutans can also cause bacteremia and endocarditis. Global estimates suggest that 

2.3 billion people suffer from dental caries of their permanent teeth, and 530 million children suffer 

from caries of primary teeth (GBD 2017 Disease and Injury Incidence and Prevalence 

Collaborators, 2018). Fluoridated drinking water, intended to prevent dental caries, has shown to 

be ineffective with >90% of adults between 20 and 64 years of age having had dental caries and 

27% experiencing untreated tooth decay (Dye et al., 2015).  
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Streptococci are not only human pathogens, they also cause disease in animals. 

Streptococcus uberis, Streptococcus suis, Group C streptococci (GCS), Group E streptococci 

(GES) are responsible for causing disease in cattle, pigs, horses and sheep. Table 1-1 below shows 

the various streptococcal species with their associated host and disease they cause.  

From a treatment approach, streptococcal infections largely manifest at exposed surfaces 

or accessible mucous membranes (i.e. skin, nasopharyngeal cavity, lungs, oral cavity, vaginal tract, 

etc.), which should be beneficial for protein therapeutics and affect efficacy, immune responses, 

pharmacokinetics/pharmacodynamics. This, coupled with the fact that most streptococcal disease 

is the result of infection by a single species as opposed to a polymicrobial infection, lends promise 

to a targeted approach to combat streptococcal infections. 

 

Table 1-1.  Human and animal streptococcal diseases. 

Reproduced with permission from (Nelson et al. 2021). 

 

Streptococcal species Host Disease 
S. pyogenes (GAS) Human Pharyngitis, impetigo, necrotizing fasciitis 
S. agalactiae (GBS) Human Neonatal meningitis 
S. agalactiae (GBS) Dairy cow Bovine mastitis 
S. dysgalactiae (GCS) Dairy cow Bovine mastitis 
S. equi (GCS) Equids (horse, donkey, pony) Strangles disease 
S. mutans Human Dental caries  
S. pneumoniae Human Pneumonia, otitis media 
S. suis  Human Septicemia, meningitis, endocarditis 
S. suis  Swine Septicemia with sudden death, meningitis, endocarditis 
S. uberis Dairy cow  Bovine mastitis 
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Streptococcus pneumoniae 
 
 S. pneumoniae is a Gram-positive bacterium that is part of the normal flora that colonizes 

mucosal surfaces of the human respiratory tract. It is estimated that among children, about 25-60 

% are asymptomatic carriers of S. pneumoniae in the nose, while about 10% of adults are 

asymptomatic carriers (Abdullahi et al., 2012; Nunes et al., 2005; Yahiaoui et al., 2016). S. 

pneumoniae can cause a wide range of disease severity. S. pneumoniae is the most common cause 

of community-acquired bacterial pneumonia worldwide (van der Poll & Opal, 2009); it also causes 

simple otitis media infections. It is the cause of other life-threatening diseases such as invasive 

bloodstream infection (bacteremia) and meningitis (brain infection) (Shenoy & Orihuela, 2016). 

Pneumonia affects people at the extremes of life. According to the World Health Organization 

(WHO) and the Centers for Disease Control and Prevention (CDC), S. pneumoniae infections were 

responsible for the death of almost 750,000 children under the age of 5 in 2019 alone, and caused 

a significant number of infections in adults aged over 50 (CDC, 2022; Durando et al., 2013; WHO, 

2019, 2021). At least 1.2 million infant deaths are attributed to this pathogen every year worldwide 

(van der Poll & Opal, 2009), and in the US, about 10% of invasive pneumococcal disease cases 

are fatal (Robinson et al., 2001). A recent study comparing the global mortality associated with 

bacterial pathogens across the world reported the years-of-life-lost burden to be highest for S. 

pneumoniae compared to various other infectious pathogens while also being the leading bacterial 

cause of death in 24 countries (GBD Antimicrobial Resistance Collaborators, 2022). 

Geographically speaking, S. pneumoniae had the highest age-standardized mortality rate in 

Oceania, South Asia and western sub-Saharan Africa. Major problems of pneumococcal disease 

include the acquisition of antimicrobial resistance and the global spread of resistant clones. 

Because of the severity and wide-ranging infections caused by S. pneumoniae, the WHO has listed 
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S. pneumoniae in the global priority list of antibiotic-resistance bacteria for which new drugs need 

to be developed (Tacconelli et al., 2018).  

In terms of morphology, pneumococci are lancet-shaped, capsule-forming diplococci. S. 

pneumoniae do not form spores and are 0.5-1.25 µm in size. Most S. pneumoniae are α-hemolytic 

but can cause β-hemolysis during anerobic incubation. Unlike staphylococci, all streptococci lack 

the enzyme catalase which is responsible for catalyzing the decomposition of hydrogen peroxide 

to water and oxygen and is important in protecting the cell from damage by reactive oxygen 

species. 

 

Streptococcus pneumoniae Virulence Factors 
 

S. pneumoniae’s effectiveness in causing infections is directly related to the developmental 

stage of the host’s immune system and possible deterioration with aging. S. pneumoniae produces 

various virulence factors that enable the bacterium to survive in different host environments. 

Despite pneumococcal pathogenesis having been studied for over 100 years, new insights on S. 

pneumoniae virulence factors and on mechanisms as well as host responses continue to be 

uncovered (Marquart, 2021). Advances in molecular, biochemical and bioinformatic methods are 

providing new insights into streptococcal pathogenesis. 

The main virulence factor for S. pneumoniae is its polysaccharide capsule. To date, there 

are at least 100 capsular serotypes identified (Ganaie et al., 2020; Steel et al., 2013). The 

polysaccharide capsule is a fluid-like structure that mediates host cell attachment while providing 

protection from the host’s immune system. The capsule inhibits phagocytosis by innate immune 

cells and protects the bacteria from recognition by complement factors. The various serotypes 

identified differ in the composition of the polysaccharides present in the capsule with each one 
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being pathogenic in their own way. For example, serotype 1 is associated with invasive infections 

which have lower fatalities, whereas serotype 3 is associated with colonization of the nasopharynx 

and more serious infections that can lead to fatalities (Brooks & Mias, 2018). The capsule's 

involvement in pathogenesis has been attributed to its electric charge. The capsule carries a 

predominantly negative net charge, primarily due to the presence of acidic polysaccharides and 

phosphates within its composition. Electrostatic repulsion has been proposed as a possible 

explanation for how S. pneumoniae is able to avoid being trapped by negatively charged mucus 

layers and phagocytic cells, such as macrophages (Li et al., 2013; Nelson et al., 2007). Notably, S. 

pneumoniae is able to undergo a phenomenon known as capsule switching in which mutations in 

the capsule polysaccharide synthesis genes promote serotype switching. The occurrence of 

serotype switching in strains is becoming more prevalent, frequently facilitated by recombination 

or polymorphisms driven by the selective pressures exerted by antibiotics and vaccines.  

Some other virulence factors include pneumolysin, choline-binding surface proteins and 

phosphorylcholine. Pneumolysin is a hemolytic pore-forming toxin capable of lysing cells that 

have cholesterol in their membrane (Nishimoto et al., 2020). Its highly conserved sequence 

consisting of a tryptophan-rich loop and a threonine-leucine amino acid pair are responsible for 

recognition and binding to membrane-bound cholesterol (Farrand et al., 2010; Nollmann et al., 

2004). Pneumolysin can also contribute to inflammation by activating the complement pathway 

after acting as a toll-like receptor ligand resulting in production of inflammatory mediators such 

as interleukin-8 as well as reducing phagocytosis by innate immune cells (Cockeran et al., 2002). 

Being pro-inflammatory, there is an increase in shedding and a higher rate of host-to-host 

transmission of the bacteria. Pneumolysin facilitates bacterial crossing of the blood-brain barrier 

contributing to pneumococcal meningitis by inducing loss of tight junctions (Ring et al., 1998; 
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Zysk et al., 2001). In addition, brain tissue modification through astrocyte reorganization has been 

observed to be caused by pneumolysin as well as loss of cilia and induction of apoptosis of brain 

cells (Braun et al., 2002; Hirst et al., 2000). Pneumolysin has also been shown to promote the 

formation of bacterial biofilms (Shak et al., 2013). Studies have also shown that pneumolysin can 

cause DNA damage by inducing double-stranded DNA breaks. Due to its pore-forming properties, 

pneumolysin can create ion channels that alter cell calcium levels, leading to overproduction of 

intracellular reactive oxygen species that then cause DNA damage (Rai et al., 2016). Pneumolysin 

which has cytotoxicity toward almost all human cell types and induces inflammation in the lungs, 

was shown to be upregulated by S. pneumoniae during coinfection with RSV (Nishimoto et al., 

2020). Phosphorylcholine can induce platelet aggregation by binding to the platelet-activating 

factor (PAF) receptor. Choline-binding proteins (Cbp) are unique to S. pneumoniae and perform a 

variety of different tasks described below. LytA, the major pneumococcal autolysin digests the 

cell wall and promotes the release of pneumolysin while PiaA, pneumococcal iron acquisition A 

is involved in acquisition of iron needed for growth of the bacteria (van der Poll & Opal, 2009). 

Pneumococcal surface antigen A (PsaA), plays a role in metal ion uptake leading to protection 

from oxidative stress (Kadioglu et al., 2008). 
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Figure 1-1. Virulence factors of S. pneumoniae. The various virulence factors of S. pneumoniae 
are shown. Image reproduced with permission from (Brooks & Mias, 2018). 
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Patients of sickle cell disease, one of the most common autosomal recessive disorders, have 

impaired immunity and are very susceptible to acute chest syndrome attended with S. pneumoniae 

infection, as its virulence factors devastate their lungs (Gonzales et al., 2021).  Their primary 

defense against S. pneumoniae is the generation of reactive oxygen species during the oxidative 

burst of neutrophils and macrophages. Paradoxically, pneumococci themselves produce high 

levels of hydrogen peroxide, a reactive oxygen agent, as their virulence strategy along with 

pneumolysin which mediates particularly severe lung injury in sickle cell disease.  

 There are currently no known FDA approved anti-virulence therapeutics against S. 

pneumoniae, attractive as such an approach might seem. Extensive research has been conducted 

to design a vaccine targeting pneumolysin, without much avail. An anti-virulence approach would 

erode the ability of S. pneumoniae to colonize the host, thereby reducing the burden on patient 

immune systems.  

The virulence of S. pneumoniae is a result of its ability to process carbohydrates presented 

on host cell surfaces. During the process of N-glycan trimming, various enzymes and transporters 

are deployed, and high throughput screening has identified virulence factors among these. A α-

(1,2)-mannosidase, known as SpGH92, is involved in trimming high-mannose structures and has 

emerged as an enzyme of particular interest. Deletion of the gene for SpGH2 is known to attenuate 

the virulence of S. pneumoniae; as yet, inhibitors of SpGH2 have not been identified. Accordingly, 

recent investigation is being pursued on inhibiting the α-(1,2)-mannosidase SpGH92 as a potential 

anti-virulence therapeutic (Bhosale et al., 2023). 
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Choline-Binding Proteins 
 

 Choline-binding proteins (CBPs) are a family of polypeptides present in S. pneumoniae 

and related species, as well as in some of their bacteriophages. CBPs include peptidoglycan 

hydrolases, adhesins and bacteriophage encoded lytic enzymes. CBPs have a modular structural 

organization comprising a functional module (FM) and a choline-binding module (CBM) which 

serves to bind the protein to choline residues present in the bacterial cell wall. The FM is typically 

located at the N-terminus while the CBM is usually at the C-terminal end (except in the case of 

LytB and LytC). CBMs are comprised of multiple repeats, each about 20 amino acids long that are 

called choline-binding repeats (CBRs). Pneumococcal CBPs typically serve different roles to aid 

in bacterial cell viability and virulence (Maestro & Sanz, 2016). S. pneumoniae exhibits a unique 

nutritional requirement for choline and the pneumococcal cell wall is decorated with 

phosphocholine residues present in the wall teichoic acids. The number of CBRs can vary greatly 

from three (as in CbpG, CbpM and CbpK) to seventeen (as in LytB), although the number of CBRs 

does not necessarily correlate with the proteins’ affinity for choline. All pneumococcal CBPs have 

been shown to form dimers in the presence of choline with the exception of Pce (phosphorylcholine 

esterase). Sedimentation velocity experiments have shown that Pce is a monomer in its free and 

choline bound state (Buey et al., 2007). Pce is responsible for the redistribution of choline in the 

cell wall by catalyzing the hydrolysis of phosphocholine residues in the teichoic acids in the cell 

wall. The modular organization of several pneumococcal CBPs is shown in Figure 1-2. 
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Figure 1-2. Modular organization of phage-encoded pneumococcal choline-binding proteins. 
Blue units represent choline-binding repeats (CBRs) that make up the choline-binding modules 
(CBM). Non-consensus CBRs are shown in green. Activities ascribed to various functional 
modules are shown. Image reproduced with permission from (Maestro & Sanz, 2016). 
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1.2 Antibiotics and Resistance 
 

Before antibiotics, a relatively minor bacterial infection would prove to be difficult to treat 

or even deadly. Since their discovery, antibiotics have saved millions of lives. The discovery of 

antibiotics began in the 1920s while the golden age was from the mid-1940s to early 1960s as one-

half of the drugs being used currently were discovered during this time period.  

 
Antibiotic Discovery and Resistance Development 

 
 Antibiotics were discovered through serendipity and a keen eye. In 1928, Dr. Alexander 

Fleming had been cultivating Staphylococcus bacteria in a petri dish when he left for vacation. 

Upon returning from vacation, Dr. Fleming noticed mold growing in this petri dish. On closer 

observation, he saw that this mold seemed to be preventing the bacteria around it from growing. 

Investigation identified a substance that killed bacteria was being produced by the mold. This 

compound was named penicillin. After encountering several hurdles since initial discovery, 

including a very hard time to produce enough quantity of purified penicillin, it was only in 1940 

that chemists Howard Florey and Ernst Chain from Oxford University were able to produce 

enough and animal trials began. Of eight mice that were infected with streptococci, only the four 

that were given penicillin survived while the remaining four succumbed to the infection.  

Soon after penicillin was introduced into medicine, in 1943, the first aminoglycoside 

antibiotic, streptomycin, was discovered by Albert Schatz and Selman Waksman. Streptomycin 

gained popularity because it was active against Mycobacterium tuberculosis and Yersinia pestis 

(plague) infections. 

 The use of penicillin and streptomycin was greatly accelerated during World War II. Even 

though penicillin was discovered in the United Kingdom, the United States played a major role in 
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large scale production of the drug due to the World War. High demand and increasing bacterial 

infections during this time propelled the golden era of antibiotic discovery. Several antibiotic 

classes/groups were discovered between the 1940s to 1960s. In contrast, only three novel 

antibiotics (Daptomycin, Ceftaroline, Linezolid) have been introduced to the market in the last 30 

years.  

Antibiotic resistance has walked hand-in-hand with antibiotic discovery, as outlined in 

Figure 1-3. The first case of clinical resistance to penicillin was observed in 1945. Similar 

resistance was observed for other classes of antibiotics, while for tetracycline resistance was seen 

even before the drug went on to the market. Resistance to glycopeptides (vancomycin), rifamycins 

(rifampicin) and quinolones (ciprofloxacin) was seen soon after market introduction. Linezolid, 

approved by the FDA in 2000, encountered resistance early in clinical usage. It has been 

extensively studied through whole genome sequencing, and the mutations responsible for 

resistance and fitness compensation have been identified (Billal et al., 2011). Daptomycin was 

approved in 2003 despite resistance being observed only a year after its discovery in 1986. The 

alarming rate of resistance development soon after discovery and the emergence of multi-drug 

resistant bacterial strains compels us to the post-antibiotic era. 

 More recently, antibiotic resistance has been impacted by the COVID-19 pandemic 

(Feldman & Anderson, 2021; Sao-Jose et al., 2022). The prophylactic use of antibiotics, which 

reportedly surged at the time, including the use of antimicrobials as “repurposed drugs” to treat 

COVID-19 itself even without co-infection has become a concern. A US study documented early 

empirical antibiotic therapy was used in 56.6% of patients hospitalized with COVID-19, while a 

community-onset bacterial coinfection was confirmed in only 3.5% of patients (Vaughn et al., 

2021). 
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Figure 1-3. Timeline of antibiotic discovery and resistance development. Drug-resistant 
infections appear nearly as quickly as life-saving antibiotics are created. Image reproduced with 
permission from (Graham, 2017). 
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Antibiotic Classes and Mechanisms of Action 
 
 Antibiotics are classified into five categories based on their mechanism of action. In 

general, most antibiotics function by targeting processes such as cell wall synthesis, nucleic acid 

synthesis or protein synthesis (Kapoor et al., 2017; Kohanski et al., 2010). Antibiotics can be either 

bacteriostatic (prevent growth and reproduction) or bactericidal (result in bacterial cell death). 

The largest class of antibiotics is the β lactams, which dates back to penicillin itself. These 

function by hindering bacterial peptidoglycan synthesis by preventing cell wall cross-linking 

directly or by interacting with various precursors. Examples include penicillins, cephalosporins, 

carbapenems, and monobactams. The antibacterial activity of penicillin, for example, is related to 

its β lactam moiety binding to penicillin binding proteins, which inhibits the normal function of 

these proteins by preventing cross-linking in the bacterial cell wall resulting in cell lysis and death. 

Vancomycin also inhibits cell wall synthesis by preventing transpeptidation after binding a D-

alanyl subunit in the cell wall.  

Inhibition of protein translation and synthesis is the mechanism by which the second largest 

group of antibiotics functions. Aminoglycosides (e.g., streptomycin, neomycin, kanamycin) and 

tetracyclines belong to this group, and function by binding with high affinity to the 16S rRNA of 

the 30S subunit ribosome resulting in premature termination of mRNA translation thereby 

preventing protein synthesis. Chloramphenicol and macrolides (e.g., erythromycin, azithromycin, 

clarithromycin), oxazolidinones (e.g., linezolid, cycloserine) and streptogramins suppress protein 

synthesis by binding the 23S rRNA of the 50S subunit ribosome, preventing t-RNA from binding.  

The third group of antibiotics inhibits DNA or RNA synthesis. Fluoroquinolones (e.g., 

ciprofloxacin, levofloxacin, moxifloxacin) target DNA gyrase and topoisomerase IV, inhibiting 
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supercoiling of DNA resulting in inhibition of DNA synthesis. Rifamycins (rifampicins) block 

RNA synthesis by binding and inhibiting DNA-dependent RNA polymerase.  

 The fourth group of antibiotics functions by altering cell membrane permeability and 

preventing bacterial cell growth. Colistin, polymyxin, daptomycin, and ionophores belong to this 

class.  

The fifth and last class of antibacterials functions by interfering with bacterial metabolism 

and are bacteriostatic in nature. Sulfonamides (e.g. prontosil, sulfamethoxazole, trimethoprim) 

interfere with the folic acid metabolism cycle by competing with p-aminobenzoic acid in the 

synthesis of folic acid. Trimethoprim, a diaminopyrimidine, acts synergistically with 

sulfamethoxazole by inhibiting the next step of converting dihydrofolate to tetrahydrofolic acid, 

the physiologically active form of folic acid and a necessary cofactor in the synthesis of bacterial 

DNA. Among mycobacterial agents, isoniazid interferes with mycolic acid synthesis thus 

interfering with cell wall synthesis, while diarylquinolines, e.g. bedaquiline, function as ATP 

synthase inhibitors. 
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Figure 1-4. An overview of the different classes of antibiotics. The various classes of antibiotics, 
mode of action and examples constituting each category are shown. Image reproduced with 
permission from (www.compoundchem.com) 
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Mechanisms of Antibiotic Resistance 
 

Although there are multiple classes of antibiotics that function through different 

mechanisms of action, bacteria have evolved ways to develop resistance. Bacterial resistance can 

be either natural or acquired. Some bacteria are naturally resistant to certain antibiotics due to 

various structural or functional characteristics. On the other hand, other bacteria can acquire 

resistance due to selective pressure imposed by certain antibiotics that can mediate survival. This 

resistance can be acquired by horizontal gene transfer, mutations or vertical gene transfer. 

Mutations include single nucleotide polymorphisms (SNPs), frameshifts, insertions, and deletions. 

Horizontal gene transfer can occur by transformation (uptake of naked DNA), transduction (uptake 

of bacteriophage DNA during infection), and conjugation (DNA transfer through physical bacteria 

contact). Vertical gene transfer occurs by transfer of mutations from parental generation to 

offspring. For example, genetic variation has been observed in the dispensable genes for identical 

S. pneumoniae clones. Dispensable genes are not needed for growth but rather function to provide 

selective advantages such as antibiotic resistance (Weiser et al., 2018).  

The first main mechanism that contributes to antibiotic resistance is reduced cell 

permeability. In order for many antibiotics to reach their target, they need to cross the bacterial 

cell envelope. While Gram-negative bacteria possess an outer membrane making them naturally 

more resistant to antibiotics, Gram-positive bacteria lack an outer membrane and are thus more 

permeable to the actions of antibiotics. Even so, alterations to the phospholipid and fatty acid 

content of the cytoplasmic membrane and loss of porins can reduce the ability of an antibiotic to 

penetrate the cell and result in the development of antibiotic resistance. Alterations in the structure 

of porins has been linked to the development of antibiotic resistance as seen in the case of 

Klebsiella pneumoniae where structural modification of porins OmpK35 and OmpK36 through 
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amino acid insertions led to a constriction of pore and increased resistance to carbapenems (Wong 

et al., 2019). Changes in electric charge within porins as a result of mutations in OmpC in the case 

of E. coli has been correlated with increased resistance to cefotaxime and gentamicin (Lou et al., 

2011). 

Efflux pumps are another common cause of antibiotic resistance. Efflux pumps are 

transmembrane proteins that transport toxic compounds and antibiotics from the cellular interior 

to the external environment in an energy dependent manner. Bacteria uses efflux pumps to pump 

antibiotics out of the cell. While all bacteria contain multiple efflux pumps, they are particularly 

important mediators of antibiotic resistance in Gram-negative bacteria. They function 

synergistically along with the outer membrane to make Gram-negatives intrinsically resistant to 

antibiotics. Bacterial efflux pumps have been classified into six families, with the major clinically 

relevant efflux pumps in Gram-negative bacteria belonging to the resistance-nodulation-division 

(RND) superfamily (Soto, 2013). They are typically composed of a cytoplasmic membrane pump, 

a periplasmic adapter protein (PAP), and an outer membrane protein channel. RND efflux pumps 

contribute to the multi-drug resistance observed for clinically relevant strains of Gram-negative 

bacteria such as E. coli, P. aeruginosa, Neisseria gonorrhoeae, and A. baumannii. The production 

of efflux pumps is subject to precise regulation, with the majority of these systems being governed 

by a repressor found in close proximity to the genes responsible for the structural components of 

the efflux system. Mutations in these repressor genes, which control transcriptional regulation, are 

often seen to result in the overexpression of efflux pumps. In the case of Gram-positive bacteria, 

ATP-binding cassette (ABC) transporters are the most common efflux pumps found and they use 

energy derived from ATP hydrolysis. One notable ABC pump is found in Vibrio cholerae (VcaM), 

and is capable of transporting fluoroquinolones and tetracycline.  



21 
 

Target modification and alteration is another mechanism whereby bacteria develop 

resistance to antibiotics. Structural alteration of the target can inhibit antibiotic binding conferring 

resistance. This is seen in the case of the quinolone antibiotics that function by inhibiting essential 

topoisomerase enzymes by binding near the active site. Amino acid substitutions in the target 

proteins result in lower antibiotic binding efficiency enabling the enzyme to function and thus 

confer antibiotic resistance (Bush et al., 2020). Resistance to b-lactam drugs occurs by preventing 

the interaction between the target penicillin-binding protein (PBP) and the drug, usually by 

modifying the ability of the drug to bind to the PBP (mediated by alterations to existing PBPs or 

acquisition of other PBPs). Target modification also plays a major role in the development of 

macrolide resistance. Ribosomal methyltransferases can methylate the 16S rRNA target 

preventing the binding of macrolides and streptogramins, thus enabling protein translation to 

continue. Methylation of the 16S rRNA is also a recently recognized method of developing high-

level resistance to aminoglycoside antibiotics (Doi et al., 2016). Resistance to colistin has been 

observed to result from target modification as well. Colistin, an antibiotic active against Gram-

negative bacteria functions by targeting lipopolysaccharide (LPS) resulting in membrane damage 

and cell death. Bacteria can develop resistance to colistin by decorating its LPS with moieties that 

alter the overall charge thereby preventing interaction between the antibiotic and its target. 

Inactivation of antibiotics is a major mechanism of resistance seen in many bacteria 

wherein either the structure of the antibiotic is affected or it is subject to degradation which renders 

it ineffective. Hydrolysis of b-lactam antibiotics by b-lactamases is a commonly observed 

mechanism of resistance. b-lactamases inactivate b-lactam drugs by hydrolyzing the amide bond 

in the b-lactam ring structure causing the ring to open. These open-ring drugs are not able to bind 

their target PBP proteins and are ineffective. Currently there are over 7,000 b-lactamases identified 
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and the list continues to increase (Naas et al., 2017). Oxidation of tetracyclines by tetracycline-

inactivating enzymes is another example of antibiotic resistance caused by drug inactivation.  

The transfer of a chemical group facilitated by drug modifying enzymes can also cause 

antibiotic resistance. Aminoglycosides can be modified by aminoglycoside modifying enzymes 

such as acetyltransferases, phosphotransferases, and nucleotidyltransferases that modify the 

hydroxyl or amino groups of the antibiotic thereby reducing the affinity for its target (Ramirez & 

Tolmasky, 2010). Lincosamide antibiotics are susceptible to modification by 

nucleotidyltransferases, enzymes that append phosphate containing groups to the antibiotic 

reducing binding affinity. Phosphotransferases and esterases have the ability to alter macrolides, 

providing resistance, as these modified macrolides exhibit reduced efficiency in binding to the 50S 

ribosome.  

Target bypass is another method employed by bacteria to develop resistance to antibiotics. 

In this method, the bacteria make the original target of the antibiotic redundant by producing an 

alternative pathway to bypass the antibiotic. Perhaps the most renowned instance of target bypass 

is the emergence of methicillin-resistant S. aureus (MRSA). β-lactam antibiotics like methicillin 

attach to PBPs and obstruct the transpeptidase domain, resulting in the disruption of cell wall 

synthesis. In the case of S. aureus, it has the capability to acquire an external PBP (PBP2a) that 

bears resemblance to the original target but exhibits diminished affinity for β-lactam antibiotics, 

thereby preventing the inhibition of cell wall synthesis, since transpeptidase activity of PBP2a is 

unaffected (Stapleton & Taylor, 2002). On the other hand, vancomycin binds to the terminal D-

alanine-D-alanine from the pentapeptide precursors and inhibits peptidoglycan crosslinking, which 

inhibits cell wall synthesis. Enterococci can develop vancomycin-resistance by using a target 

bypass strategy. Enterococci can promote the synthesis of modified peptidoglycan precursors 
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leading to vancomycin now binding to D-alanine-D-lactate or D-alanine-D-serine with reduced 

affinity (Miller et al., 2014). 

A relatively new identified resistance mechanism involves the bacterial hydrogen sulfide 

(H2S) defense system which protects bacteria from oxidative stress (Shatalin et al., 2021). 

Cystathionine g-lyase (CSE) was recently identified as the primary generator of H2S in 

Staphylococcus aureus and Pseudomonas aeruginosa. Researchers have been able to block the 

source of bacterial H2S by using small molecules that inhibit CSE and enable bacterial sensitivity 

to resistant antibiotics. CSE could thus be an attractive drug target to slow the spread of antibiotic 

resistance. 

Finally, there has also been an interest in compounds that are called antibiotic resistance 

breakers. These compounds possess no antibacterial effect on their own but rather function to 

restore the efficacy of an antibiotic by inhibiting a specific mechanism of resistance. For example, 

clavulanic acid, sulbactam, and tazobactam are β-lactam compounds that can modify and inhibit 

β-lactamase enzymes thus creating an inactive inhibitor-enzyme complex that renders β-lactam 

antibiotics effective. While these are attractive options to inhibit the resistance mechanism, 

unfortunately, resistance has been observed for β-lactamase inhibitors as well. 
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Figure 1-5. Mechanisms of antibiotic resistance. Antibiotic inactivation is mediated by reduced 
cell permeability, efflux pumps, target modification, inactivation, transfer of a chemical moiety 
and target bypass. Image reproduced with permission from (Darby et al., 2023). 
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Antibiotic Resistant S. pneumoniae 
 
 There has been a worldwide increase in antibiotic-resistant strains of S. pneumoniae (Butler 

et al., 1996; Song et al., 2013). Various studies report high rates of resistance for several 

antimicrobials such as penicillin (34.2%), trimethoprim-sulfamethoxazole (31.9%), and 

erythromycin (29.5%) (Doern et al., 2005). The European Antimicrobial Resistance Surveillance 

network (EARS-Net) reports infections with antibiotic resistance were 2.6 times higher than 

reported by the U.S. Centers for Disease Control (Cassini et al., 2019). Resistant infections 

imposed a burden of almost 900,000 disability-adjusted life years in the EU during the year 2015 

alone, underscoring the rising urgent need for alternatives to antibiotics that are endowed with a 

much lower likelihood of developing resistance.  

Penicillin binding proteins are the main reasons for β-lactam resistance in S. pneumoniae, 

with three of these (PBP1a, 2x, and 2b) being majorly involved (Li et al., 2023). Studies suggest 

that high-level penicillin resistance is a result of simultaneous alterations in penicillin-binding 

proteins 1a, 2x, and 2b. MurM, an enzyme involved in the biosynthesis of branched-stem cell wall 

muropeptides, has been reported to be required for penicillin and cefotaxime resistance. 

Mechanisms independent of penicillin binding proteins also contribute to β-lactam resistance; for 

example, a two-component signal-transducing system composed of histidine kinase CiaH and 

response regulator CiaR was found to be involved in the resistance phenotype of cefotaxime (Li 

et al., 2023).  

The mechanism of S. pneumoniae resistance to macrolides involves erythromycin 

ribosomal methylase encoded by the erm(B) gene and macrolide efflux MFS transporter encoded 

by the mef (mefE or mefA) gene. A majority of erythromycin-resistant pneumococcal isolates 
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have been found to carry the erm(B) gene, with a minority carrying the mefA gene, and some 

strains having both erm(B) and mefA genes (Li et al., 2023). 

Fluoroquinolones target type II DNA gyrase, encoded by gyrA and gyrB genes, and type 

IV topoisomerase, encoded by parC and parE genes, which are involved in DNA replication. 

Pneumococcal resistance to fluoroquinolones is explained by mechanisms of target mutation in 

the gyrA/B and/or parC/E genes, and the efflux mechanism reducing intracellular antibiotic 

accumulation. 

Tetracycline resistance has been reported since the late 1950s. Ribosomal protection 

mediated by the genes tet(M) and tet(O) is the main mechanism for S. pneumoniae resistance to 

tetracyclines.  

A majority of antibiotic prescriptions in the United States (up to 75%) are for upper 

respiratory tract infections in ambulatory patients, and many of these prescriptions are thought to 

be unnecessary because of the viral etiology of colds and acute bronchitis (Nuermberger & Bishai, 

2004). As a consequence of antibiotic drug intervention reduction programs instituted in Finland 

and Iceland, prescriptions fell not only for macrolides but for other classes of antibiotics too. This 

was accompanied by a 48% reduction in the macrolide resistance rate, underscoring the benefit of 

judicious antibiotic prescribing (Nuermberger & Bishai, 2004). However, it is not clear if such a 

benefit could be obtained in decentralized medical systems such as in the U.S. Similarly, in a study 

conducted in Poland, isolated S. pneumoniae strains responsible for acute otitis media were found 

to be sensitive to antibiotics whose use is limited, as in the case of ofloxacin which is used only 

rarely in specific groups of children (Zielnik-Jurkiewicz & Bielicka, 2015). Suboptimal exposure 

to an antibiotic (i.e. inadequate dosing regimens) can selectively reduce the population of 

susceptible bacteria and favor the selection and outgrowth of drug-resistant clones. 
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S. pneumoniae Vaccines 
 

 Since their introduction into the market, pneumococcal vaccines have had a significant 

impact on reducing the incidence of pneumococcal disease. While vaccination initiatives have 

proven effective in reducing the occurrence of the most common serotypes, the emergence and 

dissemination of drug-resistant strains that were not initially covered by the vaccine formulations 

are currently threatening our ability to combat these infections. There are two main kinds of S. 

pneumoniae vaccines available in the United States, namely, the pneumococcal conjugate vaccines 

(e.g. PCV13, PCV15, PCV20) and the pneumococcal polysaccharide vaccine (PPV23; Pneumovax 

23). PPV23 consists of polysaccharide from 23 different serotypes (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 

10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, and 33F) all of which represent the 

most common serotypes responsible for 85-90% of pneumococcal infections in the world.	PPV23 

protects against 23 serotypes and has shown efficacy against invasive pneumococcal disease (IPD) 

but poor effectiveness against pneumococcal pneumonia prevention. The pneumococcal conjugate 

vaccine, PCV13 (Prevnar 13®) uses polysaccharide antigens conjugated with carrier proteins 

(non-toxic diphtheria CRM197 protein) that can elicit a T cell response, resulting in superior and 

longer lasting immunogenicity. PCV13 contains 13 valent capsular polysaccharides from 

serotypes (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F). In contrast to PPV23, PCV13 

protects against only 13 serotypes but offers protection from pneumonia and IPD (Kim et al., 

2017). The CDC recommends PCV13 or PCV15 for babies and children below 5 years of age and 

children between 5 to 18 years of age. PCV15 or PCV20 is recommended for adults aged between 

19 to 65 years and those 65 years and older. PPV23 is recommended for adults 19 years or older 

who have previously received PCV15. The latest pneumococcal vaccine to be approved by the 

FDA is Pfizer’s Prevnar 20®, which protects against 20 different pneumococcal serotypes (1, 3, 
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4, 5, 6A, 6B, 7F, 8, 9V, 10A, 11A, 12F, 14, 15B, 18C, 19A, 19F, 22F, 23F, and 33F) and received 

FDA approval recently in April 2023. 

While the abovementioned vaccines exist and are effective, they offer limited protection 

against S. pneumoniae infection. This is mainly due to the fact that over 100 different S. 

pneumoniae serotypes exist and the current vaccines on the market protect only against certain 

serotypes (Ganaie et al., 2020). In addition, serotype switching is a healthcare concern as non-

vaccine serotypes are being detected at higher rates compared to before vaccines were 

implemented (Chang et al., 2015). In developing countries, vaccines do not always protect from 

pneumococcal disease due to insufficient access to vaccination programs or because serotypes that 

are not covered by vaccines are dominant. In fact, vaccine candidates employing conserved S. 

pneumoniae surface protein immunogens remain an important area of research with the goal of 

serotype-independent coverage (Aceil & Avci, 2022). Towards this end, the Pneumococcal Serine-

Rich Repeat Protein (PsrP), present in about 50% of clinical lung isolates, is a potential candidate 

which has not yet been worked on for direct vaccine studies although antibodies and passive 

immunization do provide protection against lung infection. It is believed that investigation of its 

extensive glycosylation may help yield a vaccine candidate with better clinical application.     

The track of progress in development of vaccines, which has been undoubtedly helpful in 

reducing the prevalence of pneumococcal infections from a public health perspective, nevertheless 

points to the need for supplementing worldwide efforts with alternative approaches to combat the 

rise of S. pneumoniae infections. 
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1.3 Endolysins – Bacteriophage Derived Peptidoglycan Hydrolases 
  

Bacteriophages       
 

Bacteriophages are viruses that infect bacteria. They were discovered in 1915 by Frederick 

Twort and Felix d’Herelle in 1917 and are the most abundant microbial organisms on the earth 

(Summers, 2011). Soon after their discovery, bacteriophages were harnessed for their ability to 

treat bacterial diseases due to their bactericidal capacity, with the first reported case of a phage 

being used to treat a staphylococcus skin infection in 1921, with the infection clearing within two 

days of injection of the bacteriophage (Hermoso et al., 2007). While phages gained the attention 

of pharmaceutical companies in the 1930s, the discovery and manufacture of antibiotics in the 

1940s slowed down the use of phages to treat bacterial infectious diseases and pushed them into 

the background. In Eastern Europe and the former Soviet Union, however, the use of phages for 

the treatment of bacterial infections has been pursued with success in the last century. Fast forward 

60 years, and the rise of antibiotic resistant bacterial strains has brought attention back to phages 

as potential therapies for treatment of bacterial diseases. In 1968, human phage therapy studies 

were performed in Georgia, Russia, and Poland, including studies on Shigella phage against 

bacterial dysentery. In August 2006, the US FDA approved the use of a phage therapy cocktail 

that included six purified phages targeting Listeria monocytogenes for application on ready-to-eat 

meat and poultry products for decontamination purposes. The use of bacteriophages for the 

prevention and treatment of bacterial infections is now known as phage therapy.  

In order to replicate, bacteriophages undergo a couple of steps. To begin, bacteriophages 

recognize and bind to various receptors present in the bacterial cell wall via their tail fibers. The 

tail fibers then flex and baseplate components penetrate the bacterial cell wall, a step that uses ATP 
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as its energy source. The phage then injects its viral DNA into the bacteria once the tail contracts 

and the tail tube passes through an opening in the baseplate that pierces the cell wall. Once inside 

the cell, the bacteriophage takes over the cell’s replication cycle and protein synthesis enzymes to 

synthesize viral components. Once created and assembled, mature virions are released.  

Bacteriophages are classified based upon their replication cycle. Lysogenic (temperate) 

phages enter their host, integrate their DNA with that of the host and replicate together (i.e. 

prophage), or exist as plasmids within their host, whereas lytic (virulent) phages infect their host 

and kill the host immediately after virion replication has completed. The lysogenic life cycle can 

be stable for thousands of generations and the bacteriophage may alter the phenotype of the 

bacterium by expressing genes that are not expressed in the usual course of infection in a process 

known as lysogenic conversion. Figure 1-6 outlines the two phage life cycles.  
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Figure 1-6. Comparison of the bacteriophage life cycles. Upon entering their hosts, 
bacteriophage can either enter the lytic cycle in which new phage virions synthesized are released 
resulting in bacterial cell lysis, or enter the lysogenic cycle in which phages integrate their DNA 
with that of the host and replicate together. (Image created with BioRender.com). 
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While beneficial, phage therapy does have certain drawbacks. First, phages usually have a 

very narrow host range and display strain specificity within a bacterial species thereby raising the 

need for multiple phages to treat multiple strains within a bacterial species. From a therapeutic 

point of view, patients would have to be strain-typed, which is a long and expensive process as 

compared to species identification. While the use of bacteriophage cocktails could circumvent this 

issue, the regulatory aspects associated with this are significant. Second, for the treatment of 

bacterial infections, only lytic phages must be selected to ensure killing of the bacteria as compared 

to lysogenic phages that would integrate with the host bacterium instead of killing it. Third, 

bacteria do develop resistance towards phages at every step of the phage infection cycle. Bacteria 

can do this in a couple of ways – by preventing phage binding and attachment by mutating or 

modifying bacterial surface receptor proteins (e.g. regulating receptor expression, receptor 

modification through interaction with another protein and sequestration of phages by outer 

membrane vesicles that can act as phage receptors thereby acting as decoys), by degrading the 

injected phage DNA via restriction-modification enzymes or the CRISPR-Cas system, by the 

bacteria committing cell death through the abortive infection system to reduce the spread of 

virions. Fourth, the pharmacokinetics of phage therapy is hard to measure because phages self-

replicate and this presents problems with regards to phage therapy regulation. Thus, the use of an 

antimicrobial agent produced by phages, that possesses the ability to directly target and kill the 

bacteria, would be advantageous over phage therapy. 
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Figure 1-7. Overview of the bacterial resistance mechanisms to phages. Bacteria can develop 
resistance to phages at the level of phage binding and adsorption, by inhibiting DNA injection, by 
degrading injected phage DNA, by interfering with new phage assembly (e.g. PICIs; phage 
inducible chromosomal islands) and by committing cell death. Image reproduced with permission 
from (Rostol & Marraffini, 2019). 
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History and Discovery of Endolysins 
 

An alternative to antibiotics is the use of endolysins, also termed phage lysins or 

enzybiotics, which are bacteriophage-encoded peptidoglycan hydrolases (Nelson et al., 2006). 

Endolysins are produced at the end of a bacteriophage replication cycle resulting in cell lysis and 

virion release. These enzymes hydrolyze critical covalent bonds essential for maintaining cell wall 

structural integrity. While endolysins require a phage for the delivery of its DNA along with holins 

that form pores in the cytoplasmic membrane enabling access to the bacterial peptidoglycan to 

achieve “lysis from within”, extrinsic application of purified recombinant endolysin would remove 

these restrictions. Along these lines, these enzymes are capable of destroying the Gram-positive 

bacterial peptidoglycan (PG) rapidly and specifically when applied exogenously (Fischetti, 2006), 

known as “lysis from without”. Figure 1-8 compares both these lysis mechanisms. The cytoplasmic 

membrane is unable to maintain the structure of the cell due to the high internal turgor pressure of 

20-50 atmospheres, resulting in cell death due to osmotic stress (Arnoldi et al., 2000). Endolysins 

have shown their efficacy against a variety of Gram-positive pathogens including Streptococcus 

pneumoniae (Entenza et al., 2005; Jado et al., 2003; Loeffler & Fischetti, 2003; Loeffler et al., 

2001; McCullers et al., 2007), Streptococcus pyogenes (Hoopes et al., 2009; Nelson et al., 2001), 

Streptococcus agalactiae (Cheng et al., 2005; Pritchard et al., 2004; Pritchard et al., 2007), Listeria 

monocytogenes (Gaeng et al., 2000; Loessner et al., 2002), Streptococcus uberis (Celia et al., 

2008), Streptococcus suis (Wang et al., 2009), Staphylococcus aureus (Donovan et al., 2006; 

O'Flaherty et al., 2005; Obeso et al., 2008; Rashel et al., 2007; Sass & Bierbaum, 2007; Takac et 

al., 2005), Bacillus anthracis (Porter et al., 2007; Schuch et al., 2002; Yoong et al., 2006), 

Enterococcus faecalis (Yoong et al., 2004) and Clostridium perfringens (Zimmer et al., 2002).  

Electron microscopy has enabled visualization of bacterial cell wall digestion caused by 
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endolysins, resulting in cell lysis as seen in Figure 1-9. Endolysins have thus been proposed as 

promising antimicrobial agents.  

  

 

Figure 1-8. Structure of the Gram-positive bacterial peptidoglycan. (a) Endolysins can lyse 
the bacterial cell wall from inside (lysis from within) (b) Endolysins can also lyse the cell wall 
from outside (lysis from without). Image reproduced with permission from (Roach & Donovan, 
2015). 
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Figure 1-9. Electron micrographs of bacteria treated with endolysins. (a) S. pneumoniae 
treated with the Pal endolysin, causing the cell wall to rupture resulting in cytoplasmic leakage (b) 
S. pyogenes treated with the PlyC endolysin for 15 seconds. Total magnification is 50,000X, scale 
bar is 0.5 µm. Images reproduced with permission from (Loeffler et al., 2001) and (Nelson et al., 
2001). 
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Endolysin Domain Structure  
 

 Endolysins derived from bacteriophages that infect Gram-positive hosts are typically 25-

40 kDa and have very similar modular structures with one or more N-terminal enzymatically-

active domains (EADs) and a C-terminal cell-binding domain (CBD) (Borysowski et al., 2006; 

Fischetti, 2010; Loessner, 2005). EADs are alternately abbreviated as CDs, which stands for 

catalytic domains and CBDs are alternatively abbreviated as CWBDs, which stands for cell-wall 

binding domains, both of which are seen in Chapter 2. The EAD is responsible for the hydrolytic 

activity of the enzyme by cleaving covalent bonds in the bacterial peptidoglycan. The 

peptidoglycan structure is comprised of a linear polysaccharide backbone of alternating units of β-

1,4-linked N-acetylglucosamine (GlcNAc; NAG) and N-acetylmuramic acid (MurNAc; NAM). 

Enzymes with catalytic activity against the reducing ends of N-acetylglucosamine or N-

acetylmuramic acid are referred to as N-acetylglucosaminidases or N-acetylmuramidases (also 

muramidase or lysozyme) respectively; collectively they are known as glycosidases. An N-

acetylmuramoyl-L-alanine amidase (often referred to simply as “amidase”) cleaves the amide bond 

between MurNAc and L-alanine. Endopeptidases can hydrolyze bonds between two peptides, 

whether they are in the stem or the interpeptide bridge. In some cases, endolysins have two EADs 

connected to each other at the N-terminus, however, this does not necessarily correlate to increased 

activity compared to endolysins possessing a single EAD (Becker et al., 2009).  In contrast, the 

CBDs structure is evolutionarily variable and possess no enzymatic activity but rather function to 

bind a specific substrate, usually a carbohydrate or teichoic acid attached to the host peptidoglycan. 

Due to its variable nature, the CBDs confer species, strains and even serotype specificity. Thus, 

the specificity of the endolysin as a whole is often dictated by the specificity of the CBD. While 

most EADs do require the presence of a CBD for binding to the bacterial surface and subsequent 
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activity, some EADs can interact independently of a CBD, such as the T4 lysozyme (Matthews & 

Remington, 1974). 

 Endolysins derived from bacteriophages that infect Gram-negative hosts are typically 15-

20 kDa and consist of a singular globular EAD. Most of these endolysins lack a CBD. It has been 

hypothesized that the lack of wall teichoic acids/carbohydrates in the Gram-negative 

peptidoglycan could be the reason most Gram-negative endolysins lack a CBD, while their EADs 

bind directly to the peptidoglycan (Stark, 2010). There are however two exceptions to this, namely 

endolysins KZ144 and EL188 that consist of an N-terminal CBD and a C-terminal EAD.  

 

Endolysins as Antimicrobials/Bacteriolytic Mechanism 
 

 The widespread distribution of antibiotic-resistance genes in bacteria compels us to the 

post-antibiotic era. Diseases that were once treatable through use of antibiotics are becoming 

deadly again (Brown & Wright, 2016). Moreover, the overuse of broad-spectrum antibiotics 

accelerates the dispersal of resistance genes not only to pathogens, but also to commensal 

organisms (Nelson et al., 2012). This makes development of alternative antimicrobial agents one 

of the highest global priorities for aggressive biological, pharmaceutical, and medical 

investigations (Veiga-Crespo et al., 2007). The bacterial peptidoglycan is essential for maintaining 

cell shape and counteracting the high intracellular osmotic pressure (Royet & Dziarski, 2007). As 

mentioned, the peptidoglycan structure consists of a linear polysaccharide backbone with 

alternating units of β-1,4-linked N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid 

(MurNAc) where the lactyl group of every MurNAc unit is substituted with stem peptides that are 

typically four alternating L- and D-amino acids. With the exception of bacilli, for Gram-positive 

bacteria the four amino acids in order starting from MurNAc are L-alanine, D-iso-glutamic acid, 
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L-lysine and D-alanine. This is called the Lys-type peptidoglycan. For bacilli and Gram-negative 

bacteria, the L-lysine is replaced with meso-diaminopimelic acid (mDAP). This is called the DAP-

type peptidoglycan. Figure 1-10 compares the DAP-type and the Lys-type peptidoglycan structure. 

Stem peptides that are adjacent to one another are cross-linked directly by mDAP to D-alanine 

(interpeptide bond, in the case of Gram-negatives and Gram-positive bacilli) or by an interpeptide 

bridge of amino acids (in the case of other Gram-positive bacteria). The interpeptide bridge in 

Staphylococcus aureus contains a pentaglycine cross-bridge while Streptococcus pyogenes has an 

interpeptide bridge connected by dialanine.  

 

 

Figure 1-10. Comparison of DAP-type vs Lys-type peptidoglycan structure. (a) DAP-type 
peptidoglycan is specific to Gram-negative and Gram-positive bacilli species. (b) Lys-type is 
present in non-bacilli Gram-positive species. Image reproduced with permission from (Royet & 
Dziarski, 2007). 
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Endolysins can be classified into five groups based on the bonds they target: N-

acetylmuramidases, endopeptidases, N-acetylmuramoyl-L-alanine amidases, lytic 

transglycosylases, and N-acetyl-β-D-glucosaminidases (Borysowski et al., 2006). Figure 1-11 

shows the bacterial peptidoglycan structure and the bonds cleaved by various EADs. The cysteine, 

histidine-dependent amidohydrolase/peptidase (CHAP) domain is the most common EAD 

observed in endolysins. Some CHAP domains have been reported to display amidase activity 

(Nelson et al., 2006) while others have shown to possess endopeptidase activity (Becker et al., 

2009; Pritchard et al., 2004). CHAP uses a cleavage mechanism where a cysteine is deprotonated 

by a nearby histidine promoting a nucleophilic attack by the cysteine on the scissile bond.  

As antimicrobial agents, endolysins feature a narrow host spectrum and kill bacteria 

regardless of their antibiotic sensitivity. There is also evidence indicating that the development of 

resistance to endolysins is unlikely, the use of endolysins is safe in vivo, and will not cause a major 

immune response (Borysowski et al., 2006). In February 2020, the US FDA granted “Breakthrough 

Therapy” designation status to endolysins, thus validating endolysin technologies as antimicrobial 

biologics.  
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Figure 1-11. Basic structure of the bacterial cell wall peptidoglycan. The possible enzymatic 
activities of endolysins and the bonds they cleave are shown. NAG is the acronym for N-
acetylglucosamine and NAM stands for N-acetylmuramic acid. Image reproduced with permission 
from (Sao-Jose, 2018). 
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Cell-wall Binding Domains 
 

The cell-binding domains (CBDs) bind to the bacteria peptidoglycan, lipoteichoic acids or 

other cell wall components. Endolysin CBD binding has been shown by fusing to fluorescent 

markers, such as green fluorescent protein (GFP), and by conjugation to fluorophores, such as 

AlexaFluor®. In most cases, the presence of a CBD is essential for lytic activity as evidenced by a 

loss of activity upon deletion of the CBD (Garcia et al., 1994; Huang et al., 2015; Vander Elst et 

al., 2020). There is also a hypothesis suggesting that CBDs may a significant role in preventing 

the development of resistance (Becker et al., 2009). In the case of certain endolysins, research has 

demonstrated that the CBD strongly adheres to cell wall debris following cell lysis. This prevents 

the enzyme from potentially diffusing and harming other non-infected bacterial cells (Loessner et 

al., 2002). 

 

Advantages of Endolysins 
 

 Endolysins have many benefits over classical antibiotics, as well as over the use of whole 

bacteriophages. Most importantly, despite studies conducted to isolate resistant mutants, no 

resistance to endolysins has been observed to date (Pastagia et al., 2011). The Bacillus anthracis 

endolysin, PlyG, was repeatedly added to Bacillus cultures in the presence of a mutagenic chemical 

methanesulphonic acid ethyl ester in order to expedite the evolution of PlyG resistant bacterial 

strains. No PlyG resistant strains of Bacillus were observed, but there was a 1000-10,000 fold 

increase in novobiocin and streptomycin resistance (Schuch et al., 2002). Similarly, the 

pneumococcal endolysin Pal was repeatedly added to Streptococcus pneumoniae cultures using 

increasing concentrations in liquid culture and no Pal resistant strains of S. pneumoniae were 

observed (Loeffler et al., 2001). Additionally, an engineered endolysin, ClyS targeting MRSA, 
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displayed no change in MIC after repeated treatment with endolysin, whereas the MIC of the 

antibiotic mupirocin increased ten-fold over an eight-day period (Pastagia et al., 2011). One 

possible explanation for the lack of resistance observed is that, given the fast-acting, high lytic 

efficacy of endolysins acting in a matter of seconds or minutes, this leaves no time for selective 

pressure to generate resistant mutants. Another likely explanation is that bacteriophages and 

bacteria have coevolved over millions of years, and that has led to endolysins binding and cleaving 

highly conserved targets in the cell wall peptidoglycan that are required for bacterial viability 

(Fischetti, 2005). This is exemplified by the epitopes targeted by pneumococcal endolysins that 

bind to choline on the pneumococcal surface; with choline being essential for cell viability (Garcia 

et al., 1983; Lopez & Garcia, 2004). Other streptococcal endolysins have been shown to bind to 

polyrhamnose in S. pyogenes which is critical for cell survival (Fischetti, 2003; Yamashita et al., 

1999). While resistance to endolysins has not been observed, it is important to note that resistance 

to other peptidoglycan cell wall hydrolases, namely human lysozyme and bacteriocins has been 

observed. Various cell wall modifications such as O-acetylation and N-deacetylation of the 

peptidoglycan and D-alanylation of teichoic acids has rendered bacterial strains resistant to 

lysozyme (Guariglia-Oropeza & Helmann, 2011; Vollmer, 2008). S. aureus develops resistance 

against lysostaphin, a bacteriocin, by altering the structure of the peptidoglycan crossbridge by 

downsizing from a pentaglycine to a single glycine, which is the target of this enzyme (Dehart et 

al., 1995). In addition, resistance to bacteriophages has been observed (Labrie et al., 2010). Finally, 

the ease of accessibility to the bacterial cell wall makes extrinsic application of endolysins not 

susceptible to common resistance mechanisms such as degradation by intracellular antimicrobial 

proteins, expulsion by efflux pumps, etc. 
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Endolysins are typically species-specific as opposed to most bacteriophages that are strain 

specific. Some endolysins also display a broad host-range wherein they target multiple different 

species of bacteria. This wide spectrum of action makes endolysins preferable over bacteriophages 

since they can be used to treat a particular bacterial infection without the need to know the exact 

strain. Compared to antibiotics, the species-specificity displayed by endolysins is also a favorable 

characteristic. The misuse and overuse of antibiotics disturbs the normal flora resulting in the 

growth of opportunistic pathogens, such as Clostridium difficile in the gastrointestinal tract, which 

can result in acceleration of horizontal gene transfer of resistance within the bacterial community 

(Nelson et al., 2012). Whereas antibiotics can also cause nausea, diarrhea and vaginal/oral yeast 

infections due to eradication of the typical species that colonize these environments, resulting in 

the overgrowth of infectious bacteria (Tedesco et al., 1974), an endolysin kills a targeted pathogen. 

Antibiotics are also known to cause allergic reactions as one of their side-effects, ranging from 

mild (itchiness, redness, swelling of skin) to severe (anaphylaxis). Even though endolysins are 

proteinaceous in nature, they have been shown to not cause any of the allergic reactions typically 

seen with antibiotics. 

Given their modular structure, endolysins are also amenable to various engineering 

approaches. Chimeragenesis (i.e. domain swapping), directed evolution, and peptide fusions are 

some of the approaches being investigated. Rationale-based methods (e.g. sequence comparison, 

site-directed mutagenesis (SDM), in silico computational modeling) and random methods (e.g. 

random mutagenesis, gene shuffling, directed evolution) can be used to engineer desirable 

properties in endolysins. Other pharmaceutically desirable attributes for engineering phage lytic 

enzymes, in addition to their bactericidal activity include expansion of the lytic spectrum, 

increased solubility, greater stability, and longer circulating half-life (Oliveira et al., 2018). Some 
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examples of endolysins engineered to possess improved activity include: PL3, a chimeric 

endolysin engineered to possess the EAD of the pneumococcal endolysin Pal and the CBD of the 

pneumococcal autolysin LytA, exhibited higher lytic activity and stability as compared to the 

parent enzymes (Blazquez et al., 2016). Cpl-711, a chimeric pneumococcal endolysin comprising 

the EAD from Cpl-7 and CBD from Cpl-1, displayed improved lytic activity and biofilm 

eradication ability compared to parent enzymes (Diez-Martinez et al., 2015). Another chimera, 

ClyJ,  containing a CHAP EAD derived from PlyCA and a CBD derived from gp20, which shares 

a high degree of similarity with that of LytA was created (Yang et al., 2019). ClyJ was further 

modified by altering the length of the linker sequence between the EAD and CBD to create ClyJ-

3, which possesses higher antimicrobial activity than ClyJ (Yang et al., 2020). Subsequently, ClyJ-

3 was altered by shortening the C-terminal tail, yielding ClyJ-3m which had higher activity than 

ClyJ-3 and Cpl-1 (Luo et al., 2020). Other than activity, chimeric endolysins can also be 

engineered to expand their lytic spectrum. For example, the CHAP domain of PlyC was fused to 

the CBD of the PlySs2 endolysin creating the enzyme ClyR. ClyR was active against streptococcal, 

staphylococcal and enterococcal species, similar to PlySs2, but it was also active on S. mutans, a 

species the wild-type (WT) PlySs2 showed no activity against (Yang et al., 2015).  

Charge has also been shown to play an important role in endolysin activity and engineering 

approaches.  A study conducted by Low et al. demonstrated that an EAD can operate independently 

of its CBD due to its inherent positive charge. This independence is likely facilitated by ionic 

interactions with the bacterial surface, which typically carries a negative charge owing to the 

presence of surface carbohydrates (Low et al., 2011). Endolysin engineering studies took 

advantage of this concept to increase lytic activity and broaden the host range. Modulation of the 

charge of the CBD can also improve endolysin activity as seen in the case of Cpl-7. Cpl-7 is a 



46 
 

pneumococcal endolysin displaying bacteriolytic activity against S. pneumoniae, albeit lower than 

other pneumococcal endolysins such as Cpl-1 and Pal (Diez-Martinez et al., 2013). The wild-type 

CBD of Cpl-7 possesses a negative charge at neutral pH. In light of the findings by Low et al., 

Diez-Martinez et al. altered the charge of the CBD of Cpl-7 from -14.93 to +3 by conducting site-

directed mutagenesis of 13 non-structural amino acids. This new mutant was named Cpl-7S and it 

displayed improved bacteriolytic activity on pneumococcal and non-pneumococcal species when 

compared to its parent enzyme Cpl-7 (Diez-Martinez et al., 2013). While it is certainly possible to 

engineer bacteriophages for improved lytic potential, it is comparatively facile to modify 

individual proteins. 

The efficacy of endolysins is not significantly compromised by the host’s production of 

neutralizing antibodies, presumably because the kinetics of lytic action is much faster. Even so, 

the short plasma half-life of Cpl-1 was increased by introducing cysteine residues at the C-terminal 

end, to facilitate disulfide bond formation resulting in a more stable homodimer that was twice as 

active in vitro, with a 10-fold higher bioavailability in mice (Resch et al., 2011b). By contrast, 

PEGylation of Cpl-1 abolished bacteriolytic activity (Resch et al., 2011a) while PEGylation of 

other peptidoglycan hydrolases such as lysostaphin and bacteriocin improved pharmacokinetics 

while not affecting activity (Walsh et al., 2003). This suggests that bioengineering approaches to 

improve endolysin properties may prove to be more successful as compared to chemical 

approaches such as PEGylation that are otherwise commonly used to slow down systemic 

clearance of molecules by reducing antibody binding affinity.  

 Finally, endolysins have shown efficacy in clearing intracellular infection. Intracellular 

pathogens are typically troublesome because they can evade the host immune system and 

antimicrobials cannot penetrate the eukaryotic cell membrane. Endolysins have been fused to 
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cationic protein transduction domains (PTDs), also called cell-penetrating peptides to facilitate 

internalization. An S. aureus endolysin fused to a PTD was shown to kill both drug-sensitive and 

drug-resistant intracellular S. aureus in cultured bovine mammary epithelial cells and murine 

osteoblasts (Becker et al., 2016). The PlyC endolysin was fused to PTDs and was able to kill 

intracellular S. pyogenes (Shen et al., 2016). Interestingly, wild-type PlyC was also able to cross 

the epithelial cell membrane and kill intracellular S. pyogenes on its own, without a PTD. The 

authors of the study determined this to be due to its PlyCB binding subunit interacting with 

phosphatidylserine of the cell membrane facilitating extracellular to intracellular entry. This 

highlights the potential for endolysins to be used to treat intracellular pathogens either by fusing 

them to PTDs or on their own and this can also aid in engineering approaches that could be applied 

to different endolysins to target other bacteria. 

 

Biofilms, Synergy, Safety & Immunogenicity       
   

Biofilms have been associated with up to 80% of chronic infections (Wolcott & Ehrlich, 

2008), particularly those associated with surgical implants. Biofilms are sessile microbial 

communities that elaborate extracellular polymeric substances (EPS) and are typically composed 

of DNA, proteins and polysaccharides. Biofilms are formed in response to stress and harsh 

conditions to promote bacterial survival. Compared to planktonic cells, many cells present in the 

biofilm become metabolically inactive and the EPS based matrix also contributes to community 

recalcitrance to antibiotics and immune cells (Lewis, 2008). Various factors affect the formation 

of biofilms, such as nutrients, pH, osmotic pressure, and antibiotics (Sun et al., 2023). S. 

pneumoniae is known to form bacterial biofilms, with researchers having found S. pneumoniae 

biofilms in the nasal mucosa of patients with chronic sinusitis. While the formation of 
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pneumococcal biofilms on the mucosal epithelium has been documented, the composition of the 

pneumococcal biofilm EPS has not been elucidated (Moscoso et al., 2009). Studies have indicated 

that S. pneumoniae biofilms are not effectively cleared during antimicrobial treatments due to 

increased antimicrobial resistance, raising the need for alternatives.  Endolysins have been shown 

to be effective in eradicating bacterial biofilms. The pneumococcal endolysins Cpl-1, Cpl-7 and 

the pneumococcal autolysin, LytA, have all demonstrated biofilm disintegration ability. Synergy 

with respect to biofilm eradication has been shown when LytA and Cpl-1 used in combination led 

to an augmented eradication in biofilm compared to when each endolysin was used in isolation 

(Domenech et al., 2011).  

Endolysins have shown promise when used synergistically with other endolysins or 

antibiotics, both in vitro and in vivo. Synergy has a couple of benefits. The first being, in order to 

achieve synergy between two or more antimicrobials means that the effective dose for each 

individual antimicrobial is lower and this reduces the likelihood of development of resistance. 

Second, synergy between two endolysins that have two different peptidoglycan cleavage sites but 

act simultaneously has been shown to have enhanced destabilizing effects (Schmelcher et al., 

2012). It is also likely that the first endolysin may cleave a bond in the peptidoglycan giving the 

second endolysin better substrate access to the bond that it cleaves, thereby acting on multiple 

unique targets and ultimately resulting in lysis of the bacterial cell. The synergistic action of 

endolysins has been demonstrated for the pneumococcal endolysins Cpl-1 and Pal. Cpl-1, a 

muramidase and Pal, a L-alanine amidase, displayed synergy both in vitro and in vivo (Jado et al., 

2003; Loeffler & Fischetti, 2003). In a murine sepsis challenge, the bacteremic titer was reduced 

to a greater extent when both Cpl-1 and Pal were used together compared to when each endolysin 

was used alone. Synergy has also been shown between the S. aureus endolysin LysK (L-alanine 
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amidase) and lysostaphin (glycyl-glycine endopeptidase) in vitro, even on strains that are normally 

resistant to lysostaphin (Becker et al., 2008). Not only has synergy been demonstrated between 

endolysins, it has also been shown when combining the use of endolysins and antibiotics. Cpl-1 in 

combination with antibiotics like daptomycin, penicillin, gentamycin, or azithromycin shows 

synergistic effects (Djurkovic et al., 2005; Vouillamoz et al., 2013). The combination of Cpl-1 and 

penicillin was shown to have synergistic killing effects on S. pneumoniae strain 8249, a strain that 

has a high penicillin MIC. When Cpl-1 and gentamicin were administered together, the final 

bacteremic titer was more than 1000-fold-lower as compared to when they were used in isolation. 

In a mouse model of pneumococcal bacteremia, the percentage of mice that survived infection was 

significantly increased when daptomycin and Cpl-1 were delivered in combination compared to 

those that either did not receive any treatment or those that received daptomycin and Cpl-1 in 

isolation. The chimeric endolysin ClyS, also displayed synergy with oxacillin in an in vivo mouse 

model of MRSA-induced septicemia (Daniel et al., 2010). This combination of antibiotics with 

endolysins represents a promising therapeutic strategy to treat and control infectious diseases. 

 Obtaining comprehensive preclinical safety and toxicity assessments using mammalian 

cells and tissues is of utmost importance to pave the way for the future translational advancement 

of endolysins. A study conducted in 2018 successfully demonstrated that concerning immune 

responses, alternations in the microbiome and inflammatory responses, the pneumococcal 

endolysins Cpl-1 and Pal exhibited an overall safe profile (Harhala et al., 2018). N-Rephasin® 

(SAL200), an endolysin with antimicrobial activity against S. aureus, has undergone evaluation in 

Phase 2a clinical trials. In rodents and dogs, SAL200 displayed no signs of toxicity in the 

respiratory system and central nervous system (Jun et al., 2014). Likewise, no adverse events were 
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observed in monkeys (Jun et al., 2016) and SAL200 was well tolerated in a Phase 1 human trial 

(Jun et al., 2017). 

 Because endolysins employ a bacteriolytic mechanism, their sustained use in humans or 

animals may potentially lead to the release of proinflammatory bacterial components like 

peptidoglycan and teichoic acids. This, in turn, could give rise to conditions such as septic shock 

or multiple organ failure (Nau & Eiffert, 2002). In vivo studies suggest varying endolysin 

concentration could lessen this problem. In one sepsis study conducted in mice, it was observed 

that the continuous intravenous administration of the Cpl-1 endolysin led to an increase in the 

levels of proinflammatory cytokines (Entenza et al., 2005). However, in a comparable study, lower 

concentrations of Cpl-1 were found to decrease cytokine levels compared to infected mice that 

were not treated (Witzenrath et al., 2009). To provide an explanation for this observation, it was 

theorized that employing higher concentrations of endolysins triggers a more thorough breakdown 

of the bacterial cell wall. Consequently, this could result in the production of elevated levels of 

proinflammatory cell wall pieces that circulate in the bloodstream. As such a proinflammatory 

response would be likely due to lysed bacterial cells rather than the endolysins themselves. 

Immunogenicity studies have also been conducted in vitro and in vivo. Antibodies have been 

successfully developed against endolysins targeting S. pneumoniae, S. aureus, S. pyogenes, and B. 

anthracis (Fischetti, 2010) however they did not neutralize their lytic efficacy (Jado et al., 2003; 

Rashel et al., 2007). The hyperimmune serum obtained after mice were administered Cpl-1 

resulting in generation of antibodies did slightly decrease Cpl-1 activity in vitro, however in vivo 

they did not reduce the efficacy of Cpl-1 in protecting mice from a S. pneumoniae infection. It has 

been hypothesized that the binding affinity of CBD for bacterial surface being higher than that of 
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IgG for endolysin (L. monocytogenes endolysins have nanomolar binding affinities) and kinetics 

of lytic activity being so rapid, enable endolysins to evade the host’s immune system.  

 

Methods to Determine Endolysin Activity 
 

To assess and evaluate the bacteriolytic activity of endolysins, several in vitro assays have 

been developed. Assays that have been used in this dissertation research have been described 

below.  

 

Turbidity Reduction Assay 
 

 The turbidity reduction assay (TRA) as the name implies, is a technique used to measure 

the ability of an enzyme to reduce the turbidity or cloudiness of a liquid sample. Turbidity is due 

to the presence of microorganisms or suspended particles in the liquid. This assay measures the 

decrease in optical density (OD) over time using a spectrophotometer at a typical wavelength of 

600nm (OD600). Peptidoglycan hydrolysis caused by the endolysin is measured which results in 

osmotic lysis and cell death thereby resulting in a reduction in turbidity of the liquid that can be 

quantified. Results are typically compared to an untreated negative control. The TRA is usually 

performed in a 96-well plate. An overnight bacterial culture is started and the next day the cells 

are washed and resuspended in desired buffer to a starting OD600 of 1. Cells are mixed with 

endolysin treatment and the OD600 is monitored every 15 s for 30 min at 37oC. Lytic activity is 

then quantified as the reduction in turbidity and measured as the difference in OD600 between 

control and endolysin treated cells (Nelson et al., 2012). It is important to note that in a TRA, cells 

that are in an exponential phase of growth are more sensitive to endolysin treatment compared to 

cells in stationary phase, presumably due to thinner cell walls. 
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Colony Forming Unit Counting Assay 
 

 The Colony Forming Unit (CFU) assay is a very sensitive and accurate assay because it 

involves the counting of individual bacterial colonies. In this assay, sterile protein is mixed with 

bacteria in a 96 well plate and incubated at 37oC for an hour. Then, five 10-fold dilutions in PBS 

are made and 10 µl from each dilution is plated on THY agar plates, air-dried and placed in a 37oC 

incubator overnight. The individual colonies are counted and the data is reported as the log-fold 

killing compared to the untreated control.  

 

Minimum Inhibitory Concentration Assay 
 

 The Minimum Inhibitory Concentration (MIC) assay is a microbiological assay used to 

determine the lowest concentration of an antimicrobial agent that can effectively inhibit the growth 

of a specific microorganism. The MIC assay is important in assessing the susceptibility or 

resistance of a microorganism to a particular treatment. In an MIC assay, an overnight bacterial 

culture is started and is diluted (typically 1:100) in fresh media the next day. Serial dilutions of 

endolysin are prepared and the diluted bacterial cells are mixed with each endolysin concentration 

in a 96-well flat-bottom plate. The plate is incubated overnight in a 37oC incubator and observed 

the next day for the lowest concentration at which there is a clear well with no bacterial growth. 

This represents the MIC for the particular treatment. 
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Nasopharyngeal Colonization Assay 
 

In the nasopharyngeal colonization assay, mice are infected with 1x105 CFU of bacteria in 

each nostril. After 48 hours of inoculation, a certain number of mice receive PBS (control) 

treatment, and others receive endolysin treatment. Each nostril of every mouse receives 25 µl of 

either PBS or endolysin treatment. The mice are then treated for five hours, sacrificed, and their 

nose tissue is ground. This is then plated on blood agar plates and the CFU’s are counted. 

Endolysins used in this assay are sterile and are passed through an endotoxin removal column prior 

to administration.  

 

Biofilm Eradication 
 

The biofilm eradication assay is performed in 96-well flat-bottom polystyrene plates. 

Bacteria are grown to an OD600 of 0.5 to 0.6, sedimented by centrifugation and resuspended in an 

equal volume of fresh media. The cells are then diluted 1:2 into a 15 ml tube containing fresh 

media and dispensed (200 µl) into each well of the 96-well plate. The plate is then incubated at 

37oC overnight and the next day, the media is carefully pipetted out from each well and the biofilm 

formed gently washed twice with PBS to remove unattached cells. Serial dilutions of endolysin 

are added to treatment wells and the plate is incubated at 37oC for 1 hour. The liquid is then pipetted 

out and the wells washed with distilled water and left to air-dry. The formed biofilm is stained 

with 50 µl of a 0.2% crystal violet solution and incubated at room temperature for 15 minutes. 

After pipetting out excess crystal violet, the wells are washed with distilled water and air dried. 

The biofilm is solubilized in 10% SDS to extract crystal violet from the biomass, transferred to a 

fresh 96-well plate and then quantified by determining the A595 using a SpectraMax M5 plate 

reader. 
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S. pneumoniae Endolysins 
 

 The first S. pneumoniae endolysins to be studied in vivo were Pal, derived from the Dp-1 

phage, and Cpl-1, derived from the Cp-1 phage. Pal was shown to protect mice in a nasopharyngeal 

colonization model (Loeffler et al., 2001), whereas Cpl-1 showed efficacy in a mouse intravenous 

bacteremia model (Loeffler et al., 2003), a mouse otitis media model (McCullers et al., 2007), a 

severe mouse pneumonia model (Doehn et al., 2013), a rat endocarditis model (Entenza et al., 

2005), and by intracisternal administration in a rat pneumococcal meningitis model (Grandgirard 

et al., 2008). Aside from Pal and Cpl-1, both native endolysins, the majority of research efforts in 

the past 5-10 years have focused on chimeragenesis and/or engineering of native phage endolysins. 

In one example, Cpl-7, a native pneumococcal endolysin with an N-acetylmuramidase EAD, was 

engineered to create Cpl-7S, a variant that contained inversion of charge in 15 amino acids of the 

CBD (Diez-Martinez et al., 2013). Cpl-7S showed improved lytic activity when benchmarked 

against Cpl-7 in vitro and in vivo. In a separate study, Cpl-7 was engineered to replace the native 

CBD with the CBD from Cpl-1. This new variant, called Cpl-711 showed improved antimicrobial 

activity in vitro and in vivo over either of the parental enzymes (Diez-Martinez et al., 2015). 

Synergy between endolysins was first described in pneumococcal endolysins. The EAD of Pal is 

an N-acetylmuramoyl-l-alanine amidase, which cleaves between the glycan strand and the stem 

peptide of the peptidoglycan whereas the EAD of Cpl-1 is an N-acetylmuramidase, cleaving the 

glycan strand directly. A synergistic effect was demonstrated in vivo, with 200 μg of either Pal or 

Cpl-1 required to protect mice intraperitoneally from a fatal pneumococcal infection, but a cocktail 

containing 2.5 μg of each endolysin displayed the same efficacy (Jado et al., 2003).  
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Unique S. pneumoniae Peptidoglycan Structure 
 

 The S. pneumoniae peptidoglycan structure consists of alternating units of N-

acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) linked together by β (1,4) 

bonds. Three to five amino acid long short peptide chains are bound to MurNAc residues. The 

pneumococcal cell wall is also composed of layers of peptidoglycan that contain teichoic acids 

(TA) covalently bound to wall teichoic acids or to the membrane lipoteichoic acids (Denapaite et 

al., 2012; Gisch et al., 2013; Seo et al., 2008). The basic repeating unit for TA is comprised of 2-

acetamido-4-amino-2,4,6-trideoxy-D-galactose, D-glucose, ribitol-phosphate and two residues of 

N-acetylgalactosamine (GalNAc) in which the GalNAc residues are decorated with 

phosphorylcholine, a unique feature only observed on S. pneumoniae Gram-positive bacteria 

(Brundish & Baddiley, 1968; Fischer et al., 1993; Karlsson et al., 1999; Seo et al., 2008). 

Phosphorylcholine residues are involved in a variety of physiological functions. 

Phosphorylcholine plays a role in the attachment of bacteria to G-protein coupled platelet-

activating factor enabling adherence to the host cell demonstrated by the fact that pneumococcal 

strains lacking phosphorylcholine are unable to colonize the upper respiratory track in mice and 

have diminished virulence in a murine sepsis model (Cundell et al., 1995; Kharat & Tomasz, 

2006). Choline residues serve as binding sites for various surface proteins and also for 

bacteriophages (Lopez & Garcia, 2004). In addition, phosphorylcholine groups are recognized by 

immune system components, C-reactive protein (Volanakis & Kaplan, 1971) and L-ficolin 

(Vassal-Stermann et al., 2014), that induce complement activation leading to host protection 

against infection. The importance of choline in S. pneumoniae cell viability is evidenced by 

choline-independent pneumococcal mutants that failed to grow normally. Finally, ethanolamine, a 

choline analog can also be used to grow S. pneumoniae, however, the bacteria are unable to 
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undergo autolysis, genetic transformation, form long chains and are resistant to bacteriophages 

(Tomasz, 1968). 

 

Bacteriophage and Endolysin-Related Applications 
 

 The first in vivo endolysin study was conducted in 2001 by the Fischetti group to explore 

the therapeutic potential of endolysins (Nelson et al., 2001). The authors first administered a single 

250 U dose of the PlyC endolysin and then infected mice with 107 colony forming units (CFU) of 

live S. pyogenes. Their results showed that mice that were pre-treated with PlyC were protected 

from bacterial colonization in the oral cavity compared to untreated control mice. Following these 

attractive in vivo antimicrobial results, endolysins started to be actively explored for their 

commercial use.  

A clear and evident use for endolysins exists within the realm of medicine. Staphefekt™ 

was marketed by Micreos in 2013 and is the world’s first endolysin available for human use on 

intact skin. Staphefekt™ targets Staphylococcus aureus including antibiotic resistant strains such 

as MRSA (methicillin-resistant Staphylococcus aureus). Staphefekt™ is available in the form of 

a cream and gel to treat skin conditions with an infectious component, like acne, eczema, rosacea 

and skin irritation. Staphefekt™ is a chimeric lysin comprised of the M23 glycyl-glycine 

endopeptidase domain from lysostaphin, the amidase domain from Ply2638 and the SH3b cell-

wall binding domain from staphylococcal phage endolysin Ply2638.   

In the United States, Contrafect Corp. is the first company to enter an endolysin for clinical 

trials. Exebacase (CF-301) is their lysin with potent antimicrobial activity against Staphylococcus 

aureus. Contrafect Corp. recently completed a Phase 2 clinical trial for Exebacase evaluating its 

safety efficacy and tolerability in patients with S. aureus bacteremia and proceeded with Phase 3 
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trials, although they were stopped halfway due to the power of the study being below the pre-

specified threshold for futility. Tonabacase (SAL200), a novel endolysin based drug targeting S. 

aureus developed by the Korean company iNtRON Biotechnology, has completed successful 

Phase 1a, 1b, and 2a clinical trials in Korea and the IND application for the U.S. Phase 2 clinical 

trial has been approved by the FDA in January 2022.  

Endolysins have also been used to treat ocular infections. The standard treatment for ocular 

infections typically consists of application of topical broad-spectrum antibiotics, a practice which 

has led to an increase in antimicrobial resistance as well as disruption of the beneficial ocular 

microbiome. Recently, the pneumococcal endolysin MSlys was used to target and kill S. 

pneumoniae that caused ocular infections such as conjunctivitis, keratitis, and periocular cellulitis 

(Silva et al., 2022). The authors found that MSlys was able to successfully and rapidly kill all S. 

pneumoniae strains isolated from various ocular infections. This type of targeted approach that 

spares the beneficial ocular microbiome is highly desirable in nature.  

Endolysin CBDs can be used to create a targeted immunotherapeutic by fusing them to the 

Fc region of human IgG. Raz et al. created a fusion consisting of CBDs from endolysins targeting 

MRSA attached to the Fc region of human IgG (Raz et al., 2017). They termed this construct a 

“lysibody”. These lysibodies displayed high affinity binding to the bacterial surface, induced 

fixation of complement on the bacterial surface of S. aureus and promoted phagocytosis by 

macrophages and neutrophils. This approach utilizing the high binding affinity of endolysin CBDs 

to clear bacterial infections is an attractive therapeutic and could be expanded to target a range of 

pathogenic bacteria. 

Another application where endolysins can be used is in the detection and control of 

foodborne pathogens. The CDC estimates that 1 in 6 people each year are infected by foodborne 
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pathogens after consuming contaminated foods resulting in several hospitalizations and deaths. 

According to the FDA’s Center for Food Safety and Applied Nutrition (CFSAN), the most 

common foodborne pathogens responsible for causing disease in humans in the United States are 

E. coli, L. monocytogenes, B. cereus, S. aureus, C. perfringens, and C. botulinum. Of note, several 

lytic phages and their endolysins targeting these bacteria have been identified and produced to 

validate their effectiveness in eradicating these foodborne pathogens. With regards to milk 

contamination, the S. aureus PhiH5 phage endolysin LysH5 reduced staphylococcal cell 

populations growing in pasteurized milk to undetectable levels after a 4-hour incubation at 37oC 

(Obeso et al., 2008). The streptococcal endolysins Ply700 (Celia et al., 2008) and B30 (Donovan 

et al., 2006) have also been shown to display bacteriolytic activity in milk. Listeriosis, caused by 

L. monocytogenes, can be devastating especially in the elderly, and in pregnant women. While 

various disinfecting chemicals used in food processing facilities kill L. monocytogenes effectively, 

they also kill beneficial bacteria thereby creating an unsustainable sterile environment. A more 

targeted approach wherein the beneficial bacteria are unaffected would be beneficial as they could 

prevent the pathogenic bacteria from re-establishing themselves. Due to their remarkable ability 

to maintain substantial lytic activity even after exposure to 90°C for 30 minutes, the kinetically 

stable endolysins Ply511, Ply500, and Ply118 targeting Listeria monocytogenes may find practical 

use as disinfectants for food items subjected to high-temperature processing, such as pasteurized 

milk (Schmelcher et al., 2012). These three endolysins were also successful in reducing L. 

monocytogenes survival on iceberg lettuce by as much as 2.4 log units after being stored for six 

days. Endolysin CBDs have been bound to paramagnetic beads and shown to effectively detect 

pathogens in food by fluorescent imaging, polymerase chain reaction (PCR), and surface plasmon 

resonance (SPR) (Kong et al., 2015; Kretzer et al., 2007; Walcher et al., 2010). Currently, 
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companies such as Intralytix (ListShield™) and Micreos (PhageGuard) have bacteriophage 

products targeting E. coli, Listeria, and Salmonella, for use on food equipment and products that 

are FDA “generally recognized as safe” (GRAS). ListShield™, consists of six naturally occurring 

bacteriophages that significantly reduces Listeria monocytogenes contamination when sprayed on 

ready-to-eat meat products. Intralytix has also developed EcoShield™, which is effective against 

E. coli in reducing contamination of various foods such as fruits, vegetables, and SalmoFresh™, 

which targets Salmonella spp in red meat and poultry. 

Animal health is another area where endolysins could find application. As such, endolysins 

have been evaluated as disinfectants. An endolysin could be applied as a spray within animal 

housing facilities or on equipment, serving as a safer substitute for the strong chemicals currently 

employed to decontaminate surfaces. This would help prevent the transfer of bacteria from 

surfaces to animals or humans. Streptococcus equi is responsible for causing a highly contagious 

disease called equine strangles in the lymph nodes of horses. When left untreated, horses can 

suffocate to death due to obstruction of their airways by enlarged lymph nodes. The streptococcal 

endolysin PlyC was compared to Virkon-S, a disinfecting agent, for its potential to eliminate S. 

equi on horse stable equipment and surfaces. Just 1 µg of PlyC sterilized a 108 CFU/ml culture of 

S. equi in half an hour, with it being 1000 times more active on a per weight basis compared to 

Virkon-S. PlyC also showed efficacy at sterilizing horse stable equipment contaminated with S. 

equi when applied as an aerosol (Hoopes et al., 2009), demonstrating efficacy on multiple surfaces 

such as cotton, leather, neoprene, wood, polyester, glass, and stainless steel.  

S. aureus is the primary pathogen associated with causing bovine mastitis in cattle. Bovine 

mastitis is an economically significant disease in which the udder gets inflamed due to bacterial 

infections. Mastitis can lead to decreased milk production, more discarded milk, increased 
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veterinary costs and harm to the affected cows. Chimeric endolysins such as λSA2-E-LysK-SH3b 

and λSA2-E-Lyso-SH3b have displayed synergy along with lysostaphin in killing S. aureus in 

vitro as well as in a murine model of bovine mastitis (Schmelcher et al., 2012). Moreover, 

transgenic cows expressing lysostaphin in the mammary glands were protected against mastitis 

(Wall et al., 2005). 

Another application for endolysins is in agriculture. Potatoes that were genetically 

modified to produce lysozyme demonstrated resistance to black leg and soft rot caused by Erwinia 

carotovora (During, 1993). Transgenic plants can also serve as bioreactors for the large-scale and 

inexpensive production of endolysins, as evidenced by the S. pneumoniae endolysins Cpl-1 and 

Pal and the S. agalactiae endolysin PlyGBS that were produced by the tobacco plant Nicotiana 

tabacum chloroplasts in high amounts (Oey et al., 2009). The USDA lab in Beltsville, MD has 

produced bacteriophage PlyCP41 endolysin in systemically infected plant tissue, with potential for 

use of crude plant sap as an effective antimicrobial agent against Clostridium perfringens, which 

is the third leading cause of human food-borne illnesses (Hammond et al., 2019). Recently, 

endolysins have also been used to improve resistance of citrus plants to Huanglongbing and citrus 

canker, both diseases that affect citrus plants and are caused by Candidatus Liberibacter asiaticus 

and Xanthomonas citri pv. citri (Xcc). The LasLYS2 endolysin demonstrated bactericidal activity 

against Xcc and protected citrus plants from being affected by citrus canker disease (Xu et al., 

2023).   
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Chapter 2: Understanding the Molecular Basis for Homodimer 

Formation of the Pneumococcal Endolysin Cpl-1 
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2.1 Abstract 
 

The rise of multi-drug resistant bacteria to traditional antibiotics has prompted the search 

for alternatives to combat bacterial infections. Endolysins, which are bacteriophage-derived 

peptidoglycan hydrolases, are an attractive tool in this fight. Several studies have already 

demonstrated the efficacy of endolysins in targeting bacterial infections. Endolysins encoded by 

bacteriophage that infect Gram-positive bacteria typically possess an N-terminal catalytic domain 

(CD) and a C-terminal cell-wall binding domain (CWBD). In this study, we have uncovered the 

molecular mechanisms that underlie formation of a homodimer of Cpl-1, an endolysin that targets 

S. pneumoniae. Here, we use site-directed mutagenesis, analytical size exclusion chromatography 

(SEC), and analytical ultracentrifugation to disprove a previous suggestion that three residues at 

the N-terminus of the CWBD are involved in the formation of a Cpl-1 dimer in the presence of 

choline in solution. We conclusively show that the C-terminal tail region of Cpl-1 is involved in 

formation of the dimer. Alanine scanning mutagenesis generated various tail mutant constructs 

that allowed identification of key residues that mediate Cpl-1 dimer formation. Finally, our results 

allowed identification of a consensus sequence (FxxEPDGLIT) required for choline-dependent 

dimer formation, a sequence that occurs frequently in pneumococcal autolysins and endolysins. 

These findings shed mechanistic light on Cpl-1 and related enzymes and can be used to inform 

future engineering efforts for their therapeutic development against S. pneumoniae. 
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2.2 Introduction 
 

Streptococcus pneumoniae is included in the global priority list of antibiotic-resistant 

bacteria identified by the World Health Organization (WHO), which require new drugs to be 

researched and developed (Tacconelli et al., 2018). Despite the successful global launch of 

pneumococcal vaccines, the rate of invasive pneumococcal disease is still high in children under 

five and in adults aged over 50 (CDC, 2022; Durando et al., 2013; WHO) with almost 750,000 

deaths in children under the age of five in 2019 alone (WHO, 2019, 2021). Pneumococcal 

infections can range from simple otitis media or respiratory tract infections to invasive bloodstream 

infections or meningitis (Shenoy & Orihuela, 2016). Complicating the management of 

pneumococcal disease is the remarkable variability among S. pneumoniae strains, with at least 100 

capsular serotypes identified to date, (Ganaie et al., 2020; Steel et al., 2013) whereas the available 

vaccines target just a fraction of these serotypes. Furthermore, there has been an increase in 

antibiotic-resistant strains of S. pneumoniae (Butler et al., 1996; CDC, 2019; Song et al., 2013). 

High rates of resistance for several antimicrobials such as penicillin, trimethoprim-

sulfamethoxazole, and erythromycin have been reported (Cillóniz et al., 2018; Doern et al., 2005). 

Thus, the widespread distribution of antibiotic–resistance genes in bacteria compels us to the post-

antibiotic era and makes development of alternative antimicrobial agents one of the highest global 

priorities for aggressive biological, pharmaceutical, and medical investigations (Veiga-Crespo et 

al., 2007).  

The use of endolysins (also termed enzybiotics), which are bacteriophage-encoded 

peptidoglycan hydrolases, provides an alternative to small molecule antibiotics (Fischetti, 2010; 

Nelson et al., 2006). Endolysins and holins are produced by the invading bacteriophage to lyse the 
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host cell and permit the release of new bacteriophage virions. Endolysins can also be applied 

exogenously and are alone capable of destroying the Gram-positive bacterial peptidoglycan both 

rapidly and specifically (Fischetti, 2006; Linden et al., 2021; Roach & Donovan, 2015). Endolysins 

derived from bacteriophage that infect Gram-positive bacteria share a similar modular structure 

with one or more N-terminal catalytic domains (CDs) and a C-terminal cell-wall binding domain 

(CWBD) (Ajuebor et al., 2016; Fischetti, 2005, 2010; Loessner, 2005). The CDs carry the catalytic 

activity of cleaving various bonds of the peptidoglycan. The CWBDs bind to specific substrates, 

which are usually carbohydrates or teichoic acids attached to the host peptidoglycan, (Fischetti, 

2008) thus providing host specificity.  

S. pneumoniae has a unique nutritional requirement for choline and displays this moiety on 

its wall teichoic acids. Not surprisingly, pneumococcal endolysins and autolysins contain choline 

binding repeats (CBRs) within their CWBD that bind to the teichoic acids via phosphocholine, and 

as such, lend specificity of these enzymes to pneumococci and other choline displaying organisms. 

Pal is the endolysin from the pneumococcal Dp-1 bacteriophage and contains an N-

acetylmuramoyl-L-alanine amidase CD and a CWBD comprising six CBRs followed by a short 

(17 amino acid) C-terminal tail region (Garcia et al., 1984). Another pneumococcal endolysin, 

Cpl-1, is derived from the Cp-1 bacteriophage and possesses an N-acetylmuramidase (lysozyme) 

CD and a CWBD containing six CBRs and a 16 amino acid C-terminal tail (Garcia et al., 1987). 

Various in vivo studies investigated the potential therapeutic efficacy of Pal and Cpl-1. For 

example, Pal was shown to reduce S. pneumoniae to undetectable levels in a mouse 

nasopharyngeal colonization model, (Loeffler et al., 2001) while Cpl-1 was shown to be effective 

in killing S. pneumoniae in a mouse otitis media model, (McCullers et al., 2007) in a mouse 
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intravenous pneumococcal bacteremia model, (Loeffler et al., 2003) in a rat endocarditis model, 

and in a mouse pneumonia model (Doehn et al., 2013).  

Similar to endolysins, pneumococcal-encoded autolysins also adopt modular structures 

with a CD and a CWBD that contains CBRs. LytA is one such autolysin that hydrolyzes the 

pneumococcal cell wall at the end of the stationary growth phase (Howard & Gooder, 1974). The 

crystal structure of full-length LytA, containing an N-acetylmuramoyl-L-alanine “amidase” CD 

and a CWBD that contains six CBRs, each comprising a β-hairpin, has been published (PDB code: 

4X36) (Li et al., 2015). Notably, LytA forms a dimer in solution in the presence of choline 

(Usobiaga et al., 1996). The structure shows this dimerization occurs through a C-terminal β-

hairpin 7 and β-hairpin 6 of the last CBR (Fernandez-Tornero et al., 2002). This dimer structure is 

known as the “tail-to-tail” association of two monomers. The LytA dimer interface is governed by 

interactions of hydrophobic and aromatic residues. Various LytA truncations have been produced 

to investigate the importance of the CBRs and the C-terminal tail (Garcia et al., 1994). Constructs 

lacking the last ~11 amino acids do not form a dimer in the presence of choline and display a 

significant decrease in catalytic activity (Garcia et al., 1994; Varea et al., 2000).  

It has long been known that the Cpl-1 and Pal endolysins also form homodimers upon 

binding choline in solution, although the molecular mechanisms involved in the dimerization have 

remained elusive (Monterroso et al., 2008; Varea et al., 2004). Buey et al. modeled the three-

dimensional structure of Cpl-1 in solution in its free as well as in its choline-bound states. Small 

angle X-ray scattering (SAXS) was used in combination with the high-resolution three-

dimensional crystal structure of the monomer (PDB code: 1H09) to model a solution dimer of Cpl-

1 (Buey et al., 2007). Based on these results, the authors hypothesized the dimer interface involves 

three aromatic residues, Trp210, Phe218, and Tyr238, located at the N-terminus of the CWBD. 
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This “head-to-head” association model of the Cpl-1 dimer contrasts with the C-terminal “tail-to-

tail” association observed in the experimental dimer structure of LytA (Fernandez-Tornero et al., 

2002). The “head-to-head” interpretation of the Cpl-1 SAXS envelope also disagrees with the 

recent SAXS-based interpretation of the homologous Pal protein, despite the similar shapes of the 

two envelops, (Gallego-Paramo et al., 2021) underscoring the inherently low resolution of the 

SAXS method. Lastly, Resch et al. hypothesized that the Cpl-1 C-terminus mediates dimer 

formation and constructed a homodimer by introducing cysteine residues at the C-terminal end. 

The dimer stabilization by disulfide bond formation increased anti-pneumococcal activity and 

bioavailability in blood (Resch et al., 2011b). Thus, there is ambiguity on the precise nature and 

location of Cpl-1 dimer formation upon binding choline. In this manuscript, we dissect the 

molecular mechanisms governing formation of the Cpl-1 dimer and conclusively identified the 

exact residue(s) required for dimer formation. 
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2.3 Results 
 

The N-terminus of the CWBD is not Involved in Cpl-1 Dimerization but is Required for Catalytic 

Activity  

Superose 12 analytical size exclusion column showed that Cpl-1 forms dimers in the 

presence of choline. Consistent with the published data, (Monterroso et al., 2008) wild-type Cpl-

1 forms a dimer in the presence of choline (Fig. 2-1A). A clear shift in the peak is visible when 

comparing Cpl-1 alone (light blue curve) to Cpl-1 in the presence of 50 mM choline chloride (dark 

blue curve). Monomeric Cpl-1 (39.8 kDa, inclusive of a 6X His tag) migrated between the 17 and 

44 kDa molecular mass standards while the dimer in choline co-migrated with the 158 kDa 

molecular mass maker (standards shown in grey), which suggests an extended conformation of the 

dimer, consistent with previous studies. Buey et al. proposed that dimer formation of Cpl-1 in the 

presence of choline occurs via three aromatic residues, Trp210, Phe218 and Tyr238 (Buey et al., 

2007). To probe these residues, we prepared three individual single alanine mutants (W210A, 

F218A, and Y238A), three double mutants (W210A:F218A, W210A:Y238A, and 

F218A:Y238A), and a triple mutant (W210A:F218A:Y238A, referred to as WFY). Six of these 

mutants were produced and purified to homogeneity while one of the double mutants 

(W210A:Y238A) was insoluble. All three single mutants, both soluble double mutants, and the 

WFY mutant were able to form dimers in the presence of 50 mM choline. The WFY mutant data 

are shown in Fig. 2-1B. These data refute the Buey et al. hypothesis and suggest other residues are 

likely involved in the formation of Cpl-1 dimers upon binding choline.  
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Figure 2-1. Size exclusion chromatography and cellular activity of wild-type Cpl-1 and the 
N-terminal CBR W210A:F218A:Y238A triple mutant. (A) Wild-type full-length Cpl-1 was 
applied to a Superose 12 analytical size exclusion column in the presence or absence of 50 mM 
choline chloride. Cpl-1 formed dimers with 50 mM choline chloride (dark blue curve), but was a 
monomer in PBS with no choline chloride (light blue curve). Standards (grey curve) are 670, 158, 
44, 17, and 1.35 kDa. (B) The Cpl-1 W210A:F218A:Y238A (WFY) triple mutant was applied to 
a Superose 12 column in the presence and absence of 50 mM choline chloride. The triple mutant 
formed a dimer in the presence of choline (orange curve) and eluted at the same volume as the 
choline-containing wild-type Cpl-1 sample (dark blue curve). The yellow curve corresponds to the 
WFY triple mutant in PBS with no choline chloride. (C) Fluorescence microscopy of S. 
pneumoniae strains DCC1811 (serotype 11) or R36A (capsule-free) when treated with a 
fluorescent derivative of the Cpl-1 CWBD or the Cpl-1 WFY triple mutant CWBD. Scale bar: 0.5 
µm. (D) Cpl-1 WFY mutant displays loss of bactericidal activity against S. pneumoniae DCC1811. 
Experiments were done in triplicate, and the error bars represent the standard deviations. Asterisks 
represent level of significance (P < 0.0005) between Cpl-1 and Cpl-1 WFY mutant. 
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To investigate whether the WFY mutant can bind to the bacterial surface, the CWBDs 

(residues 200-339) of both wild-type Cpl-1 and its WFY mutant were produced and labeled with 

AlexaFluor-555. Fluorescence microscopy showed both CWBDs bound with equal intensity to the 

surface of S. pneumoniae DCC1811, a serotype 11 strain, and R36A, a capsule-free strain (Fig. 2-

1C). Yet, a S. pneumoniae DCC1811 lysis assay showed that the Cpl-1 WFY mutant had reduced 

lytic activity (P < 0.0005) with a reported killing of ~0.2 logs at 100 µg/ml whereas the wild-type 

Cpl-1 at the same concentration reduced the number of surviving bacteria by ~4 logs (Fig. 2-1D). 

Taken together, the results show that none of the single, double, or WFY mutants affected the 

ability of Cpl-1 to form dimers in the presence of choline or to bind the pneumococcal surface. 

However, there is a noted defect in antimicrobial activity of the WFY mutant. Whether this defect 

induces structural changes, which in turn affect catalytic activity, is unknown and requires further 

investigation.  

 

Analytical Ultracentrifugation and Antimicrobial Activity of Cpl-1 16-residue C-terminal Deletion 

Mutant  

Because Cpl-1 dimer formation via the N-terminus of the CWBD (i.e., the head-to-head 

model) can be ruled out, we speculate that the dimer interface is mediated by the C-terminal tail 

region of the protein by analogy to the LytA mode of dimerization (i.e., the tail-to-tail model). The 

crystal structure of Cpl-1 (PDB code: 1H09) shows that the CWBD comprises two regions, CI and 

CII (Hermoso et al., 2003). The CI region contains the first four CBRs while the CII contains the 

remaining two CBRs followed by a sixteen amino acid C-terminal tail. Markedly, the C-terminal 

tails of Cpl-1, LytA, and Pal share high sequence identity (Fig. 2-2A). To test this hypothesis, a 

Cpl-1 deletion mutant was produced, Δtail, which lacks only the 16 C-terminal residues (residues 
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324-339). Analytical size exclusion experiments measured formation of dimers in the presence of 

50 mM choline. However, despite being a pure protein, this mutant displayed multiple retarded 

peaks on chromatograms, suggesting possible interactions with the column matrix. The same 

matrix interaction phenomenon was reported previously for C-terminal truncations of LytA (Varea 

et al., 2000). Therefore, analytical ultracentrifugation was employed to circumvent the matrix 

effect.  
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Figure 2-2.  Analytical ultracentrifugation of Cpl-1 and Cpl-1 Δtail. (A) C-terminal tail 
sequence alignment of Cpl-1, LytA, and Pal shows a consensus sequence (grey boxes). Residues 
in bold indicate consensus sequence after comparing to 76 novel putative endolysins. (B) The c(s) 
distributions of 14.3 μM Cpl-1 in PBS (black) and 7.5 μM Cpl-1 in PBS plus 50 mM choline (blue) 
shows dimer formation only in the presence of choline. (C) The c(s) distributions of Cpl-1 Δtail in 
PBS at different concentrations: 10.7 μM (blue), 11.2 μM (red), and 17.8 μM (black). (D) The c(s) 
distributions of Cpl-1 Δtail at different concentrations in PBS plus 50 mM choline: 4.5 μM (blue), 
5.6 μM (red), and 9 μM (black). (E) The Cpl-1 Δtail mutant displays reduced lytic activity 
compared to wild-type Cpl-1 on S. pneumoniae DCC1811. Data is represented as log-fold killing 
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compared to untreated PBS control. Experiments were done in triplicate, and the error bars 
represent the standard deviations. Asterisks indicate level of significance (P < 0.05) between Cpl-
1 and Cpl-1 Δtail data. 
 

 

Sedimentation velocity (SV) experiments were conducted in PBS or PBS supplemented 

with 50 mM choline chloride. In PBS alone, the Cpl-1 wild-type protein had an experimental 

weight-average sedimentation coefficient of 3.1S with a MWapp of 40 kDa, consistent with its 

monomeric mass (Fig. 2-2B). In PBS with 50 mM choline chloride, wild-type Cpl-1 sedimented 

as a single species of 4.4S, with a MWapp of ~76 kDa, suggesting formation of a stable dimer. By 

contrast, the SV analyses of Cpl-1 Δtail protein in the absence of choline chloride displayed broad 

sedimentation boundaries with shifting peaks between monomeric 3.1S and dimeric 4.3S forms at 

all three protein concentrations examined (Fig. 2-2C), indicative of a reversible monomer-dimer 

equilibrium. In the presence of 50 mM choline chloride, the Cpl-1 Δtail protein exists only as 

monomeric 3.0S species (Fig. 2-2D) with a MWapp of 33 kDa at each of three tested concentrations. 

Although these results prove that the C-terminal 16 residues of Cpl-1 are required for dimer 

formation in the presence of choline, it remains unclear why the Cpl-1 Δtail protein forms transient 

interactions in the absence of choline.   

Log-fold killing assays were also performed with the Cpl-1 Δtail mutant to determine the 

effect of the deletion on antimicrobial activity. The Cpl-1 Δtail mutant had significantly lower 

activity compared with the wild-type Cpl-1 (P < 0.05). In a one-hour log-fold killing experiment, 

the Δtail mutant caused a ~2 log decrease in CFU of S. pneumoniae strain DCC1811, whereas 

wild-type Cpl-1 killed the bacteria more efficiently and reduced the CFU’s by ~4 logs (Fig. 2-2E). 
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Alanine Scanning Mutagenesis of the Cpl-1 Tail  

To pinpoint the exact residue(s) involved in the formation of the Cpl-1 dimer, five triple 

alanine point mutants were made along the 16 amino acid C-terminal Cpl-1 sequence 

(DNP·SFT·KEP·DGL·ITV·A). All but the ITV construct, which was insoluble, were purified and 

analyzed on a Superose 12 column in PBS or PBS supplemented with 50 mM choline chloride. 

The DNP→AAA and KEP→AAA mutants retained the ability of the wild-type protein to form 

dimers in the presence of choline (Fig. 2-3A). In contrast, the SFT→AAA and DGL→AAA 

mutants did not form dimers (Fig. 2-3B). The chromatograms for both the SFT mutant (red curve) 

and the DGL mutant (gray curve) in the presence of choline superimpose with the peak for wild-

type Cpl-1 (light blue) in the absence of choline, clearly demonstrating that these mutants do not 

form dimers. Taken together, the data obtained for the Cpl-1 Δtail mutant and the triple alanine 

mutants establish the critical role that the 16 C-terminal residues play in choline-bound Cpl-1 

dimer formation, supporting the tail-to-tail association model. Furthermore, both the SFT and DGL 

triple alanine mutants displayed reduced lytic activity compared to wild-type Cpl-1, suggesting 

formation of the dimer is required for full lytic activity (Fig. 2-3C).  
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Figure 2-3. Size exclusion chromatography of Cpl-1 tail alanine scanning mutagenesis. (A) 
The Cpl-1 DNP→AAA mutant was analyzed by a Superose 12 column in the presence of 50 mM 
choline chloride. This mutant formed dimers in the presence of choline (green curve). The 
KEP→AAA mutant also formed dimers in the presence of 50 mM choline chloride (brown curve). 
Both mutants eluted at the same volume as wild-type Cpl-1 in choline (dark blue curve). The light 
blue curve represents wild-type Cpl-1 in PBS. (B) The Cpl-1 SFT→AAA mutant was analyzed by 
a Superose 12 column in the presence of 50 mM choline chloride and did not form dimers (red 
curve). Likewise, the DGL→AAA mutant also did not form dimers in the presence of 50 mM 
choline chloride (gray curve). Both these mutants eluted at the same volume as wild-type Cpl-1in 
PBS (light blue curve). Wild-type Cpl-1 in PBS with 50 mM choline chloride is shown as the dark 
blue curve. (C) All four of the alanine scanning mutants display lytic activity as measured by a 
log-fold killing assay. The SFT→AAA mutant had significantly reduced lytic activity compared 
to wild-type Cpl-1 as did the DGL→AAA mutant. The DNP→AAA and KEP→AAA mutants 
displayed similar lytic activity to wild-type Cpl-1. Asterisks represent level of significance (*, P < 
0.05) between mutant proteins and wild-type Cpl-1. (D) The Cpl-1 F328A mutant was analyzed 
on the Superose 12 column and did not form a dimer in the presence of 50 mM choline chloride 
(gold curve), similar to the SFT→AAA mutant (red curve). Wild-type Cpl-1 with (dark blue) and 
without (light blue) choline chloride are shown for comparison purposes. 
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The full-length crystal structure of LytA (PDB code: 4X36), containing the tail-to-tail 

association, reveals an overall “V” shaped dimer formed along a 2-fold crystallographic axis (Fig. 

2-4A,C). Lacking a dimer structure for Cpl-1, the artificial intelligence (AI) program AlphaFold2 

(Jumper et al., 2021) was used to model a Cpl-1 dimer. The prediction was performed with 

ColabFold-multimer (Mirdita et al., 2022) using MMseq2 (Steinegger & Soding, 2017) with the 

paired sequence default option and no template. The best ranked model is shown (Fig. 2-4B,D), 

which has a pLDDT=90.8, ptmscore=0.41, and iptm=0.389. Although the iptm value is low, the 

same interface for Cpl-1 was generated by AlphaFold2 as that of LytA. All five AlphaFold2 Cpl-

1 models exhibit the same tail-to-tail dimer interface and differ mainly by the conformation of the 

CD-CWBD linker, yielding different orientations between the two domains. Nevertheless, all five 

models possess an overall “M” shape in contrast to the “V” shaped LytA. Notably, specific to the 

C-terminal tail regions, π-stacking is observed between the side chains of Phe307 of each LytA 

monomer (Fig. 2-4E). The corresponding Cpl-1 residue, Phe328, in the AlphaFold2 model exhibits 

the same π-stacking (Fig. 2-4F). The Cpl-1 SFT→AAA triple mutant containing Phe328 failed to 

form dimers in the presence of choline (Fig. 2-3B). To confirm that Phe328 plays a critical role in 

dimerization, a single site Cpl-1 mutant, F328A, was made. This mutant likewise was unable to 

form dimers in the presence of choline as monitored by analytical size exclusion chromatography 

(Fig. 2-3D). Moreover, the F328A mutant retained bacteriolytic activity against pneumococci, 

albeit diminished compared to wild-type Cpl-1 (Fig. 2-5). Nonetheless, this further supports our 

triple alanine scanning mutagenesis results indicating that Cpl-1 monomers are active, but 

formation of a dimer is necessary for full bacteriolytic activity. While other residues in the C-

terminal β-hairpin, specifically those in the DGL→AAA mutation, may also contribute to the 
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dimeric state stability, the Phe328 mutant proves that the Cpl-1 dimerization is mediated by the C-

terminus of the CWBD rather than the N-terminus. Thus, the sequence homology between LytA 

and Cpl-1 is also manifested in the common tail-to-tail mode of dimerization of the two proteins.  

 

 

Figure 2-4. Comparison between the dimers of LytA crystal structure (PDB code: 4X36) and 
the model of Cpl-1 generated using the AI program AlphaFold2. LytA monomers are colored 
green and cyan (Figures A, C, E), and those of Cpl-1 are colored lavender and light blue (Figures 
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B, D, F). Domain labels are abbreviated as CD (the N-terminal catalytic domain) and CWBD (the 
C-terminal choline binding domain). A and B show the dimers along the 2-fold symmetry axis in 
cartoon and molecular surface representations. C and D show the dimer perpendicular to the 2-
fold symmetry axis with the same representation as in A and B. E and F show a close-up of the 
dimer interface perpendicular to the 2-fold symmetry axis, highlighting the interacting Phe307 pair 
in LytA and the equivalent Cpl-1 Phe328 pair that was mutated in this study. 
 
 
 
 
 
 
 
 

 

 

Figure 2-5. Bactericidal activity of Cpl-1 F328A against S. pneumoniae DCC1811. The single 
point F328A mutant displays significantly reduced lytic activity compared to wild-type Cpl-1. 
Experiments were done in triplicate, and the error bars represent the standard deviations. Asterisks 
represent level of significance (P < 0.005) between mutant proteins and wild-type Cpl-1. 
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Cpl-1 Dimerization Depends on Choline Concentration  

The dependence of Cpl-1 dimerization on choline concentration was analyzed by analytical 

size exclusion chromatography. As seen in Fig. 2-6A, Cpl-1 remains a monomer in the presence 

of 1 mM choline (green curve). At 10 mM choline, Cpl-1 exists predominantly as a dimer (yellow 

curve). However, at 5 mM choline, Cpl-1 exists in an equilibrium state between a monomer and 

dimer (purple curve). These results suggest an apparent KD value of ~5 mM, which is consistent 

with the previously reported value of 3.6 mM (Monterroso et al., 2008).  

Choline chloride is considered and used as a proxy for the pneumococcal teichoic acid, 

however, choline is actually incorporated into the pneumococcal lipoteichoic and wall teichoic 

acids as phosphocholine (Fischer, 2000). Therefore, we measured the binding affinity for Cpl-1 in 

phosphocholine to compare to choline and were unable to detect a difference between the two. As 

with choline, Cpl-1 is a monomer in the presence of 1 mM phosphocholine (green curve), a dimer 

in 10 mM phosphocholine (yellow curve), and exists in equilibrium between a monomer and dimer 

in the presence of 5 mM phosphocholine (purple curve) (Fig. 2-6B). 
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Figure 2-6. Choline concentration dependent formation of Cpl-1 dimers. (A) Cpl-1 (1.5 
mg/ml) was analyzed by Superose 12 analytical size exclusion chromatography in the presence of 
1 mM (green curve), 5 mM (purple curve), or 10 mM (yellow curve) choline chloride. (B) Similar 
parameters as in A, but Cpl-1 (1.3 mg/ml) in phosphocholine calcium chloride tetrahydrate was 
used in place of choline chloride at 1 mM (green curve), 5 mM (purple curve), and 10 mM (yellow 
curve) concentrations.  
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Conserved C-terminal β-hairpin Sequence Identifies Pneumococcal Endolysins that Likely 

Function as Dimers   

The 16 C-terminal amino acid sequences of the pneumococcal CWBDs, which we refer to 

as the “tail”, are conserved between LytA, Cpl-1, and Pal (Fig. 2-2A) and all three enzymes form 

dimers in the presence of choline (Monterroso et al., 2008; Usobiaga et al., 1996; Varea et al., 

2004). LytA and Pal have previously been shown to employ a tail-to-tail interaction between two 

monomers upon choline binding (Fernandez-Tornero et al., 2002; Gallego-Paramo et al., 2021) 

and here we confirm that Cpl-1 dimerization is also mediated by the tail. The C-terminal tail of 

these three enzymes contain a consensus sequence (DxPxFTxEPDGLIT), which can be used to 

identify putative pneumococcal cell wall hydrolases (i.e., autolysins and endolysins) and to predict 

their propensity to form dimers in the presence of choline. Recently, Fernandez-Ruiz et al. collated 

the sequences of 200,000 uncultured viruses and predicted that this collection contains 2,628 novel 

putative endolysins (Fernandez-Ruiz et al., 2018). We further screened these endolysins for the 

presence of the preliminary pneumococcal CWBD tail consensus sequence, DxPxFTxEPDGLIT, 

and identified 76 matches that had the exact consensus sequence of FxxEPDGLIT (Fig. 2-2A, bold 

sequences), all located 2 to 13 residues away from the C-termini (Appendix A). Sequence analysis 

using HMMSCAN, which is part of the HMMER suite, (Finn et al., 2011; Potter et al., 2018) and 

clustering based on Pfam families (Finn et al., 2014; Mistry et al., 2021) revealed that 73 of the 76 

proteins contain typical autolysin and endolysin CDs including the Amidase Family 2 and Amidase 

Family 5 domains, and to a lesser extent, the cysteine, histidine-dependent 

amidohydrolases/peptidase (CHAP) and glycoside hydrolase family 25 (GH_25) catalytic 

domains (Fig. 2-7A). The remaining three protein sequences do not contain CDs or other 

secondary domains, but rather are stand-alone CWBDs. 
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Figure 2-7. Novel endolysins identified by the consensus sequence form a dimer in the 
presence of choline. (A) Classes of CD domains of the 76 identified putative endolysins with the 
C-terminal β-hairpin consensus sequence. (B) Dimerization status of SP-CHAP on the Superose 
12 column. The protein forms a dimer in the presence of 50 mM choline (orange curve).  (C) SP-
Amidase forms a dimer in the presence of 50 mM choline (orange curve). (D) SP-GH25 forms a 
dimer in the presence of 50 mM choline (orange curve). For Figures B to D, the blue curves 
represent the respective proteins analyzed in PBS without choline chloride.  
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To support the sequence analysis results, we randomly selected three representative CDs 

from the 76 putative endolysins bearing the conserved sequence motif (SRS numbers correspond 

to sequence IDs listed in Appendix A): SRS019125, containing a CHAP CD and renamed SP-

CHAP here; SRS017713, containing an Amidase-2 CD and renamed SP-Amidase here; and 

SRS018591, containing a GH_25 CD and renamed SP-GH25 here. All three putative endolysins 

were cloned, expressed, purified, and evaluated for dimer formation in the presence of 50 mM 

choline chloride by analytical size exclusion chromatography.  As seen in Fig. 2-7B, SP-CHAP is 

a monomer in the absence of choline chloride (blue curve) and forms a dimer in the presence of 

50 mM choline chloride (orange curve). Similarly, in Fig. 2-7C and 2-7D, both SP-Amidase and 

SP-GH25, respectively, form dimers in the presence of 50 mM choline chloride. Taken together, 

the data suggests that most autolysins and endolysins that target the pneumococcal surface have 

evolved a widespread and conserved mechanism whereby these enzymes form dimers through 

their C-terminal tails upon binding a choline entity on the bacterial surface.  
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2.4 Discussion 
 

It has been well established that LytA, Cpl-1, and Pal form dimers upon binding choline in 

solution, and they presumably also dimerize on the pneumococcal surface that displays choline-

containing wall teichoic acids (Monterroso et al., 2008; Usobiaga et al., 1996; Varea et al., 2004). 

The LytA tail-to-tail mechanism of choline-dependent dimer formation is substantiated by several 

crystal structures. However, the head-to-head model proposed for Cpl-1 was based on fitting the 

crystal structure of a choline-free monomeric protein into a SAXS envelope generated in the 

presence of choline, and the subsequent identification of aromatic residues that potentially formed 

a non-canonical choline-binding site (Buey et al., 2007).  However, the authors did not confirm 

that the three aromatic residues on the non-canonical N-terminal β-hairpin are required for dimer 

formation, nor did they pursue a tail-to-tail interaction hypothesis. Additionally, a crystal structure 

is a static image of one particular crystal packing arrangement, which may not represent a protein 

in solution, and the pitfalls of fitting the structure of multi-domain, flexible proteins into a rough 

SAXS envelope are well documented (Kikhney & Svergun, 2015). In contrast, we provide here 

biophysical evidence, supported by mutagenesis studies, that both disprove the head-to-head 

model and support the tail-to-tail dimer model of Cpl-1 in the presence of choline.   

We have shown that Cpl-1 binds choline with millimolar affinity (Fig. 2-6A), consistent 

with earlier reports based on circular dichroism studies (Monterroso et al., 2008). We also show 

that Cpl-1 exhibits similar affinity towards phosphocholine, which more closely resembles the 

native choline in the pneumococcal wall teichoic acids (Fig. 2-6B). However, endolysin CWBDs 

are generally thought to bind the bacterial surface with much higher affinity than millimolar. 

Bacillus endolysins bind cell wall polysaccharides with micromolar affinity, (Ganguly et al., 2013; 

Mo et al., 2012) whereas Listeria endolysins bind cell wall polysaccharides with nano- to 
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picomolar affinities (Loessner et al., 2002; Schmelcher et al., 2010). The discrepancy in binding 

affinity may be attributable to several factors. First, given that Cpl-1 is predicted to possess five 

choline binding sites, an avidity effect may increase the apparent low affinity for the pneumococcal 

surface (Roig-Molina et al., 2020). A similar hypothesis has been developed for PlyCB, the CWBD 

of the PlyC endolysin that contains eight binding sites (Broendum et al., 2021). A second, and 

even more likely hypothesis, is that other components of the teichoic acid or moieties on the 

peptidoglycan itself may be necessary for high affinity binding, as suggested recently for other 

pneumococcal choline-binding proteins (Perez-Dorado et al., 2010). 

There is growing evidence that endolysins and other cell wall hydrolases form multimeric 

structures more often than previously thought. PlyC, an endolysin from the streptococcal C1 

phage, is comprised of two independently expressed subunits, PlyCA, which is the catalytic 

domain (i.e. CD), and PlyCB, the cell-wall binding domain (CWBD). In solution, PlyC 

multimerizes into eight PlyCB subunits associated with one PlyCA subunit (Nelson et al., 2006). 

Clostridial endolysins have also been shown to form multimers in solution. Recently, LysB, an 

endolysin from the prophage of Clostridium botulinum E3 strain Alaska E43 was shown to form 

a homodimer in solution (Morzywolek et al., 2021). Endolysin CTP1L that targets Clostridium 

tyrobutyricum, endolysin CS74L that targets Clostridium sporogenes, and endolysin CD27L that 

targets Clostridium difficile, also form multimers. However, these enzymes exist as 

heterotetramers composed of two full-length proteins (i.e., analogs of CD and CWBD) and two 

individual CWBDs generated by in-frame, internal translation start sites (iTSS) at the beginning 

of the CWBD coding sequence (Dunne et al., 2016). Endolysins obtained from phages that infect 

Enterococcus have also been shown to form multimers. Endolysin Lys170 that displays lytic 

activity on Enterococcus faecalis was shown to form a heterotetramer in solution, wherein a full-



86 
 

length protein interacts with three individually expressed CWBDs, which are also generated by an 

iTSS (Proenca et al., 2015). Similarly, the enterococcal endolysin LysIME-EF1 forms a 

holoenzyme with a 1:3 stoichiometric ratio of full-length protein to CWBD (Zhou et al., 2020). 

Gp2 (LysA) from mycobacteriophage Ms6 lacks an identifiable CWBD, but a truncated version 

of its CD forms a heterodimer with the full-length protein (Catalao et al., 2011). Likewise, a 

truncated version of the staphylococcal phage 2638A endolysin ORF007 containing one of two 

CDs and a CWBD forms a heterodimer with the full-length protein (Abaev et al., 2013). Lastly, 

Pinto et al. recently performed a bioinformatic search of iTSS sites in putative endolysins and 

experimentally confirmed at least four new multimeric endolysins, including LysP7951, which 

adopts a 1:5 CD:CWBD stoichiometry (Pinto et al., 2022). All of the above enzymes fold into their 

multimeric state at the level of protein translation. Only the pneumococcal enzymes (i.e., Cpl-1, 

Pal, and LytA) are produced and purified as monomers and require binding to a ligand mimetic of 

epitopes on the bacterial surface to induce multimerization.   

Given the modular nature of endolysin CD and CWBD domains, (Garcia et al., 1988) 

bioengineering and chimeragenesis studies have begun to dominate the endolysin field in recent 

years. Engineering is beneficial in that the natural bacteriolytic activity of endolysins can be 

improved by mixing and matching different domains. Domain addition, deletion, mutagenesis, and 

peptide fusion are just some of the various approaches being currently employed. A recent review 

by Sao-Jose (Sao-Jose, 2018) summarizes the generation of several chimeric endolysins along with 

their benefits compared to the parental enzyme. To this end, knowledge of the dimerization 

mechanism and the Cpl-1 consensus sequence can have important implications when considering 

engineering approaches focused on pneumococcal CWBDs. As an example, ClyJ is a chimera 

containing a CHAP CD derived from PlyCA and a CWBD derived from gp20, which shares a high 
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degree of similarity with that of LytA and is comprised of several CBRs (Yang et al., 2019). ClyJ 

was further engineered by modifying the linker sequence between the CD and CWBD to create 

ClyJ-3, which possesses higher antimicrobial activity than ClyJ, presumably due to differences in 

linker flexibility (Yang et al., 2020). As expected, both ClyJ and ClyJ-3 form dimers in the 

presence of choline. ClyJ-3 was subsequently engineered to truncate the C-terminal tail, yielding 

ClyJ-3m, which lacks the ability to form a dimer in the presence of choline (Luo et al., 2020). 

Surprisingly, this monomeric enzyme has higher lytic activity on S. pneumoniae in vitro and in 

vivo than either ClyJ-3 and Cpl-1. These data contrast with LytA deletion studies where activity 

was dramatically reduced with C-terminal deletions, (Garcia et al., 1994; Varea et al., 2000) as 

well as our own studies deleting the tail region of Cpl-1 (Fig. 2-2E). Also in contrast to the 

monomeric ClyJ-3m results, Resch et al. (Resch et al., 2011b) constructed a Cpl-1 pre-formed 

dimer by introducing cysteine residues at the start of the C-terminal β-hairpin of the protein. This 

pre-formed dimer displayed an increased bactericidal activity against S. pneumoniae and also an 

increased bioavailability by decreasing renal clearance when tested in an in vivo mouse model.  

We have proven that Cpl-1 forms a homodimer through interactions with residues in the 

C-terminal tail in the presence of choline, and we highlighted the consensus motif in this region 

that is widespread and can be used to predict formation of a dimer in pneumococcal cell wall 

hydrolases, including both pneumococcal autolysins and bacteriophage endolysins. Nonetheless, 

the molecular mechanisms that potentiate a signal from the choline binding sites to the tail regions 

that induces dimer formation is yet to be determined. This knowledge will inform future 

engineering efforts. 
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2.5 Conclusion 
 

S. pneumoniae infections are increasingly associated with antimicrobial resistance. Despite 

the availability of vaccines, the sheer capsular diversity among S. pneumoniae strains enable them 

to evade treatment. Endolysins have shown promise in treating Gram-positive bacterial infections. 

In the present study, we identify the dimerization mechanism for the pneumococcal endolysin Cpl-

1 in the presence of choline. We disprove a previous hypothesis that suggested Cpl-1 dimer 

formation occurs at the N-terminus of its binding domain and subsequently show that its C-

terminal tail is involved in formation of the dimer. Using AlphaFold2 modeling combined with 

experimental mutagenesis studies, we establish residue Phe328 as crucial to formation of the Cpl-

1 dimer in the presence of choline. In addition, we identify a consensus sequence required for 

choline-dependent dimer formation, one that is frequently observed in pneumococcal endolysins 

and autolysins. Our findings illustrate the molecular mechanisms involved in dimer formation 

which can help guide future engineering approaches for endolysins targeting S. pneumoniae. 
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2.6 Materials and Methods 
 

Bacterial Strains and Growth Conditions  
 

Bacterial strains used in this work were routinely grown at 37°C unless otherwise noted. S. 

pneumoniae DCC1811, a serotype-11 capsulated strain (Sa-Leao et al., 2000), or S. pneumoniae 

R36A, a capsule-free strain (Avery et al., 1944), was grown with 5% CO2 in Todd Hewitt Broth 

supplemented with 1% yeast extract (THY) without shaking, or on THY plates. Escherichia coli 

DH5α and BL21 (DE3) strains were grown in Lysogeny Broth (LB) or on LB plates supplemented 

with ampicillin or kanamycin.  

 

Cloning and Site-directed Mutagenesis  

The Cpl-1 used in this study was codon-optimized and synthesized (GeneArt). The primers 

used in this study are listed in Appendix B. A 6X-His tag was added to the C-terminal end of each 

protein. The Q5® Site-Directed Mutagenesis Kit from New England Biolabs was used to generate 

all point mutants and the manufacturer instructions were followed for all steps. Resulting mutants 

were confirmed by sequencing (Psomagen) before being transformed into E. coli BL21 (DE3) for 

protein expression. The pBAD24 and pET28a plasmids were used for protein expression. The ApE 

program (University of Utah) was used for DNA sequence analysis and manipulations. 

 

Protein Expression and Purification  

Overnight cultures of E. coli BL21 (DE3) containing the plasmid of interest were sub-

cultured 1:100 into 1.5 L LB containing antibiotic for plasmid maintenance and grown at 37°C in 

baffled flasks to an OD600 = 1. The LB was supplemented with either 100 µg/ml ampicillin for 
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constructs using the pBAD24 vector or 50 µg/ml kanamycin for constructs using the pET28a 

vector. Expression was induced while cells were in mid-log phase with 0.25% arabinose overnight 

at 18°C for constructs in pBAD24 or 10 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 

those in the pET28a vector. Cells were harvested (5,000 ×g, 15 min, 4°C), resuspended in 20 ml 

of lysis buffer (PBS, 10 mM imidazole, pH 7.4) and disrupted by freeze-thawing (-80°C to 4°C). 

This was followed by sonication on ice (power level 6 and duty cycle 30%). Insoluble cell debris 

was centrifuged (12,000 ×g, 1 hour, 4°C) and the cell lysate containing the 6X-His tagged protein 

was loaded onto Ni-NTA resin (HisPur™ Ni-NTA Resin, Thermo Scientific) in a gravity flow 

column and eluted in 4 ml fractions using an imidazole step gradient in PBS buffer (20 mM, 50 

mM, 100 mM, 250 mM, and 500 mM imidazole). Protein purity was analyzed on SDS-PAGE gel. 

Where further purification was necessary, samples were applied to a Sephacryl S-200 size 

exclusion column (Cytiva). Protein samples were pooled and concentrated using a protein 

concentrator with the appropriate molecular weight cut-off (Amicon® Ultra 15 ml centrifugal 

filters, Millipore Sigma).  

 

Microbiology and Lytic Assays  

Antimicrobial activity was quantified by means of colony forming unit (CFU) counting as 

previously described (Nelson et al., 2012). Briefly, sterile protein at a final concentration of 100 

µg/ml was mixed with 100 µl of stationary-phase S. pneumoniae in PBS in a 96 well plate and 

incubated at 37oC for an hour. Then, five 10-fold dilutions in PBS were made and 10 µl from each 

dilution was plated on THY agar plates, air-dried and placed in a 37oC incubator overnight. The 

remaining CFUs were counted and the data was reported as the log-fold killing compared to the 

untreated control. Each CFU counting assay was performed in triplicate on three separate days. 
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Analytical Size Exclusion  

Cpl-1 and its mutants were subjected to analytical size exclusion chromatography on a 

Superose 12 column (GE Healthcare) as previously described (Nelson et al., 2006). The column 

was calibrated with size exclusion standards (Bio-Rad) and equilibrated with either PBS or PBS 

supplemented with choline chloride at indicated concentrations for two column volumes (CV) 

before loading protein sample. Five-hundred µl of a 1.5 mg/ml protein sample was loaded onto the 

column for each run and the sample was eluted for 1.5 CV. Alternatively, phosphocholine chloride 

calcium salt tetrahydrate was used in 10 mM Tris (pH 7.4) with 150 mM NaCl because it was 

insoluble in PBS.  

 

Analytical Ultracentrifugation  

Sedimentation velocity (SV) experiments were performed using a ProteomeLab Beckman 

XL-A with absorbance optical system and a 4-hole An60-Ti rotor (Beckman Coulter). For SV, 380 

μL protein in PBS, pH 7.4, and 400 μL buffer were loaded into the sample and reference sectors 

of the dual-sector charcoal-filled epon centerpieces. The samples in PBS ± 50 mM choline chloride 

were equilibrated overnight at 20º C. The samples were centrifuged at 50 krpm and the absorbance 

data for 4.5-17.8 μM proteins were collected at 280 nm. Absorbance signal was monitored in a 

continuous mode with a step size of 0.003 cm and a single reading per step. Sedimentation 

coefficients were analyzed from SV profiles using the program SEDFIT (Brown & Schuck, 2006). 

The continuous c(s) distributions were calculated assuming a direct sedimentation boundary model 

with maximum entry regularization at a confidence level of 1 standard deviation.  
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Fluorescence Labeling of Proteins  

Purified proteins were reacted with the carboxylic acid, succinimidyl ester of AlexaFluor®-

555 (Molecular Probes) according to the manufacturer’s instructions. Unreacted dye was removed 

from labeled protein by application to a 5 ml HiTrap desalting column (GE Healthcare) 

equilibrated with PBS. 

 

Cell Wall Binding Assays and Fluorescence Microscopy  

An overnight culture of S. pneumoniae DCC1811 or S. pneumoniae R36A was centrifuged 

and mixed with the AlexaFluor®-555 labeled Cpl-1 CWBD or the WFY Cpl-1 triple mutant 

CWBD and incubated at 37oC for 10 min. The cells were centrifuged, washed in PBS, and then 

visualized by fluorescence microscopy with an exposure time of 200 msec. An Eclipse 80i 

epifluorescent microscope workstation (Nikon) with X-Cite 120 illuminator (EXFO) and Infinity 

3 camera (Teledyne Lumenera) camera was used. Infinity Analyze 7 software was used for image 

acquisition and analysis. 

 

Bioinformatics and Discovery of Novel Enzymes   

Recently, Fernandez-Ruiz et. al. conducted a bioinformatics pipeline to identify novel 

endolysins from nearly 200,000 uncultured viruses in which they discovered 2,628 putative 

endolysins (Fernandez-Ruiz et al., 2018). All putative endolysins were scanned and 76 were 

identified that contained the consensus sequence (FxxEPDGLIT), with almost all occurring at the 

C-terminus (Appendix A). Three proteins were picked at random for further study based on the 

type of catalytic domain they possessed and their percent identity to Cpl-1, Pal, and LytA. These 

three enzymes were synthesized (GeneArt), subcloned into pBAD24 vectors, expressed, and 
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purified. They were then tested for formation of dimers in the presence of choline by analytical 

size exclusion chromatography as described above. 

 

Statistical Analysis 

Experimental data are presented as means ± standard error of means. Student’s t tests were 

performed for the statistical analysis. P values of <0.05 were considered to be statistically 

significant. 
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Chapter 3: SP-CHAP, an Endolysin with Enhanced Activity Against 

Biofilm Pneumococci and Nasopharyngeal Colonization 
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Alreja, A. B., Appel, A. E., Zhu, J. C., Riley, S. P., Gonzalez-Juarbe, N., & Nelson, D. C. (2023). 
SP-CHAP, an endolysin with enhanced activity against biofilm pneumococci and nasopharyngeal 
colonization.  
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3.1 Abstract 
 

Streptococcus pneumoniae, a Gram-positive bacterium, is responsible for causing a wide 

variety of invasive infections. The emergence of multi-drug antibiotic resistance has prompted the 

search for antimicrobial alternatives. Phage-derived peptidoglycan hydrolases, known as 

endolysins, are an attractive alternative. In this study, an endolysin active against S. pneumoniae, 

designated SP-CHAP, was cloned, produced, purified, biochemically characterized and evaluated 

for its antimicrobial properties. Cysteine, histidine-dependent amidohydrolase/peptidase (CHAP) 

domains are widely represented in bacteriophage endolysins, but have never previously been 

reported for pneumococcal endolysins. Here we report the first pneumococcal endolysin with a 

CHAP catalytic domain. SP-CHAP was antimicrobial against all S. pneumoniae serovars tested, 

including capsular and capsule-free pneumococci, and it was found to be more active than the most 

widely studied pneumococcal endolysin, Cpl-1, while not affecting various oral/nasal commensal 

organisms tested. SP-CHAP was also effective in eradicating S. pneumoniae biofilms at 

concentrations as low as 1.56 µg/ml. In addition, a S. pneumoniae mouse nasopharyngeal 

colonization model was employed that showed SP-CHAP caused a significant reduction in S. 

pneumoniae CFUs, even more than Cpl-1. These results indicate that SP-CHAP may represent a 

promising alternative to combat S. pneumoniae infections. 
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3.2 Importance 
 

In light of the high rates of pneumococcal resistance reported for several antibiotics, 

alternatives are urgently needed. In the present study, we report an endolysin targeting S. 

pneumoniae that is more active than Cpl-1, the most characterized pneumococcal endolysin to 

date. We used a combination of biochemical and microbiological assays to assess the stability and 

lytic potential of SP-CHAP and demonstrate efficacy on pneumococcal biofilms in vitro and in an 

in vivo mouse model of colonization. Our findings highlight the therapeutic potential of SP-CHAP 

as an antibiotic alternative to treat S. pneumoniae infections.  

Keywords: endolysin, CHAP domain, bacteriophage, pneumococcus, antibiotic resistance 
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3.3 Observation 
 

Endolysins offer an alternative to conventional antibiotics in addressing the emergence of 

multi-drug-resistant bacteria. These enzymes, encoded by bacteriophages, induce cell lysis upon 

synthesis at the end of the bacteriophage replication cycle (Fischetti, 2010; Nelson et al., 2006). 

Typically comprised of two domains, endolysins possess an N-terminal catalytic domain and a C-

terminal cell binding domain (Fischetti, 2008). The catalytic domain is responsible for hydrolyzing 

various bonds within the bacterial peptidoglycan, while the cell binding domain is responsible for 

binding to a specific substrate within the cell wall, typically a carbohydrate (Fischetti, 2005, 2010). 

Binding to a unique cell wall ligand confers specificity to endolysins at the species, strain, or even 

serotype level, enabling exogenous application of endolysins to induce bacterial cell lysis in these 

strains. Notably, endolysins are not susceptible to efflux pumps, penicillin-binding proteins, or 

other mechanisms of resistance often observed with traditional antibiotics (Danis-Wlodarczyk et 

al., 2021; Linden et al., 2021). Moreover, their efficacy extends to eradicating bacterial biofilms. 

In recent years, the landscape of endolysin research has shifted toward engineering, domain 

shuffling, and chimeragenesis studies, strategies that optimize bacteriolytic activity and can 

prolong the efficacy of these enzymes should resistance eventually emerge. 

Pneumococcal disease is an area where endolysins could have a significant impact. S. 

pneumoniae, a Gram-positive bacterium, resides within the human nasopharynx as part of the 

normal flora, yet it can cause a range of infections, including community-acquired pneumonia, 

invasive pneumococcal disease, otitis media, meningitis, and sepsis (Austrian, 1981; Jain et al., 

2015; Shenoy & Orihuela, 2016). As the approval of novel antibiotics by the U.S. Food and Drug 

Administration has dwindled and antibiotic-resistant strains of S. pneumoniae have surged, 
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addressing this pathogen has become imperative (CDC, 2019; Song et al., 2013). While 

pneumococcal vaccines based on a set of capsular polysaccharides exist, the over 100 identified 

serotypes of this bacterium allow its persistence (Ganaie et al., 2020). Several potent endolysins 

that target S. pneumoniae have been examined and have demonstrated efficacy both in vitro and 

in vivo. Noteworthy examples include Cpl-1 (Loeffler et al., 2003) and Pal (Loeffler et al., 2001), 

endolysins with bacteriolytic efficacy either individually or synergistically against S. pneumoniae 

(Jado et al., 2003). An array of models, including mouse nasopharyngeal colonization models 

(Loeffler et al., 2001), otitis media models (McCullers et al., 2007), pneumococcal bacteremia 

models (Loeffler et al., 2003), rat endocarditis models (Entenza et al., 2005) and rat pneumococcal 

meningitis models (Grandgirard et al., 2008), have shown these enzymes are excellent bacteriolytic 

agents in vivo. Additionally, LytA, a pneumococcal autolysin, exhibits lytic activity by degrading 

the pneumococcal cell wall at the culmination of the stationary bacterial growth phase. 

Among endolysins, one of the more potent catalytic domains is known as the cysteine, 

histidine-dependent amidohydrolase/peptidase (CHAP) domain (Broendum et al., 2018) . CHAP 

domains are widespread among endolysins derived from bacteriophages that target Gram-positive 

hosts. Notably, both N-Rephasin® (SAL200) and Exebacase (CF-301), endolysins with 

antimicrobial activity against Staphylococcus aureus that have undergone evaluation in Phase 2a 

and Phase 3 clinical trials, respectively, utilize a CHAP catalytic domain. However, no naturally 

occurring pneumococcal endolysin with a CHAP domain has been identified to date. Recently, we 

identified 76 putative pneumococcal endolysins from uncultured bacteriophage genomes by 

searching for a consensus sequence found in the cell binding domain region of Cpl-1, Pal, and 

LytA, which has been determined to be important for dimer formation of the endolysin in the 

presence of choline  (Alreja et al., 2023).  Among these endolysins, one named SP-CHAP due to 
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the presence of a CHAP domain, was confirmed to form a dimer in the presence of choline, 

suggesting increased binding to the pneumococcal cell wall. Here, we characterize the biochemical 

and antimicrobial properties of SP-CHAP and benchmark it against Cpl-1, which is currently the 

most studied pneumococcal endolysin. 
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3.4 Results 
 

Biochemical Characterization of SP-CHAP  

A turbidity reduction assay was employed to characterize lytic activity of SP-CHAP at 

various pH conditions. The lytic activity of SP-CHAP was tested over a pH range from 3.0 to 10.0 

in order to determine the optimum pH for SP-CHAP enzymatic activity on S. pneumoniae. The 

optimum pH was determined to be 7.0 while enzymatic activity was also seen at pH 5.0 and 6.0 

(Fig. 3-1A). At pH extremes however, SP-CHAP activity was dramatically reduced. This neutral 

pH profile range for SP-CHAP is similar to that seen for Cpl-1, Pal and LytA (Domenech et al., 

2011). Subsequent turbidity reduction assays to further characterize SP-CHAP were conducted at 

pH 7.0 based on these pH optimum results.  

Next, the thermodynamic stability of SP-CHAP was investigated by incubating the protein 

at a range of temperatures from 4oC to 55oC for 30 minutes and then placing on ice for 5 minutes. 

SP-CHAP displayed lytic activity on S. pneumoniae at all the temperatures tested from 4oC to 37oC 

while the highest activity was recorded at 25oC (Fig. 3-1B). There was a marked defect in activity 

at temperatures 40, 45 and 55oC, suggesting a melting temperature (Tm) between 37oC and 40oC. 

This Tm is consistent with melting temperatures reported for pneumococcal endolysins Cpl-1 of 

43.5oC (Sanz et al., 1993), 37oC for Pal (Varea et al., 2004) and 43.9oC for Cpl-7 (Bustamante et 

al., 2012). It has been previously shown that the antibacterial activity of several endolysins can be 

augmented by the addition of NaCl (Becker et al., 2008; Binte et al., 2020; Garcia et al., 2010). In 

order to test whether SP-CHAP displayed similar salt-enhanced activity, we investigated the effect 

of addition of NaCl in the range of 0 to 500 mM concentration. SP-CHAP was used at a starting 

concentration of 25 µg/ml. As seen in Figure 3-1C, there was a dose-dependent decrease in 

enzymatic activity with an increase in NaCl concentration. At the 500 mM NaCl concentration, 
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SP-CHAP displayed significantly reduced activity while the activity was only slightly attenuated 

at lower NaCl concentrations. SP-CHAP did however have the highest activity when no salt was 

added. These results indicate that contrary to previous reports for other endolysins, NaCl actually 

has an inhibitory effect on SP-CHAP lytic activity, even at low concentrations. 

 

SP-CHAP has Greater Lytic Activity than Cpl-1 and can be Partially Inhibited by Pneumococcal 
Capsule  
 

To benchmark SP-CHAP against Cpl-1, we evaluated their bacteriolytic activity against 

several pneumococcal serovars as well as against several oral/nasal commensal organisms. While 

both SP-CHAP and Cpl-1 kill all pneumococcal strains tested, at the same concentration SP-CHAP 

appeared to be more effective against three of the five strains (Fig. 3-1D). Neither of the two 

endolysins had any killing activity on the oral/nasal commensal organisms tested (Fig. 3-1E). To 

further quantify the lytic potential of SP-CHAP, a colony forming unit (CFU) assay was 

conducted. A dose-dependent effect of SP-CHAP lytic activity on S. pneumoniae Lyt4.4 was 

observed at all concentrations tested from 1.56 µg/ml to 100 µg/ml with one hour of treatment 

(Fig. 3-1F). SP-CHAP caused a reduction of 7 logs of S. pneumoniae Lyt4.4 at 100 µg/ml while 

Cpl-1 caused only a 2-log reduction at the same concentration. At 6.25 µg/ml, SP-CHAP and Cpl-

1 displayed identical activity while both enzymes appear to have no lytic activity at 3.12 µg/ml 

and below. On a minimum inhibitory concentration (MIC) assay, Cpl-1 displayed higher 

antimicrobial activity with a lower MIC than SP-CHAP against several S. pneumoniae strains 

tested with the difference being more prominent on the non-autolytic and capsule free Lyt4.4 strain 

(Fig 3-1G). While Cpl-1 displays a lower MIC than SP-CHAP, we attribute this difference to an 

inherent difference in the assay methodology. All other lytic assays conducted involved incubating 

the enzyme with bacteria for one hour whereas the MIC assay involved incubating enzymes with 
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bacteria overnight. The MIC assay is a bacteriostatic assay and suppresses the growth of bacteria 

keeping them in the stationary phase whereas the other assays conducted being bactericidal, kill 

the bacteria instantly. From a therapeutic standpoint, endolysins are being developed as 

bactericidal agents as opposed to bacteriostatic ones, therefore their instant lytic activity is of 

greater significance and more clinically relevant. In fact, this differing degree of activity from 

method to method has been previously observed by Kusuma et al., who reported varying degrees 

of lysostaphin susceptibility for S. aureus strains when comparing the MIC assay to the disk 

diffusion assay (Kusuma & Kokai-Kun, 2005). Nevertheless, we do note that the MIC values for 

both SP-CHAP and Cpl-1 are within the range that has been previously reported (Corsini et al., 

2018). It should be noted that due to mass differences between endolysins and antibiotics (e.g. 

penicillin is ~0.34 kDa and SP-CHAP is 33.5 kDa), the molarity of antibiotics is significantly 

higher than endolysins at comparable MIC values. The MIC results also highlighted variations in 

SP-CHAP activity against the capsulated D39 strain and its capsule-free derivatives, R6 and 

Lyt4.4. Consequently, we hypothesized that the presence of capsular polysaccharide may modulate 

SP-CHAP activity. This hypothesis stems from previous findings demonstrating that capsule 

shedding is a known pneumococcal response to antimicrobial peptides (Kietzman et al., 2016) and 

that the presence of a capsule in Klebsiella pneumoniae is linked to reduced endolysin activity 

(Hong et al., 2022). Pre-incubation of the purified capsular polysaccharide with the endolysins, 30 

min prior to and throughout the duration of a lytic assay, resulted in a partially yet significant 

reduction in the lytic activity of SP-CHAP, but this effect was not observed with Cpl-1 (Fig. 3-

1H).  
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Figure 3-1: Endolysin SP-CHAP is highly active against planktonic-grown pneumococci and 
its activity is modulated by capsule polysaccharide availability. Biochemical characterization 
of optimal conditions for SP-CHAP activity. The role of pH (A), temperature (B), and salt (C) on 

S. pneumoniae Capsule (µg) 
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SP-CHAP lytic activity against S. pneumoniae DCC1811. Lytic activity of Cpl-1 and SP-CHAP 
(50 μg/ml) on (D) S. pneumoniae strains TIGR4, D39, DCC1811, 1335, and Lyt4.4 or on (E) 
commensal bacteria S. mitis, S. hominis and S. epidermidis measured by absorbance OD600. (F) 
Lytic activity of SP-CHAP and Cpl-1 at various concentrations on S. pneumoniae Lyt4.4 as 
measured by the CFU assay. Data is reported as the log-fold killing compared to untreated control. 
(G) MIC (μg/ml of endolysin) of SP-CHAP and Cpl-1 on S. pneumoniae strains TIGR4, 
DCC1811, DCC1335, Lyt4.4, D39, and R6. (H) Lytic activity of Cpl-1 and SP-CHAP on S. 
pneumoniae strain Lyt4.4 after incubation with purified pneumococcal capsular polysaccharide. 
Experiments were done in triplicate, and the error bars represent the standard deviations. For one-
way ANOVA and two-way ANOVA, asterisks denote the level of significance observed: ns = not 
significant; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. 
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SP-CHAP has Greater Activity than Cpl-1 Against Biofilm Pneumococci in vitro 
 

S. pneumoniae can form biofilms to promote their colonization of the nasopharynx and to 

improve their resistance to antibiotics (Blanchette-Cain et al., 2013). Using a static in vitro biofilm 

model, we observed that SP-CHAP was highly efficient at eradicating pneumococcal biofilms 

when compared to Cpl-1 (Fig. 3-2A). Furthermore, when 24-hr mature biofilms were treated with 

SP-CHAP for 1-hr, it caused a dose-dependent decrease in the amount of biofilm formed. SP-

CHAP eradicated biofilms at all concentrations tested. Cpl-1 only significantly dispersed biofilms 

only at concentrations at or above 12.5 µg/ml (Fig. 3-2B). Supporting these observations, confocal 

imaging of biofilms demonstrated that biofilms treated with endolysins exhibited thinner and 

damaged structures compared to the control group. Further, SP-CHAP caused a greater reduction 

in biofilm thickness than Cpl-1 (Fig. 3-2C). Taken together, this data shows that SP-CHAP is the 

only known S. pneumoniae endolysin to have high efficacy against S. pneumoniae biofilms as both 

Cpl-1 and Pal (Domenech et al., 2011) require higher doses to achieve decolonization.  

 

SP-CHAP Treatment Does Not Cause Host Toxicity and Decolonizes the Nasopharynx in vivo  
 

Using a model of toxicity, we evaluated the systemic responses to SP-CHAP following 

injection into mice. Using a total injection of 600 µg SP-CHAP, or 10X the dose used in the 

decolonization studies below, we observed that none of the test group animals exhibited any 

biological reactivity at any of the specified time points during the three-day observation period. 

All animals from the test group gained weight at the end of the test period. No abnormalities were 

noted at gross necropsy (Fig. 3-2D). Finally, to assess the effectiveness of SP-CHAP as a 

decolonizing agent in vivo, we used a mouse S. pneumoniae nasopharyngeal colonization model. 
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We observed that administration of 60 µg SP-CHAP per mouse significantly reduced S. 

pneumoniae CFUs in the nasal tissue, and this was slightly more pronounced than the effect of 

Cpl-1 (Fig. 3-2E). Of note, previous studies have demonstrated intranasal delivery of 100 µg of 

penicillin was inadequate to decrease nasopharyngeal colonization by S. pneumoniae (Marks et 

al., 2012), highlighting the advantages of endolysins over antibiotics. 
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Figure 3-2: SP-CHAP reduces pneumococcal biofilm biomass in vitro and nasopharyngeal 
colonization in vivo. (A) Disruption of S. pneumoniae Lyt4.4 biofilms visualized by crystal violet 
staining. (B) Quantification of biomass measured by OD595 of crystal violet stained biofilms. SP-
CHAP displayed biofilm eradication ability at all concentrations tested while Cpl-1 removed 
biofilms at concentrations as low as 12.5 µg/ml. Statistical analysis denotes differences between 
PBS and endolysin-treated wells. (C) 3D confocal microscopy of S. pneumoniae biofilms treated 
with SP-CHAP and Cpl-1. Scale bar = 10 µm. (D) Acute systemic toxicity in mice challenged with 
vehicle or SP-CHAP intraperitoneally. (E) Sketch of mouse colonization model and CFU per gram 

-0.1

0.1

0.3

0.5

0.7

0.9

1.1

1.3

1.5

0.2 0.1 0.05 0.025 0.0125 0.00625 0.003125 0.0015625

Bi
om

as
s (

OD
59

5)

Enzyme treatment concentration (mg/ml)

Cpl-1

SP-CHAP

PBS control

PBS
Cpl-1

SP-C
HAP

0

1×105

2×105

3×105

4×105

C
FU

/g
 ti

ss
ue

*
**

A.

B.

C.

PBS

Cpl-1

SP-CHAP

**
** **
**

**
**

**
** **
****
** **

**
**

**

**
**

**
** **

** **
** **

**

ns

ns

ns

PBS 0.2 0.1 0.05 0.025 0.0125 0.00625 0.003125 0.001563
0.0

0.5

1.0

1.5

Endolysin (mg/mL)

B
io

m
as

s 
(O

D
59

5)

PBS Cpl-1 SP-CHAP

PBS Cpl-1 SP-CHAP

E.

Nasal colonization

T0 Day 2
+ 4hrs

CFU in 
Nasal tissue

Endolysin +/- (Cpl-1 or SP-CHAP)

Gross 
Necropsy

Average Weight 
Change (g)

Clinical observations
(All time points)Survival

NAO+ 3.0No Biological Reactivity100 %Vehicle

NAO+ 3.6No Biological Reactivity100 %SP-CHAP
NAO – no abnormalities observed

D.



109 
 

of nasopharyngeal tissue from mice infected with S. pneumoniae strain TIGR4 and treated with 60 
μg of endolysin 24 hr post-colonization. Samples tested with two-way ANOVA or one-way 
ANOVA Kruskal-Walls test with Dunn’s multiple-comparison post-test. Asterisks denote the level 
of significance observed: ns = not significant; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001, **** 
= p ≤ 0.0001. 
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3.5 Conclusion 
 

In summary, our results indicate that SP-CHAP is a non-host toxic, highly efficient 

endolysin with the ability to lyse S. pneumoniae and decolonize biofilm-grown bacteria both in 

vitro and in vivo. The fact that capsule can reduce the activity of SP-CHAP during planktonic 

growth also establishes a novel observation as a possible mechanism for pneumococci to protect 

themselves against this class of antimicrobial. Taken together, our data show new evidence as to 

the therapeutic capabilities of SP-CHAP and the mechanism that S. pneumoniae may use to counter 

it when in planktonic form. 
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3.6 Materials and Methods: 
 

Bacterial Strains and Growth Conditions  

S. pneumoniae was grown at 37°C with 5% CO2 in Todd Hewitt Broth supplemented with 

1% yeast extract (THY) without shaking, or on THY plates. Escherichia coli DH5α and BL21 

(DE3) strains were grown in Luria Broth (LB) or on LB plates. All strains were stored at -80°C. 

 

Cloning  

Cpl-1 (GenBank NP_044837.1) and SP-CHAP (GenBank OR644363) used in this study 

were codon-optimized and synthesized (GeneArt). A 6X-His tag was added to the C-terminal end. 

The constructs were sub-cloned into the pBAD24 expression vector and the sequence was 

confirmed (Psomagen, Rockville, MD, USA) before being transformed into E. coli BL21 (DE3) 

for protein expression. The ApE program (University of Utah) was used for DNA sequence 

analysis and manipulations. 

 

Protein Expression and Purification  

Overnight cultures of E. coli BL21 (DE3) containing the plasmid of interest were sub-

cultured 1:100 into 1.5 L baffled flasks containing LB supplemented with 100 µg/ml antibiotic 

and grown at 37°C. Expression was induced while cells were in mid-log phase with 0.25% 

arabinose and incubated overnight at 18°C. Cells were harvested (5,000 ×g, 15 min, 4°C), 

resuspended in 20 ml of lysis buffer (PBS, 10 mM imidazole, pH 7.4), and disrupted by freeze-

thawing (-80°C to 4°C). This was followed by sonication on ice (power level 6 and duty cycle 

30%). Insoluble cell debris was centrifuged (12,000 ×g, 1 hr, 4°C) and the cell lysate containing 

the 6X-His tagged protein was loaded onto Ni-NTA resin (HisPur™ Ni-NTA Resin, Thermo 
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Scientific) in a gravity flow column and eluted in 4 ml fractions using an imidazole step gradient 

in PBS buffer (20 mM, 50 mM, 100 mM, 250 mM, and 500 mM imidazole). Protein purity was 

analyzed on an SDS-PAGE gel. The Sephacryl S-200 column (Cytiva) was used to further purify 

samples. Samples were pooled and concentrated using a protein concentrator with the appropriate 

molecular weight cut-off (Amicon® Ultra 15 ml centrifugal filters, Millipore Sigma).  

 

Turbidity Reduction Assay  

Bacteriolytic (lytic) activity was measured by means of a turbidity reduction assay as 

previously described (Nelson et al., 2012). Overnight cultures of S. pneumoniae were centrifuged 

and the pellets were washed twice and resuspended in PBS to a final optical density at 600 nm 

(OD600) of 0.9-1.2. Cells were mixed with SP-CHAP or Cpl-1 with a final protein concentration 

of 100 µg/ml. The OD600 was monitored by use of a microplate spectrophotometer (SpectraMax 

ABS; Molecular Devices, USA) every 15 s for 30 min at 37°C. Lytic activity was quantified as 

the reduction in turbidity and measured as the difference in OD600 between PBS control treated 

cells and cells that were treated with SP-CHAP or Cpl-1 over 30 min.  

 

Colony Forming Unit Assay  

Colony forming unit (CFU) counting was also conducted to quantify antimicrobial activity. 

Sterile protein at a final concentration of 100 µg/ml was used for this assay. Briefly, 100 µL of 

protein was mixed with 100 µL of S. pneumoniae Lyt4.4 in PBS in a 96-well plate and incubated 

at 37oC for an hr. Then, five 10-fold dilutions in PBS were made and 10 µL from each dilution 

was plated on THY agar plates, air-dried and placed in a 37oC incubator overnight. The CFUs 

were counted and the data was reported as the log-fold killing compared to the untreated control. 
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Due to autolytic activity pneumococci normally display in overnight cultures, the mutant Lyt 4.4 

strain was chosen because it lacks the major autolysin LytA and does not display autolysis 

overnight. Each turbidity reduction assay and CFU counting assay was performed in triplicate on 

three separate days. 

 

Minimum Inhibitory Concentration Assay (MIC)  

A 10 ml overnight culture of each S. pneumoniae strain was grown for 12-16 hours. 

Subsequently, 100 µL of the overnight S. pneumoniae culture was diluted in 10 ml of THY media 

(1:100), to which 50 µM catalase was added. Ten two-fold dilutions of endolysins were prepared, 

starting at 100 µg/ml. Following this, 100 µL of the diluted culture was mixed with 100 µL of each 

endolysin treatment at every concentration in triplicate, using a 96-well plate. The plate was then 

incubated overnight in a 37°C non-shaking incubator and observed the following day to identify 

the lowest concentration at which there was a clear well with no bacterial growth. The OD600 was 

measured for accuracy using a SpectraMax ABS plate reader. 

 

Biofilm Assay  

Biofilms were produced in Costar 96-well flat-bottom polystyrene (PST) plates (Corning). 

S. pneumoniae Lyt4.4 were grown in THY media to an OD600 of 0.5 to 0.6, sedimented by 

centrifugation, and resuspended in an equal volume of fresh THY media. The cells were then 

diluted 1:2 into a fresh 15 ml tube and 200 µL of this was dispensed into each well of the 96-well 

plate. The plate was then incubated at 37oC overnight. The next day, the media was carefully 

pipetted out from each well and the biofilm formed was gently washed twice with PBS to remove 

unattached cells. Two-fold serial dilutions of SP-CHAP or Cpl-1 were added to treatment wells 
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and the plate was incubated at 37oC for 1 hr. The liquid was then pipetted out and the wells were 

washed with distilled water and left to air-dry. The formed biofilms were stained with 50 µL of a 

0.2% crystal violet solution and incubated at room temperature for 15 min. After pipetting out 

excess crystal violet, the wells were washed three times with distilled water and air-dried. The 

biofilm was solubilized in 10% SDS to extract crystal violet from the biomass, transferred to a 

fresh 96-well plate, and then quantified by determining the OD595 using a SpectraMax M5 plate 

reader.  

Alternately, biofilms were grown in chamber slides (Nunc Lab-Tek chamber slides, 

Thermo Fisher Scientific) following previously established procedures (Shenoy et al., 2017). To 

each chamber, 100 µL of a 100 µg/ml solution of each endolysin was added and allowed to 

incubate at 37oC for 1 hr. Subsequently, the chambers wells were washed twice with PBS, and the 

biofilms were stained using the Live/Dead BacLight stain (Thermo Fisher Scientific) before being 

examined by confocal microscopy.   

 

Confocal Microscopy  

Mounted samples were visualized using Zeiss LSM800 confocal microscope at 63x with 

1x digital zoom. Z-stacks of each biofilm samples were acquired using the 488 nm laser and 500-

619 nm detection filter with a constant 0.5µm Z-axis interval for 19 slices. 3D images of the 

biofilms were rendered using the normal shading mode of Imaris 9.0.1 software (Oxford 

Instruments). All acquisition and image settings were set the same across all samples. 
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Acute Systemic Toxicity Testing  

Acute systemic toxicity testing was done by Pacific BioLabs. Briefly, SP-CHAP was 

prepared according to ISO 10993-12 and Pacific BioLabs internal SOPs (Pacific BioLabs, 

Hercules, CA). Saline without SP-CHAP was used as the vehicle (negative) control. Ten Swiss-

Webster albino mice were randomly assigned to SP-CHAP or vehicle groups. Each animal was 

injected intraperitoneally with 200 μL of saline or SP-CHAP at a concentration of 3 mg/ml. The 

animals were observed for biological reactivity immediately after and at 4-hr ± 15-min, 24 ± 2-hr, 

48 ± 2-hr, and 72 ± 2-hr following injection. Animals were weighed at 24 ± 2 hr, 48 ± 2-hr, and 

72 ± 2-hr following injection. At the end of the study, animals were euthanized, and gross necropsy 

was performed. 

 

Mouse Colonization Studies  

The mouse colonization experiments were similar to those previously described 

(Blanchette-Cain et al., 2013; Riegler et al., 2019). Briefly, mice were infected with 1x105 CFU S. 

pneumoniae TIGR4 in each nostril. Forty-eight hrs after inoculation, mice received PBS (vehicle), 

Cpl-1, or SP-CHAP intranasally (25 µL per nostril). After four hrs, mice were sacrificed, and their 

nasopharyngeal tissue was excised and weighed. Homogenates were serially diluted and plated on 

blood agar plates to determine CFU per gram tissue. All endolysins used for mouse experiments 

were sterile and passed through an endotoxin removal column prior to administration. Both Cpl-1 

and SP-CHAP were used at a concentration of 1.2 mg/ml.  
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Statistical Analysis  

Unless otherwise noted, all in vitro experiments had a minimum of 3 biological replicates, 

with ≥3 technical replicates. GraphPad Prism 8 (La Jolla, CA) was used for statistical analyses. 

Comparisons between two cohorts at a single time point were calculated by Mann-Whitney U test. 

Comparisons between groups of >2 cohorts or groups given multiple treatments were calculated 

by ANOVA with Tukey’s (one-way) or Sidak’s (two-way) post-test or by Kruskal-Wallis H test 

with Dunn’s multiple comparison post-test, as determined by the normality of data groups. 

Repeated measures are accounted for whenever applicable.  
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Chapter 4: Discussion and Future Directions 
 

 
 

4.1 Summary of the Dissertation 
 

 Streptococcus pneumoniae is a significant pathogen, with a wide variety of virulence 

factors at its disposal, including the ability to form biofilms. It causes infections ranging from 

simple otitis media to more serious disease such as bacteremia, invasive pneumococcal disease 

and meningitis, while having the biggest impact on children and the elderly. The emergence of 

antibiotic resistant strains represents a major challenge for pharmaceutical companies and 

healthcare networks worldwide, prompting the search for alternatives. This prompted us to 

research the Cpl-1 endolysin, which displays antimicrobial activity against S. pneumoniae. 

 The goal of this dissertation was to identify the molecular mechanism for dimer formation 

of the pneumococcal endolysin Cpl-1, in the presence of choline. While there has been a lot of 

speculation on the mechanism, to date no one has conclusively established it.  In Chapter 2 we 

sought to determine this. A prior study by Buey et al. proposed a model for Cpl-1 dimer formation 

by fitting the monomeric Cpl-1 crystal structure obtained in the absence of choline into a SAXS 

envelope generated in the presence of choline (Buey et al., 2007). From this, they identified and 

hypothesized three aromatic residues involved in the formation of the Cpl-1 dimer in the presence 

of choline, all located at the N-terminus of the cell binding domain. However, they did not actually 

test whether these residues were involved in dimerization. In contrast, we went about testing their 

hypothesis, disproved it using various mutagenesis studies, and analytical approaches, and instead 

showed that Cpl-1 dimer formation occurs at the C-terminus of its cell binding domain rather than 

at the N-terminus. We experimentally identified residue F328 as being critical to formation of Cpl-



118 
 

1 dimers in choline as a single point F328A mutant was unable to form dimers in the presence of 

choline as monitored by analytical size exclusion chromatography. Structural modeling using 

AlphaFold2 showed the F328 residue being involved in π-stacking, confirming our experimental 

findings.  

Consistent with previous studies, we have shown that Cpl-1 binds choline with millimolar 

affinity (Monterroso et al., 2008) (Fig. 2-6A). We have also shown, for the first time, that Cpl-1 

exhibits similar affinity towards phosphocholine, which more closely resembles the native form 

of choline present in the pneumococcal wall teichoic acids (Fig. 2-6B). 

Through a bioinformatics approach, we identified a consensus sequence present in the C-

terminus of the cell binding domain that is widespread and can be used to predict dimer formation 

in pneumococcal cell wall hydrolases, including both pneumococcal autolysins and bacteriophage 

endolysins. Our search led to the identification of a novel endolysin we named SP-CHAP. Not 

only does SP-CHAP contain the C-terminus dimerization consensus sequence (and we show it 

does dimerize), but it is also the first pneumococcal endolysin identified to date possessing a 

cysteine, histidine-dependent amidohydrolase/peptidase (CHAP) domain.  

In Chapter 3 we took our findings from Chapter 2 further and sought to biochemically 

characterize this new endolysin and also evaluate its antimicrobial properties. We show that SP-

CHAP is active in all physiologically relevant conditions (pH, temperature) and displays 

bactericidal activity against various S. pneumoniae strains, both encapsulated and capsule free, 

while not affecting oral/nasal commensal organisms. Our results showed SP-CHAP was highly 

efficient at eradicating static pneumococcal biofilms as seen by quantification of crystal violet 

staining and subsequently visualized by confocal microscopy. We show SP-CHAP does not elicit 

host toxicity and is a successful decolonizing agent in vivo. Our preclinical evaluation of SP-CHAP 
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in a mouse S. pneumoniae nasopharyngeal colonization model did not result in any adverse effects 

and protected mice from infection by killing S. pneumoniae when 60 µg was administered 

intranasally. Of importance, the bacteriolytic activity of SP-CHAP was greater than Cpl-1 against 

planktonic cultures, pneumococcal biofilms and in a nasopharyngeal colonization model. Our 

findings warrant SP-CHAP be pursued further for translational development as a highly active 

pneumococcal endolysin.  
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4.2 Discussion & Future Directions 
 

The scourge of global mortality due to ravaging bacterial infection now attends the 

decades-long decline of the golden age of antibiotic discovery which big pharma has since exited.  

Of 13.7 million infection-related deaths in 2019, lower respiratory and bloodstream infections each 

caused more than 2 million deaths. Along with Staphylococcus aureus, Streptococcus pneumoniae 

leads in causing this crisis; it happens to be the only organism in the spotlight through global 

surveillance measures and public health initiatives (GBD Antimicrobial Resistance Collaborators, 

2022). Combating the situation in breadth and depth demands deploying horizontal and vertical 

global organizational power.  Just as mighty oaks from little acorns grow, creative solutions can 

germinate from innovation-driven scientific labs, but their application to restoring global public 

health needs organizational leadership from public-private-policy partnerships and the 

navigational might of big pharma. A parallel can be drawn to Alexander Fleming’s laboratory 

curiosity of penicillin turning into a life-saving drug through the Oxford team of Howard Florey 

and Ernst Chain, who unearthed its chemotherapeutic properties, and the consortium of five US 

companies who followed through with its large-scale manufacture (Aldridge, 1999).  

Amidst the widespread recognition, even alarm, about how devastating the antimicrobial 

resistance situation can become, there is the Combating Antibiotic-Resistant Bacteria 

Biopharmaceutical Accelerator (CARB-X), set up as a global nonprofit public-private partnership 

initiative in 2016. Such enterprises dedicated to accelerating antibacterial-related research to tackle 

the surging development of drug-resistant pathogens afford hope (Alm & Gallant, 2020).  

CARB-X’s composition of partners is loaded with domain expertise in infectious disease, 

information technology resources, and the wherewithal to fund and raise funds from philanthropic 

agencies across the world committed to bettering the universe. These include the Biomedical 
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Advanced Research and Development Authority (BARDA) of the US HHS, the Wellcome Trust 

of the UK, Germany’s Federal Ministry of Education and Research (BMBF), the UK 

Government’s Global Antimicrobial Resistance Innovation Fund (GAMRIF), and the Bill & 

Melinda Gates Foundation. With about half a billion dollars available to invest, the mission of 

CARB-X is to identify, select, and fund topnotch science from around the world that aligns with 

its goal.  

CARB-X finds the current antibacterial ecosystem fragile, primarily because big pharma 

is circumspect on financial returns from this therapeutic area, and smaller companies while leading 

in innovation may not have the bandwidth to chaperone and champion research programs all the 

way into the clinic. As of 2020, CARB-X had funded 60 projects in 7 countries and had an active 

portfolio of 39 projects (Alm & Gallant, 2020). It is encouraging to see that commitment to 

innovation and the demand for funding and support to this critical therapeutic area of dire need is 

still strong. 

The CDC estimates over 2.8 million infections and 35,000 deaths each year are caused by 

antibiotic-resistant bacteria in the United States alone (CDC, 2019). Resistance being a global 

issue, the misuse and overuse of antibiotics everywhere keeps making the problem worse. While 

antibiotic overuse has led to increased resistance development, it has also contributed to illnesses 

and deaths associated with various opportunistic pathogens. For example, the nonspecific killing 

of beneficial commensal bacteria that colonize the gut microbiome due to the broad-spectrum 

action of antibiotics has helped in the pathogenicity of Clostridium difficile. The CDC reports that 

over 223,000 illnesses and 13,000 deaths each year are associated with C. difficile infections and 

has classified it as an urgent threat to human health. Now that the gut-lung axis is recognized in 

mediating respiratory outcomes (Lane et al., 2023), the deleterious effect of antibiotic resistance 
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encountered while treating infections in other organ systems could worsen lung health due to 

disruption of the intestinal flora. The economic burden caused by antibiotic resistant infections is 

significant enough to warrant addressing the threat through alternative antimicrobial therapies. 

 Endolysins, are one such attractive alternative to antibiotics, to address the surge of 

antimicrobial resistance. Endolysins have been evaluated for their ability to lyse bacterial cell walls 

in vitro for several years. However, it was not until the first in vivo mouse study conducted by 

Vincent Fischetti’s group in 2001 to treat a streptococcal infection, that endolysins started gaining 

attention to be used as therapeutics (Nelson et al., 2001). While their application extends to various 

fields other than medicine, such as food safety, agriculture and animal safety, one of their main 

advantages over antibiotics is that resistance to these antimicrobials has not been documented to 

date, despite studies conducted to generate resistant mutants. The high species specificity 

displayed by endolysins, modulated by its cell binding domain, enables them to be used as targeted 

therapies to target only a particular pathogen of interest while leaving others unaffected, which is 

especially important for the gut microbiota and to reduce the chance of developing secondary 

infections as a result of antimicrobial treatment. 

 In this context to take our work further, while we assessed the bacteriolytic activity of SP-

CHAP in Chapter 3 and benchmarked it against Cpl-1, we would like to further investigate its 

antimicrobial activity when used synergistically in combination with other endolysins and also in 

combination with various antibiotics. SP-CHAP can be used in combination with Cpl-1, Pal, and 

LytA to evaluate how a combination of endolysin treatment can achieve bacteriolytic killing, both 

in vitro and in vivo. Cpl-1, Pal, and LytA all possess catalytic domains that are different from the 

CHAP domain present in SP-CHAP. Synergy here could be manifested as the simultaneous 

cleavage of different bonds in the peptidoglycan, leading to enhanced cell lysis. In addition, it is 
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probable that one endolysin can break a bond in the peptidoglycan enabling the second endolysin 

to have better access to the bond it cleaves, allowing for the targeting of multiple different sites 

that ultimately leads to cell lysis. SP-CHAP can also be used in combination with antibiotics such 

as penicillin, daptomycin, and gentamycin. When used synergistically with other endolysins and 

antibiotics, we would expect the dose requirements to be lower as compared to when SP-CHAP is 

used independently, and thereby display a lower MIC. The synergy results can be used to help 

translate into a therapeutic cocktail formulation that could be used clinically. A cocktail containing 

endolysin combination would also be associated with a lower likelihood of development of 

resistance since the effective dose of each endolysin would be lower when used in combination. 

While the regulatory hurdles associated with a protein cocktail are certainly significant, the 

benefits associated with it would warrant going through the process.  

 A future experiment would involve testing the activity of SP-CHAP in different mouse 

pneumonia models. In Chapter 3, we showed efficacy in an in vivo mouse nasopharyngeal model. 

Given that S. pneumoniae causes a wide variety of infections ranging from otitis media to 

bacteremia and meningitis, we propose SP-CHAP be tested in mouse otitis media, meningitis, 

endocarditis, and bacteremia models. Demonstrating the efficacy of this endolysin in different 

models with varying severity of pneumococcal disease is critical for the advancement of the 

endolysin to clinical trials. A better understanding of the pathogenesis of how S. pneumoniae can 

radiate and migrate into the bloodstream and cross the blood-brain barrier to cause meningitis 

would enable more targeted therapies.  

 In Chapter 2 we identified the F328 residue in Cpl-1 to be critical for formation of a dimer 

in the presence of choline, and we showed that SP-CHAP also forms a dimer in choline. As 

expected, SP-CHAP also contains the corresponding phenylalanine residue as part of the C-
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terminal consensus sequence in its cell binding domain. Given that Resch et al. have shown 

construction of a pre-formed dimer of Cpl-1 had greater activity and a higher bioavailability in 

vivo (Resch et al., 2011b), a future experiment would be to construct a pre-formed dimer of SP-

CHAP and evaluate its activity and bioavailability. While we would expect a pre-formed SP-

CHAP dimer to display enhanced activity similar to the results obtained by Resch et al., we cannot 

be 100% certain. The ClyJ-3m endolysin, which was engineered to be a monomer in the presence 

of choline, showed higher lytic activity on S. pneumoniae in vitro and in vivo compared to its 

dimeric parent enzyme ClyJ-3 and Cpl-1 (Luo et al., 2020). In contrast, our own activity studies 

on the monomeric Cpl-1 F328A mutant showed a decrease in bacteriolytic activity compared to 

wild-type Cpl-1 suggesting dimerization is essential for full lytic activity. Thus, it would be 

interesting to investigate whether a SP-CHAP monomeric mutant still displays lytic activity, and 

if this activity is less than or greater than wild-type SP-CHAP. Construction of a pre-formed dimer 

will also have important implications when considering the pharmacokinetics of SP-CHAP. 

 The Cpl-7 endolysin encoded by the pneumococcal Cp-7 bacteriophage comprises a 

catalytic domain with muramidase activity and a cell wall binding domain made up of three almost 

identical repeats (CW_7 repeats). Cpl-7 is the only pneumococcal endolysin that does not bind 

choline on the surface of pneumococci, yet it successfully lyses S. pneumoniae. Published results 

suggest that the CW_7 repeats recognize the peptidoglycan network as the binding target of Cpl-

7 (Bustamante et al., 2012). A study by Bustamante et al. sought to identify the binding epitope of 

Cpl-7 on the bacterial cell wall (Bustamante et al., 2017). Through saturation transfer difference 

NMR spectroscopy, they found that Cpl-7 binds to GlcNAc-MurNAc-L-Ala-D-isoGln (GMDP) 

on the bacterial cell wall. GMDP is a highly conserved region of the bacterial peptidoglycan and 

is found is most Gram-positive bacteria. Because Cpl-7 binds to a conserved region of bacterial 
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peptidoglycan, future experiments could exploit this and expand the host-range and lytic activity 

of Cpl-7 by evaluating different catalytic domains fused to the Cpl-7 CBD containing the CW_7 

motifs. This approach can help inform a long-term goal of evaluating constructs with multiple 

catalytic domains that may act synergistically. To test whether the Cpl-7 CBD does indeed bind to 

multiple different bacteria, we have obtained unpublished preliminary data on the host-range of 

Cpl-7. As seen in Table 4-1, the Cpl-7 CBD bound to all Streptococcus and Enterococcus strains 

tested while no binding was observed with Staphylococcus or Bacillus species. Notably, the 

GMDP motif is absent in Bacillus spp. This preliminary host-range analysis offers hope that novel 

chimeric enzymes could be generated with broad specificity and lytic activity. While our 

preliminary host-range data is not developed enough for a manuscript, future researchers could 

build on our findings in the ways outlined below. 
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Table 4-1.  Cpl-7 CBD host range. 

 

 

 

As a future experiment, the Cpl-7 catalytic domain could be replaced with different 

catalytic domains such as amidases, endopeptidases, glucosaminidases, and muramidases and 

activity studies could be conducted. The best (most active) constructs could be chosen and the 

number of CW_7 repeats be modulated. Wild-type Cpl-7 has three CW_7 repeats and a construct 

with two CW_7 repeats had higher lytic activity as compared to wild-type Cpl-7 (Bustamante et 

al., 2017). Since this construct with two repeats had higher lytic activity, it is reasonable to 
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hypothesize that modulation of the number of CW_7 repeats for the best construct chosen may 

generate an enzyme with even better activity. In order to further our efforts to come up with a 

highly active and broad spectrum endolysin, the CBD of the most active construct could be 

modulated. The CW-7 repeats could be replaced with the CBD from Cpl-7S, an engineered 

endolysin in which the net charge of the CBD has been inverted (Diez-Martinez et al., 2013). Cpl-

7S has fifteen amino acid substitutions which results in a change in net charge of the CBD from -

14.93 to +3.0 at neutral pH. Cpl-7S has been shown to have improved lytic activity against S. 

pneumoniae, as well as S. pyogenes. It is likely that inversion of the net charge of the CBD of our 

construct may result in a more active enzyme with higher lytic activity. This is a reasonable 

strategy to improve the lytic activity of endolysins since it facilitates their pass through the 

negatively charged bacterial wall enabling interaction with the cell wall target. Engineering and 

domain swapping of Cpl-7 with the goal of developing a “holy grail” endolysin that binds to and 

lyses multiple different bacteria could be very useful. 

  The COVID-19 pandemic has led to the discovery and use of mRNA vaccines that enabled 

pharmaceutical companies to produce vaccines against SARS-Cov-2 in record time. This mRNA 

approach instructs cells to make the spike protein found on the surface of the COVID-19 virus, 

resulting in antibody production thereby providing protection against future infection. As a future 

experiment, we propose using the mRNA-based approach and applying it to endolysins as an 

mRNA based-antibacterial therapy. Administration of synthetic mRNA that encodes for an 

endolysin would enable endogenous synthesis and production of endolysin. This would enable 

organ targeting, overcoming a challenge associated with endolysin site-specific delivery. To this 

end, we propose applying  SP-CHAP mRNA to human cell lines that would result in the expression 

and production of SP-CHAP in the cytosol. SP-CHAP mRNA could be transfected into HEK293 
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or A549 cells, the cells lysed, and the lysate be tested for bacteriolytic activity against S. 

pneumoniae. If activity is seen, this would suggest that SP-CHAP encoding mRNA was 

successfully translated into a biologically active form of the protein. This can prove to be very 

useful for treating intracellular S. pneumoniae infections. To take this further, we could attach a 

signal peptide (SP) to the N-terminus of the SP-CHAP sequence so as to enable the secretion of 

this endolysin. Secretory proteins are equipped with various signal peptides that direct proteins to 

the secretory pathway via the endoplasmic reticulum. The supernatant of cells transfected with SP 

fused SP-CHAP mRNA could be tested for activity against S. pneumoniae. If the supernatant 

displays killing activity against S. pneumoniae, this would suggest that addition of the SP led to 

secretion of the endolysin, thus having implications for extracellular targeting of bacteria. Given 

that endolysins would be produced in mammalian cells, they would be subject to post translational 

modifications such as glycosylation. Glycosylation is either N-linked or O-linked and in the case 

of N-linked glycosylation occurs when oligosaccharides attach to the nitrogen atom of asparagine 

residues (Khoury et al., 2011). This is typically associated with a consensus sequence of 

Asparagine-X-Serine/Threonine, where X can be any amino acid except proline, in the case of N-

linked glycosylation (Kelleher et al., 1992). Individual amino acid modification to prevent 

glycosylation can help retain the biological activity of the endolysin. An innovative approach such 

as this, if successful, could be expanded to target other pathogenic bacteria by utilizing mRNA 

from endolysins that target their respective bacteria. At the very least, this would serve as a proof-

of-concept study to validate the capability of human cells to produce endolysins from their mRNA. 

This mRNA based endolysin approach can be especially useful to treat intracellular pathogens 

such as S. pyogenes. Taking it further, we propose application of endolysin mRNA on an accessible 

or targeted site, such as a wound infection or bladder to treat urinary tract infections. For example, 
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MRSA is commonly associated with wound infections. Application of a patch containing 

endolysin mRNA that targets S. aureus to a wound would lead to site-specific endolysin production 

that can cause targeting killing of S. aureus. Finally, we have shown that the Cpl-1 endolysin can 

be spray-dried and converted into a powder for inhaled delivery to treat pulmonary infections, 

while retaining activity (Wang et al., 2023). Application of Cpl-1 mRNA to the lungs through the 

use of a nebulizer will enable site-specific targeting. 

 As mentioned in Chapter 1, endolysins do generate an immune response, however, this 

does not seem to significantly affect their activity. For in vivo applications, a reduction in the 

immune response would nevertheless be beneficial. A recent study has demonstrated immunogenic 

epitope scanning to identify immunogenic amino acids that were altered to modulate the immune 

response using the EndoScan technology (Harhala et al., 2023). In this technology, a phage display 

library of all epitopes in the endolysins was constructed with a nucleotide printed library of 

oligopeptides representing overlapping sequences of the Pal and Cpl-1 endolysins. The library was 

then incubated with mouse serum containing high levels of anti-Pal and anti-Cpl-1 IgG.  The 

investigated sera were immunoprecipitated with IgG specific magnetic beads and a fraction of the 

phage display library that exposed endolysin epitopes reactive to IgG present in sera was isolated. 

Since the library contains whole phage particles, each phage that displays a specific epitope 

contains a sequence coding for this epitope in its genome. Then, next-generation sequencing of the 

relevant region in the library genomes was used to reveal which epitopes were effectively 

recognized by specific IgG. Key amino acids residues encompassing the various epitopes that 

generated an immune response were subsequently identified. One can envision applying the 

EndoScan technology to further the translational development of SP-CHAP. Upon identification 

of key amino acid residues that contribute to an immune response, these residues could be mutated 
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and the enzyme assessed for a change in immunogenicity and evaluated for its antibacterial killing 

ability. Because antibodies bind specific sites within proteins that are antigenic, such a targeted 

approach to disrupt endolysin antigenic activity can be useful when designing an engineered 

endolysin for therapeutic applications, as long as its biological activity is retained. 

 When one looks into the future for directions to steer the present study, the attributes of 

endolysins lend amenability for multiple translational developments. Engineering enhances the 

intrinsic characteristics to make endolysins even more attractive. For instance, low resistance 

potential (if at all) and specificity of antimicrobial targeting are vital characteristics that make an 

endolysin a suitable research candidate for enhancing its druggability (i.e. pharmaceutical 

characteristics like absorption, distribution etc.) in various ways. Targeted delivery is an area 

where progress is being made in applications such as inhalation (Wang et al., 2023), hydrogels (Li 

et al., 2023) and nanoparticles, which confer higher potency and thermal stability (Dzuvor et al., 

2022). 

 There will undoubtedly be developments in technologies for rapid detection of bacterial 

infection in field locations rather than restricted to sophisticated central clinical laboratories as at 

present. With rapid growth in information technology and broadband connectivity across the 

globe, one hopes and expects it will become easier to detect and contain the geographic spread of 

infection outbreaks closer to where they fulminate. 

Driven by the global medical call for action, and stimulated by incentives and policies 

through public-private-philanthropic initiatives, there is reason to expect that large pharmaceutical 

companies too may reenter the field of antimicrobial therapeutics. This could happen through 

standalone pharma majors, consortia, or mergers and acquisitions with small innovative research 
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boutiques. A variety of research approaches strung together with bioinformatics involving 

combinatorial and newer technologies could enhance the success rate.  

As an example, the mechanism of dimerization of Cpl-1 having been conclusively 

elucidated, its conformation having been studied now with the rigor of the 2023 Lasker-award 

winner AlphaFold2, and the novel endolysin SP-CHAP having been characterized, are factors that 

can open a unique opportunity in the infectious disease space for investigation through a medicinal 

chemistry approach. Protein mapping of G-protein coupled receptors (GPCR’s) for intra-receptor 

distances to optimize ligands for specificity of pharmacologic profile, exploration of homomer and 

heteromeric possibilities, factoring out the addiction potential from newer opioid drugs used for 

intractable pain, etc. are examples of research that have capitalized on state-of-the-art science for 

better probes and drug candidates. Conceivably, the information available from the present 

endolysin investigation could be similarly pursued to engineer endolysin molecules by a 

combination of molecular biology and chemical techniques, just as fermented penicillin 

technology spawned semi-synthetic, highly successful analogs like amoxicillin with finer-tuned 

profiles. This could be possible since we now have information not only on the cell wall of the 

pathogenic organism, but also details of the endolysin molecules that bind in a specific manner at 

specific site(s) to the cell wall to selectively exert their hydrolytic action. Just as more than a single 

pharmacophore moiety can be crafted into a drug candidate via linkers to simultaneously modulate 

responses at multiple opioid GPCR’s or biochemical pathways, designer infectious disease 

treatments could emerge on the horizon. As an example, to illustrate the concept, we could 

conceivably combine more than one endolysin of interest into the same molecule, to achieve 

therapeutic goals such as desired narrow or wide spectrum of activity, avoid development of 
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resistance, target the therapy to a desired site, etc. and stay clear of disrupting the commensal 

microflora. 

In conclusion, this study investigates the molecular basis for Cpl-1 endolysin dimer 

formation and challenges a long accepted mechanism, while identifying a novel C-terminal 

consensus sequence shared by pneumococcal endolysins. The discovery of a new endolysin, SP-

CHAP, exhibiting antimicrobial activity against S. pneumoniae and possessing a unique cysteine, 

histidine-dependent amidohydrolase/peptidase (CHAP) domain, adds to the arsenal of potential 

therapeutics. SP-CHAP demonstrates robust antimicrobial properties, including efficacy against 

S. pneumoniae biofilm eradication. Validation in a mouse model underscores its therapeutic 

potential, marking SP-CHAP as a promising candidate for further translational development as an 

effective endolysin against S. pneumoniae infections. 
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Appendix A: Sequence of 76 novel endolysins identified containing 
C-terminal consensus sequence 

 
Of the 2,628 putative novel endolysins identified by Fernandez-Ruiz et al., in Chapter 2 

we identified 76 that contained a C-terminal tail consensus sequence (FxxEPDGLIT). The amino 

acid sequences of these 76 enzymes are listed in this appendix. The “SRS” numbers corresponds 

to the sequence IDs from the (Fernandez-Ruiz et al., 2018) paper. Text highlighted in yellow 

corresponds to the tail consensus sequence established in Chapter 2 of this dissertation. 

 

>7000000001.a:SRS022530_LANL_scaffold_28930 
MVEIINTNVFNGIAGARPTDKPKYYILHNDAGSMTPESYIGWLQERYNNGQSALGFAHYYINRDTIARVENTYS
GTWSVANYDANMNSISYEVCQQYNASDAEFIENENMVLRQMAEDMTYYGDTPNYSNIKFHNEFSSTSCPKRSLA
LHGGYNDSLRDYVIAKIKYYQSLGSTVQEMLGEAKAEAGWHNNSTGWWDVNEDGTYPTNKWQVIDDVWYYFDSN
GYMKANTWHKHSDTNWYYLLPDGSMATGWVLIDNSWYYFDNQGAMVTGWVKYKDTWYYLDYQKGSMVSNAFVKS
ADGKGWYYLKDDGSLADKPEFEVEPDGLITLAHTKEETTK* 
 
>7000000001.a:SRS022530_LANL_scaffold_62421 
MTINIENAIAWMRARQGQVSYSMEDRDGPDSYDCSSSVYYALRSAGASSAGWAVNTEYEHDWLVKNGYELITEN
SPWDAQRGDIFIWGKRGASAGAFGHTGMFIDEDNIIHCNYAYNGISVNDHDERWYYAGQPYFYIYRLTNPDAQP
EEPKKGWQKDDQGHWYARANGSYPKAEFEYIEENKSWFYFDAEGYCVKSDWVLHTDGKWYYFDKDGYMATSWKK
VADKWYYFNRDGAMQTGWVKYYDKWYYLDATNGDMKSDCFIKYNDGWYLLLPDGRLADKPEFTIEPDGLITTK* 
 
>7000000002.a:SRS022532_LANL_scaffold_9343 
MYANRWLKHTDGHWYWFDSSGYMATSWKKIAGVWYYFNRDGAMQTGWVKYYEKWYYLDAVNGDMKSNTFVPYNG
GYYLLLPDGRLADKESFKIEPDGLITTK* 
 
>7000000005.a:SRS022536_LANL_scaffold_30505 
MDIDKSRLRSGLPQVGVQPYRQVHAHSTGNRNSTAQNEADYHYRKDPELGFFSHVVGNGRVMQVGPVNNGSWDV
GGGWNAESYAAVELVESHGSKEEFMRDYKLYVELLRNLADEAGLPKTLDTGSLAGIKTHEYCTNNQPNNHSDHV
DPYPYLAKWGISREQFKKDIEDGLSESGWKRNETGWWWEESDGSYPTDRWKRVNNEWFYFDNRGYCLINRWFND
GQDWFYLDKRGAMVTGWMYINNRWYYFKSDGRMAKGWVKYRETWYYLDEKDGDMKSDQFVKYGNGWYYLKPDGS
MADKPEFTVEPDGLITTK* 
 
>7000000005.a:SRS022536_LANL_scaffold_52876 
MGLNLETAIAWMRARKGQVSYSMDDRNGPDSYDCSSSIYYALLSGGAVSAGWAVNTEYEHDWLKKNGYELIAEN
TPWDAKRGDIFIWGRRGYSAGAFGHTGMFIDGDNIIHCNYAYDGISVNDHDERWAYAGKPYYYIYRLTNPDATP
APVKKGWQNDDTGYWFVRANGSYPKDQFEYIEENKSWFYFNSEGYMVAEDWVKHTDGKWYWFDKDGYMATSWKK
INGKWYYFNRDGSMQTGWVKYYEKWYYLNSENGDMVSNAFVPYNGGYYLMLEDGRLAEKESFNIEPDGLITTK* 
 
>7000000007.a:SRS017139_Baylor_scaffold_85819 
MMRMSKKQDMINDLMSHADAGTGVDYDGMYGYQCADVTCYGIYEYFGTRLWGNAIDLLRSAEAAGLQVVYGAQY
PKAGWFFVKNFVAGDGVNYGHTGLVYEDSDGSTIKTIEQNIDGNWDYLEVGGPCRYNERSVNSIVGYIVPPEED
QSGWKRNDTGWWWSRKDGSYPTSKFEKIADTWYYFDSRGYMYAERWLKHTDGYWYWFDTSGAMVTGWKKIGGLW
YYFNRDGAMQTGWVKYYEKWYYLDEVNGDMKSNTFVPYNGGYYLLLPDGRLADKAAFTVEPDGLITTK* 
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>7000000009.a:SRS018300_Baylor_scaffold_55979 
MTINIENAIAWMRARQGQVSYSMEDRDGPDSYDCSSSVYYALRSAGASSAGWAVNTEYMHDWLIKNGYELIAEN
TECTAQRGDIFIWGKRGASAGAFGHTGMFIDSDNIIHCNYAYNGISINNHDERWYYAGQPYFYIYRLTNPDAQP
EEVKKGWQKDSTGYWYARANCSYPKAEFEYIEENKSWFYFDESGYMYAEKWLHHTDGNWYYFDKDGYMATSWKK
IDGKWYYFNRDGSMQTGWVKYYDKWYYLDTTNGDMKSDCFVKYNNGWYLLLPDGRMAEKEAFTVEPDGLITAK* 
 
>7000000018.a:SRS022725_LANL_scaffold_49418 
MERRVSMGLNLETAIAWMQARKGQVSYSMDYRNGPDSYDCSSSIYYALRSGGASDAGWAVNTEYEHKWLIDNGY
TLISENTPFDAQRGDVFIWGRKGTSSGADGHTGIFIDSDNIIHCNYRYDGITVNDHDDIWVYAGKPYYYIYRLT
NQNAAPKVIEKGWKTDAKGDWYQRANGTWPKDGFEYIEENKSWFYFNSEGYCVKSDWILHTDGEWYYFDADGYM
VTSWRRIDGKWYYFNRDGSMKKGWVKYYDDWYFLDEKHGDMLSDRFVPYKNGYYMLLPDGRMADKEAFNIEPDG
LITTK* 
 
>7000000025.a:SRS023617_Baylor_scaffold_11604 
MDIDTSRLRTDLPQVGIQPYRQVHAHSTGNRNSTAQNEADYHMRRPAESGFFSHVVGNGRVMQTWLTDRGAWDV
GGGWNVEGYGQVELIESHESKEEFMRDYRLYVQLLRELADEAGIPKTLDSDSLAGIKTHQYCTYNQPNNASDHV
DPYPYLAKWGISREQFKKDIEGGISTEAGWRQDAYGWWWEESDGSYPTNDWKQINGEWFRFDDKGYCLINKWFF
DGKYWFYLDKRGATVTGWVFINHRWYYFDNDGGMVKGWVKYRETWYYLDDKDGYMLSKQFVKSGDGWYYLKANG
ELHTEPAFTIEPDGLITVSE* 
 
>7000000027.a:SRS056622_LANL_scaffold_11215 
MEIDKSRLRTNLPQIGEQPYRQVHAHSTGNPNSTAQNEADYHMRRPVESGFFSHVVGNGRIMQTWLVDRGAYDV
GGGWNVEGYAQVELIESHESKEEFMRDYRLYVKLLRELADEAGIPKTLDSSSLAGIKTHQFCTYNQPNNGSDHV
DPYPYLAKWGISREQFKKDIESGLTEGNWKRNEVGWWWEESDGSYPKSQWKNIKGEWFYFDNRGYCFINKWFND
GKDWFYFDKRGAMVTGWMHIDHRWYYFKSDGRMAKGWVKYRETWYYLDEKDGDMKSKQFIKSGNGWYYLKADGS
LSVKPEFTIEPDGLITTN* 
 
>7000000027.a:SRS056622_LANL_scaffold_52179 
MKGKKKMTINIEDAIAWMREREGQVYYSMEYRDGPDSYDCSSSVYYALRSAGAVSAGWAVNTEYEHDWLVNNGY
ELIAENQEWNAQRGDIFIYGRRGYSAGAGGHTGMFVDSDNIIHCNYARNGITVNNHDAIWNAAGQPYFYAYRLT
NPDAQPEEVKKGWQNNDNGYWYVRSNGSYPKDQFEKIDGTWYYFDENGYMLSDKWKQRPDGTWYYFDNSGEMAT
DWNKIDGKWYYFNRDGAMATGWVKYYDKWYYLDVVNGDMKSDCFIKYNDGWYLLLPDGRMADKPEFTVEPDGLI
TTK* 
 
>7000000028.a:SRS024138_Baylor_scaffold_48614 
MKKNDLFIDVSSHNGYDISGLLETMGTTNTIIKISESTSYINPCLSAQIEQSTPVGFYHFAWFGGDVEEAEREA
RYFLDNVPTQVPYLVLDYEDHASGDRQANTNACLRFMQIIADAGYKPIYYSYKPFTLNNIDYHQILEQFPNSLW
VAGYGLNDGNADFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEPEQEPKTAGTWKKDSTGWWFRRANGSFPYNKW
EKIADVWYYFDSKGYCLTSQWVLYKDKWYYLKDNGAMVTGWALVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNE
RGNMISNEFIKSGKGWYFMNANGELADNPSFTKEPDGLITVA* 
 
>7000000039.a:SRS013164_Baylor_scaffold_37024 
MAVNIDNAIAWMQARKGKVTYSMEYRDGEESYDCSSSVYYALRSAGASSAGWAVNTEYQHNWLIDNGYTLISEN
TPWSAQRGDIFIWGRKGASAGAGGHTGMFIDEDNIIHCNYAYDGISINDHDERWLAAGRPYYYIYRLTNPDVTP
KEVKKGWQKDNTGYWYARANGTYPKAQFEYIEENKSWFYFDDKGYAYSDKWLKYKDGKWYWFDKDGYMATSWKK
INGKWYYFNRDGAMQNGWVKWYDKWYYLDAQNGEMKSNTFVPYNGGYYLLLPDGRMADKEAFKIEPDGLITTL* 
 
>7000000073.a:SRS021496_Baylor_scaffold_33623 
MDIDKSRLRTGLPQVGVQPYRQVHAHSTGNRNSTAQNEADYHYRKDPELGFFSHVVGNGRVMQVGPVNNGSWDV
GGGWNAESYAAVELIESHSTKEEFMTDYRLYIELLRNLAEEAGLPVTLDTDDLAGIKTHEYCTNNQPNNNSDHV
DPYPYLAKWGISRSQFKKDIEHGLVVEPGWKKNDTGYWYVRSDGSYPKEQFEKIDGTWYYFDGSGYMLADKWKK
RPDGAWYYFNKSGEMATGWKLISNKWYYFKEDGEMVTGWVKYKDTWYYLDSKEGNMVSNAFVKSEKGWYYLKED
GSMADKPEFTVEPDGLITTTIK* 
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>7000000073.a:SRS021496_Baylor_scaffold_54760 
MVVNIETAIAWMRAKQGNVTYSMDHRDGPYSYDCSSSVYYALREAGAVSAGWAVNTEYQHDWLLKNGYTLITEN
QPWDAKRGDIFIWGRRGYSSGAGGHTGMFVDSDNIIHCNYARNGITVNDHDDIWYSAGQPYFYAYRLTNPNAKP
EEVKKGWQSDDKGDWYARANGTYPKSDFEYIEENKSWFYFDAKGYCVKSDWVFHTDGKWYYFEEDGYMVTSWRK
INNKWYYFNRDGSMQTGWIKYYDKWYYCDSVNGDMKSDAFIKYNDGWYLLLPDGRLDEKPEFTVEPDGLITTK* 
 
>7000000086.a:SRS049147_LANL_scaffold_44091 
MAVNIDNAIAWMQARKGKVTYSMEYRDGEESYDCSSSVYYALRSAGASSAGWAVNTEYQHKWLIDNGYTLISEN
TPWSAQRGDIFIWGRKGASAGAGGHTGMFIDSDNIIHCNYAYNGISINDHDERWLYAGRPYYYIYRLTNPNAQP
EKPKKGWQSDDKGDWYARANGSYPKSEFEYIEENKSWFYFNAEGYCVKSDWVFHADGKWYYFEEDGYMVTSWRK
INNKWYYFNRDGSMQTGWVKYYDKWYYLDATNGDMKSDCFVKYNNGWYLLLPDGRMAEKEAFNVEPDGLITAK* 
 
>7000000109.a:SRS011306_Baylor_scaffold_74819 
MTINIENAIAWMKARQGRVSYSMEERDGDDSYDCSSSVYYALRSAGAVSAGWAVNTEYEHNWLINNGYTLISEN
TPWDAQRGDVFIWGRKGASAGAGGHTGIFIDSDNIIHCNYRYDGISVNDHDDIWLYAGRPYYYIYRLTNPNAQP
EAPKKGWQKDDKGYWYARANGSYPKGQFEYIDENKSWFYFDELGYMYSDRWLKHTDGHWYYFDKDGYMATSWKK
INGKWYYFNRDGAMATGWVKWYERWYYLDSEDGDMKSNTFVPYNGGYYLLLPDGRMADKESFTVEPDGLITAK* 
 
 
>7000000130.a:SRS062540_LANL_scaffold_21066 
MTINIENAIAWMKARQGQVYYSMEYRDGPDSYDCSSSVYYALRSAGASSAGWAVNTEYEHDWLIKNGYELIAEN
TECNAKRGDIFIWGRKGASAGAFGHTGMFIDSVNIIHCNYAYNGISVNEHDERWYYAGQPYFYIYRLTNPDAQP
EEPKKGWQSDDKGDWYARANGTYPKSEFEYIEDNKSWFYFDESGYAYTEKWLHHTDGQWYYFDKDGYMATSWKK
IADKWYYFNRDGSMKTGWVKYYDKWYYLDATNGEMKSDCFVKYNDGWYLLLPDGRMADKPEFTVEPDGLITTK* 
 
>7000000130.a:SRS062540_LANL_scaffold_36374 
MEIDTSRYREGLPQIGYEPYRQVHAHSTGNPNSTAQNEADYHLRREVTSGFFSHVVGNGRVMQVGPVNQGAYDV
GGGWNAEGYGQVELIESHSTMEEFMTDYRLYVELLRNLADEAGIPKTLDSDDLEGIKTHYYCTYNQPNNYSDHV
DPYPYLAKWGISREQFKHDIENGLEEIKEGWHSNSKGWWYQNSDGSYPTNKWQKINEKWYFFNEDGYCLTNKWI
KRGGVWYWLDNDGTMATGWKKINNEWYYFKQDGEMITGWVKYYDKWYYLNTNNGFMESNAFVKGAKGWYYVKED
GTLDEKPEFTVEPDGLITTQKENK* 
 
>7000000140.a:SRS044373_WUGC_scaffold_34052 
MGINIENSIAWMQARKGKVYYSMEYRDGPDGYDCSSSIYYALRSGGAVSAGWAVNTEYEHDWLLNNGFELISEN
TPWDAKRGDVFIWGRRGYSAGAGGHTGMFVDSDNIIHCNYAYNGITVNDHDERWLAAGRPYFYVYRLTNANAKP
VEPKRGWQKDDDGFWYARTNGTYPKGQFEYIEENKSWFYFDESGYMYADKWLHHTDGNWYWFDKDGYMATSWKK
IADKWYYFNRDGSMQTGWIKYYDNWYYCDSVNGDMKSDAFIKYNDGWYLLLPDGRLDEKPEFTVEPDGLITTTI
K* 
 
>7000000155.a:SRS020862_Baylor_scaffold_18793 
MSKKQDMINDLMAHADAGTGVDYDKMYGYQCTDVTCYGIYEYFGTRLWGNAIDLLRSAESAGLQVVYGAQYPKA
GWFFVKNFVAGDGVNYGHTGLVYEDSDGSTIKTIEQNIDGNADFLEVGGPCRYNERSVDSIVGYIVPPEEDESG
WKHDDTGWWWRRKEGSYPTAKFEAVDGNWFYFNENGYMYANQWLLHTDGKWYWFDKDGYMANSGWKKVNGKWYY
FNADGAMQTGWVKYYEKWYYLNSENGDMVSNTFVPYNGGYYLMLEDGRLAEKESFKIEPDGLITTK* 
 
>7000000156.a:SRS064423_LANL_scaffold_60595 
MVVNIETAIAWMRAKQGNVTYSMDHRDGPYSYDCSSSVYYALREAGAVSAGWAVNTEYEHDWLIKNGYELISEN
QPWDAKRGDIFIWGRRGYSSGAGGHTGMFVDSDNIIHCNYARNGITVNDHDDIWYSAGSPYFYAYRLTNSNSNP
EEIKRGWQKNDKGYWFVRPNGTLPKDRFEYIEENKSWFYFDADGYMYADRWLKHNDGFWYWFDKDGYMATAWKK
IADKWYYFNRDGSMQIGWIKYYDNWYYCDSVNGDMKSDTFIKYNDGWYLLLPDGRLDEKPAFTVEPDGLITITD
K* 
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>7000000180.a:SRS017013_Baylor_scaffold_3390 
MSRIKDMINDLMSHADAGTGVDYDRMYGYQCADVTCYGIYEYFGIRLWGNAIDLLRSAEAAGLQVVYGAQYPKA
GWFFVKNFVAGDGVNYGHTGLVYEDSDGSTIKTIEQNIDGNWDYLDVGGPCRYNERSVNSIVGYIVPPQEDQSG
WKHDDTGWWWSRKDGSYPTSKFEAVDGNWFYFNDNGYMYANQWLHHTDGCWYWFDNNGYMANSGWKKINGKWYY
FNADGAMQTGWVKYYEKWYYLDSQNGDMKSDCFVPYNGGYYLMLEDGRLADKESFTVEPDGLITTK* 
 
>7000000185.a:SRS017120_Baylor_scaffold_81774 
MEIDTSRYREGLPQIGWPKFHQVHAHSTGNPNSTAQNEADYHMRRPVDSGFFTHVVGNGRVMQVGPVNNGAYDV
GGGWNFETYAAVELIESHQTKEEFLKDYRLYIELLRALADEGDIPKTLDSDSIEGIKSHEYCTYNQPANYSDHV
DPYPYLAKWGISREQFKHDIENGLSELKAGWQKNSTGWWFRNVDGSYPVNKWQNIAGKWFWFDGNGYCYINRWL
KDKDKWYWLDGDGVMATGWKKISGSWYYFKPDGSMATGWVKYYDKWYYLNTNNGFMESNAFVKGKDGWYYISDD
GTLSDKPDFTVEPDGLITVKKEKETTQEESK* 
 
>7000000194.a:SRS022077_Baylor_scaffold_49298 
MVEIDKSRLRTNLPQVGVQPYRQIHAHSTGNRNSTAQNEADYHYRKDAELGFFSHVVGNGRILQTWLTDRGAWD
VGGGWNVEGYAHVELIESHATKEEFMRDYKLYVKLLRDLADEAGIPKTLDSDSLAGIKTHEFCTYNQPRNASDH
VDPYPYLAKWGISREQFKKDIEGGVNTEAGWRQNEYGWWWEEADGSFPKKSWKKINNEWFRFDERGYCLINRWF
YDGKYWFYLDKRGATVIGWNFINHRWYYFDKDGYMITGWVKYRETWYYLSEQSGEMLSKQFVKHGDGWYYLKAN
GELHEQPAFKVEPDGLITFIDPAKVEETTK* 
 
>7000000197.a:SRS017808_Baylor_scaffold_49868 
MDIDTSRYREGLPQIGNAPYRQIHAHSTGNKNSTAQNEADYHMRRPVESGFFSHVVGNGRVMQVGPVNNGAYDV
GGGWNYETYAAVELIESHSTEEEFLEDYRLYIELLRNLADEAGLPKTLDSDALEGIKSHEYCTNNQPNNFSDHV
DPYPYLASWGISREQFKHDIENGLEVKKGWQKNDKGYWYVRSDGSYPKEQFEQIDGTWYYFDGSGYMLADKWKK
QPDGAWYYFDKSGEMATGWKLISNKWYYFKDDGEMVTGWVKYYDKWYYLDAVNGDMKSDCFVKYNDGWYLLLSD
GRMADKPEFTVEPDGLITAK* 
 
>7000000221.a:SRS043676_WUGC_scaffold_16785 
MIMDIDTSRLRTDLPIVGFEPFRQVHAHSTGNRNSTAQNEADYHYRKDPGLGFFSHVVGNGRVMQVGPVNKGMW
DVGGGWNAETYAAVELIESHSTKEEFMTDYRLYIELLRNLADEAGLPKTLDTDDLAGIKTHEYCTNNQPDNSSD
HVDPYPYLAKWGVSREQFKRDIENGLGSETGWQKNDTGYWYVKEDGSYPKDKFEKIDGTWYYFDGSGYMLADRW
KKHSDGNWYYFDQSGEMATGWKKIADKWYYFDVEGAMKTGWVKYKDTWYYLDSKDGNMVSNEFVRAGQGWYYIK
ADGTMADKPEFTVEPDGLITTK* 
 
>7000000230.a:SRS015574_WUGC_scaffold_67953 
MALNIETAIAWMQARKGNVSYSMTSRDGDDSYDCSSSVYYALRSAGAVSAGWAVNTEYEHQWLINNGYELISEN
TPWDAQRGDVFIWGRKGYSSGAGGHTGIFVDSDNIIHCNYRYDGITVNDHDDIWLYAGRPYYYVYRLTNPNAQP
EKPKKGWQKDDTGYWFARANGTYPKAQFEYIEENQSWFYFDESGYMYSEKWLKHTDGKWYWFDSSGYMATSWKK
IAGVWYYFNRDGSMQTGWVKYYDNWYYLDAVNGDMKSDTFVRYNDGWYLLLPDGRMADKAAFTVEPDGLITTTT
K* 
 
>7000000264.a:SRS052668_LANL_scaffold_29687 
MTVNIETAIAWMQARKGQVTYSMDYRNGPDSYDCSSSIYYALLSGGAVSAGWAVNTEYEHGWLEKNGYELISEN
QPWDAQRGDIFIWGRKGYSSGAGGHTGIFVDSDNIIHCNYRYDGITVNNHDDIWLYAGRPYYYVYRLTNPNAQP
EKPKKGWQKDDTGYWFARANGTYPKSQFEYIEENQSWFYFDESGYMYSEKWLKHTDGKWYWFDSSGYMATSWKK
IAGAWYYFNRDGSMQTGWIKYYDNWYYCDATNGDMKSDTFVRYNDGWYLLLPDGRMADKAAFVVEPDGLITTK* 
 
 
>7000000295.a:SRS019219_WUGC_scaffold_16895 
MSKIDDMVQYFIEKADAGAGVDYDGMYGYQCADLTCMGVYKFFGARLWGNAIDLLRSAEAAGLQVVYGAQYPKA
GWFFVKNFVAGDGVNYGHTGLVYEDSDGSTIKTIEQNIDGNWDYLEVGGPCRYYERSVDSIVGYIVPPQEDQTG
WKHDDTGWWWSRKDGSYPTSKFEAINGNWFYFNDNGYMYANQWLHHTDGNWYWFDKDGYMANTGWKKINGKWYY
FNADGAMQTGWVKYYEKWYYLDAQNGNMVSNTFVPYNGGYYLMLEDGRLAEQAEFTIEPDGLITTK* 
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>7000000305.a:SRS062761_LANL_scaffold_41047 
MEIDTSRYREGLPQIGYAPYRQIHAHSTGNKNSTAQNEADYHMRRPVESGFFSHVVGNGRVMQVGPVNNGSYDV
SGGWNYETYAAVELIESHSTKEEFMEDYRLYIELLRNLADEAGLPKTLDSDDLEGIKSHEYCTNNQPNNFSDHV
DPYPYLASWGISRSQFKHDIEHGLVVEAGWKKNDTGFWYVKEDGSYPKEKFEKINDVWYYFDNSGYMLAERWKK
HTDGRWYWFDKSGAMATSWKKIAEKWYYFNRDGAMQTGWVKYYDKWYYLDATNGDMKSDCFVKYNDGWYLLLPD
GRMADKPEFTVEPDGLITTK* 
 
>7000000312.a:SRS014684_WUGC_scaffold_44171 
MALNIETAIAWMQARKGQVSYSMDDRNGPDSYDCSSSVYYALRSAGASSAGWAVNTEYEHDWLIKNGYELIAEN
VECNAQRGDVFIWGRRGASAGAFGHTGVFIDENNIIHCNYAYNGISINNHDERWLYAGQPYFYIYRLTNPNAEP
EASKKGWQKDDKGYWYARANGSYPKDQFEKIDGTWYYFDSQGYMLADKWQKQPDGTWYYFDKSGEMATDWNKIN
GKWYYFSRDGAMVTGWVKYYDNWYFLDAANGDMKSDCFVRYNDGWYLLLPDGRMEDKPEFTIEPDGLITTK* 
 
>7000000321.a:SRS013234_Baylor_scaffold_27571 
MSKINEMVQFFIDKANEGAGVDYDGMYGYQCADLTCMGVYKFFGARLWGNAIDLLRSAEAASLQVVYGAQYPKA
GWFFVKNFVAGDGVNYGHTGLVYEDSDGSTIKTIEQNIDGNWDYLDVGGPCRYYERSVNSIVGYIVPPQEDQTG
WKHDDTGWWWSRKDGSYPTSKFEAINGNWFYFDESGYMYANRWLKHTDGYWYWFDKDGYMANSGWKKINGKWYY
FNADGAMQTGWVKYYEKWYYLDGQNGDMKSDCFVPYNGGYYLMLEDGRLAEQAEFTIEPDGLITTK* 
 
>7000000382.a:SRS020858_Baylor_scaffold_2668 
MAVNIETAIAWMRARQGQVSYSMDDRNGPDSYDCSSSIYYALLSAGAVSAGWAVNTEYEHGWLEKNGYELISEN
QPWDAQRGDIFIWGRKGYSSGAGGHTGMFIDSDNIIHCNWAYDGISVNDHDERWLAAGRPYYYVYRLTNAGKQA
AEPKRGWQKDDTGFWYVRANGTYPKGQFEYIEDNKAWFYFNESGYMYAEKWLHHTDGNWYWFDKDGYMATSWKR
IGGVWYFFNRDGSMQTGWIKYYDNWYYCDSVNGDMKSDTFIKYNDGWYLLLPDGRMADKPEFTIEPDGLITTK* 
 
>7000000389.a:SRS017439_Baylor_scaffold_53002 
MSVNIEKGIAWMEARKGRVYYSMEERDGDDSYDCSSSMYYALRSAGASSAGWAVNTEYMHDWLVKNGYELITEN
TPWDAQRGDIFIWGRRGYSSGAGGHTGMFVDSDNIIHCNYRYNGITVNDHDDIWLYAGRPYYYVYRLTNPDAQP
VEAKRGWQKDDTGYWYARANGTYPKAEFEYIEENKSWFYFDNQGYMLAEKWLKHTDGNWYWFDSSGYMATSWKK
IGGSWYYFNRDGSMVTGWVKWYDNWYYLDAANGDMKSSTFVPYNGGYYLLLPDGRMADKEAFTIEPDGLITAKA
* 
 
>7000000394.a:SRS019607_WUGC_scaffold_42379 
MTINIENAIAWMRARQGLVSYSMDYRDGDDSYDCSSSVYYALRSAGASSAGWAVNTEYEHDWLIKNGYELIAEN
TECEAQRGDVFIWGRKGASAGAGGHTGIFVDSENIIHCNYRYNGITVNSHDYIWALAGQPYFYIYRLTNPNAEP
EAPKKGWQEDNEGYWYARANGSYPKDEFEKIDGTWYYFDENGYILSDKWKQRPDGTWYYFDKSGEMATDWNKIA
DKWYYFSRDGAMVTGWVKYYDKWYYLDAQNGDMKSDCFIKYNDGWYLLLPDGRMADKPEFTVEPDGLITAK* 
 
>7000000402.a:SRS024580_LANL_scaffold_22243 
MTINIENAIAWMRARQGNVTYSMDHRDGPYSYDCSSSVYYALREAGAVSAGWAVNTEYEHDWLIKNGYELISEN
QPWDAKRGDIFIWGRRGYSSGAGGHTGMFVDSDNIIHCNYAYNGISINNHDERWYYAGQPYFYIYRLTNPNAQP
EEVKKGWQKDEQGHWYARANGSYPKAEFEYIEENKSWFYFDESGYAYTDKWLHHTDGQWYYFDKDGYMATSWKK
IADKWYYFNRDGSMKTGWVKYYDKWYYLDAQNGDMKSDCFVKYNDGWYLLLPDGRMADKPEFTVEPDGLITTK* 
 
>7000000402.a:SRS024580_LANL_scaffold_45241 
MTLGKETMQMSKKQDMINDLIAHADAGTGVDYDGMYGYQCADVTCYGIYEYFGIRLWGNAIDLLRSAEAAGLQV
VYGAQYPKAGWFFVKNFVAGDGVNYGHTGLVYEDSDGSTIKTIEQNIDGNWDFLEVGGPCRYNERSVNSIVGYI
VPPQEDQSGWKHDDTGWWWSRKDGSYPTSKFEAVDGNWFYFDESGYMYADQWLHHTDGYWYWFNKDGYMANTGW
KKINGKWYYFNADGAMQTGWVKYYEKWYYLDAENGDMKSDCFVPYNGGYYLMLEDGRLADKESFTVEPDGLITT
K* 
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>7000000405.a:SRS024277_LANL_scaffold_14367 
MTINIENAIAWMRARQGQVSYSMEDRDGPDSYDCSSSVYYALRSGGASSAGWAVNTEYEHDWLVKNGYELITEN
SPWDAQRGDIFIWGKRGASAGAFGHTGMFIDENNIIHCNYAYNGISVNDHDERWYYAGQPYYYIYRLTNPNAQP
EEVKKGWQKNDKGYWYVRPNGTYPTAKFEYIEENKSWFYFDESGYMYSEKWLKHTDGKWYWFDKDGYMATSWQK
IGGAWYYFNRDGSMQTGWIKWYDKWYYCDETNGNMKSDCFVKYNNGWYLLLPDGRMAEKEAFNVEPDGLITAK* 
 
>7000000422.a:SRS057791_LANL_scaffold_25670 
MTINIENAIAWMKAREGKVSYSMDYRDGEDSYDCSSSVYYALRSAGAVSAGWAVNTEYEHDWLIKNGYELIAEN
TECEAQRGDVFIWGRKGSSAGAGGHTGIFVDSENIIHCNYRYNGITVNSHDYIWALAGQPYFYIYRLTNPNAQP
EAPKKGWQEDDEGYWYARANGSYPKDEFEKIDGTWYYFDESGYMLADKWKKRPDGAWYYFDKSGEMATDWNKIN
DKWYYFNRDGAMVTGWVKYYDKWYYLDAQNGDMKSDCFIKYNNGWYLLLSDGRMADKPEFTVEPDGLITAK* 
 
>7000000435.a:SRS015646_WUGC_scaffold_6265 
MGVNIDEGIAWMQARKGQVTYSMDYRNGPDSYDCSSSIYYALLSAGAVSAGWAVNTEYEHDWLIKNGYELIAEN
TPWDAQRGDIFIWGRKGYSSGAGGHTGMFIDSDNIIHCNWPYDGISVNDHDERWLYAGRPYYYVYRLTDEGKQA
VEPKRGWQKDDTGFWYVRANGTYPKGQFEYIEDNKAWFYFDDLGYMLAEKWLHHTDGNWYWFDKDGYMATSWKR
IGGAWYFFNRDGSMQTGWIKYYDNWYYCDATNGDMKSSTFVPYNGGYYMLLEDGRLADKESFKVEPDGLITTKQ
GGQDAESK* 
 
>7000000436.a:SRS015644_WUGC_scaffold_44342 
MTINIENAIAWMRARQGQVSYSMEDRDGPDSYDCSSSVYYALRSAGASSAGWAVNTEYEHQWLINNGYTLISEN
TPWDAQRGDVFIWGRKGASAGAGGHTGIFIDEDNIIHCNYRYDGISVNDHDDIWLYAGRPYYYIYRLTNPNAQP
EKPKKGWQSDDKGDWYARANGSYPKSEFEYIEENKSWFYFNAEGYCVKSDWVFHTDGKWYYFEEDGYMVTSWRK
INNKWYYFNRDGSMQTGWVKYYDKWYYLDGQNGDMKSDCFVKYNNGWYLLLPDGRMAEKEAFNVEPDGLITAK* 
 
>7000000442.a:SRS051791_LANL_scaffold_44502 
MVEIIERNIFQGIAGARPTESPKYFILHNDAGSMSAKSYLSWLQGRYDNGQAELGFAHYYIDRNTIVRVEDTYN
GSWSTANYDGNMNSIGYEVCQQFSASEAEFRENEEMCLRQMAEDMKYYGVEPSMETIRLHHEFSSTSCPARTLE
LHGQSNKSVREYIIKRIKYYMSIGNTVQEMLNAEIERVEGWIKNSVGWWYQYSNGSYPHDTEINVNGETFRFDG
NGYCLINKWYYDGERGVYYRYDTRGAKISGKWSQIDGKWYYFKENGDMATGWVKYKEHWYFLDNKNGDMKSNQY
IKHGDGWYFVKENGEMATEEAFKIEPDGLITVK* 
 
>7000000445.a:SRS045262_WUGC_scaffold_1172 
MGVNIDEGVAWIQARKGQVTYSMDYRNGPDSYDCSSSIYYALMSAGAVSAGWAVNTEYEHGWLEKNGYELISEN
QPWDAQRGDIFIWGRKGYSSGAGGHTGMFIDSDNIIHCNWAYDGISVNDHDERWLAAGRPYFYVYRLTDAGKQA
AEPKRGWQKDDTGFWYVRPNGTYPKGQFEYIEDNKAWFYFNESGYMYAEKWLHHTDGNWYWFDKDGYMATSWKR
IGGAWYFFNRDGSMQTGWIKYYDNWYYCDATNGDMKSSTFVPYNGGYYMLLEDGRLADKEAFNVEPDGLITTKQ
GGQDA* 
 
>7000000446.a:SRS013948_WUGC_scaffold_18410 
MAVNIGTVIAWMRAKQGNVTYSMEHRDGPYSYDCSSSVYYALREAGAVSAGWAVNTEYEHDWLIKNGYELISEN
QPWDAKRGDIFIWGRRGYSSGAGGHTGMFVDSDNIIHCNYARNGITVNDHDDIWYSAGTPYFYAYRLTNPNAQP
EEVKKGWQKDDKGHWYARANGSYPKDEFEKIDGTWYYFDESGYMLADKWKKRPDGTWYYFDKSGEMATDWNKIN
DKWYYFSRDGAMVTGWIKYYDNWYYCDSVNGDMKSDTFIKYNDGWYLLLPDGRLDEKPAFTVEPDGLITITDK* 
 
>7000000461.a:SRS045127_LANL_scaffold_9842 
MDIDKSRLRTGLPQVGVRPYRQVHAHSTGNRNSTAQNEADYHYRKDPELGFFSHVVGNGRVMQVGPVNNGSWDV
GGGWNAESYAAVELIESHKTQEEFNRDYRLYVPLLRNLADEAGLPKTLDTDDLAGIKTHEYCTNNQPDNHSDHV
DPYPYLAKWGISREQFKHDIEHGLDVEPGWKQNDTGYWYVHKDGSYPKEKFEKIKGVWYYFNNLGYMLAECWQK
HKDGKWYWFDKSGAMATGWKSISNKWYYFDADGAMVTGWVAYKDKIYHLKETSGEMTSKEFVKTEKGWYYVNED
GTRADKPEFTVEPDGLITTVVK* 
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>7000000501.a:SRS047265_WUGC_scaffold_6825 
MGLSLETAIAWMQARKGQVSYSMDYRNGPDSYDCSSSVYYALLSAGASSAGWAVNTEYEHKWLEDNGYTLISEN
TPFDAQRGDIFIWGRKGYSSGAGGHTGIFIDSDNIIHCNWPYDGISVNDHDERWLYAGKPYYYIYRLTNPEAAP
KVIEKGWKSDSKGDWYQRANGTYPKSEFEYIEENKSWFYFNYEGYCVKSDWILHTDGEWYYFDADGYMVTSWRR
IDGYWYYFNRDGSMRKGWVKYYSDWYYLDEKDGNMLSSRFVPYNDGYYMLLPDGRLADKAAFVVEPDGLITTK* 
 
>7000000511.a:SRS018591_WUGC_scaffold_45191 
[Renamed SP-GH25 in this dissertation] 
MKKNDLFIDVSSHNGYDITGILYSMGTTNTIIKISESTSYINPCLSSQAEQSTPVGFYHFAWFGGDVSQAEAEA
QFFLENVPQSVKYLVLDYEDHASGDAQANTDACIRFMDVIKNAGYEPIYYSYKPFTLSNVYYEQIIAKYPNSLW
IAGYGLNDGNADFEYFPSMEGIRWWQYSSNPFDKNIVLLDDEETEIDSGWKKNDTGFWYVRSDGTYPKDQFEKI
DGTWYYFDENGYMLSDKWKQRPDGTWYYFDKSGEMATDWKKIADKWYYFNRDGAMATGWVKWYEKWYYLDSENG
GMKSDCFIKYNDGWYLLLPDGRMADKPEFTVEPDGLITTK* 
 
>7000000558.a:SRS019125_WUGC_scaffold_8684 
[Renamed SP-CHAP in this dissertation] 
MSKKQEMIQFFIDKANSGDGVDNDGAYGFQCADVPCYGLRHWYGVTLWGNAYDLLESARSQGLKVVYDAEYPKA
GWFFVKSYVAGDGVNYGHTGLVYEDSDGSTIKTIEQNIDGNWDYLEVGGPCRYNERSVSEIVGYIVPPEEVEIG
WQQNQYGWWWVREDGSYPTEKWEKINDVWYYFDDKGFMKRSTWLNYKDAWYWFTDSGSMAIGWARINNAWYYFD
EEGKMVTGWIKHKLTWYYLDGKEGTMVSNAFIQSADKKGWYYLKPDGTMEDKPEFEIEPDGLITTK* 
 
>7000000563.a:SRS014124_WUGC_scaffold_3907 
MEIDTSRYREGLPQIGYAPYHQIHAHSTGNRNSTAQNEADYHMRRPVESGFFSHVVGNGRVMQVGPVNQGAYDV
GGGWNYETYAAVELIESHSTKEEFMEDYRLYIQLLRDLADEAGLPKTLDSDALEGIKSHDYCTNNQPNNFSDHV
DPYPYLAKWGISREQFKRDIENGLEFKAGWQKGSSGWWYQNADGSYPTNKWQQINGKWYFFNDEGYCLTNKWIK
RDGVWYWLDNDGTMATGWKKINNEWYYFKQDGTMVTGWVKYYDKWYYLNTNNGFMESNQFVKGKDGWYYISEDG
TMAEKPEFTVEPDGLITAKEMNK* 
 
>7000000571.a:SRS017713_Baylor_scaffold_29730 
[Renamed SP-Amidase in this dissertation] 
MVEIINKDIFQGIAGARPTEAPKYFILHNDAGSMSAKDYIGWLQSRYNNGQSELGFAHYYIDRNAIVRVENTYN
GSWSTANYEGNMNSIGYEVCQQFSTNDVDFRENEEMCLRQMAEDMKFYGVEPNYDTIKLHNEFSSTSCPARTLE
LHGNSNNSVRDFIIRRIKHYMSLGNTVQEMIDAEVQTSEGWVKDEKGWWYRRKDGTYPVDINELIGNEWFQFDK
DGYCLINKWYFDGTFYYYHDARGASIRSRWAQIDGKWYYFNLSGEMQTGWVKYKDHWFYCDAKNGDMKSDQYIK
SGNGWYYLKSNGEMATKEAFTIEPDGLITVK* 
 
>7000000575.a:SRS017227_Baylor_scaffold_77430 
MTVNIETAIAWMRARQGQVSYSMDDRNGPDSYDCSSSIYYALTSAGAASAGWAVNTEYEHDWLKKNGYELISEN
TPWDAQRGDIFIWGRRGYSSGAGGHTGIFVDSDNIIHCNYRFDGITVNDHDDIWLYAGRPYYYVYRLTNPSATA
EEVKTGWQKNDTGYWWVRANGSYPKDQFEYIEENKSWFYFDSRGYMYSERWLKHTDGKWYWFDKDGYMATSWKK
INGKWYYFNRDGSMQTGWVKYYEKWYYLDAVNGDMKSNTFVPYNGGYYMLLPDGRMADKEAFNIEPDGLITTK* 
 
>7000000576.a:SRS022621_Baylor_scaffold_75380 
MAIKIENAIAWMEAREGKVSYNMEYRDGDDSYDCSSAMYYSLRSAGASSAGWAVNTEYMHDWLIKNGYELIAEN
TECNAQRGDIFIWGKRGASAGAFGHTGMFIDSDNIIHCNYAYNGISINNHDERWYYAGQPYFYIYRLTNPNAQP
EEVKKGWQKDDTGYWYVRANGSYPKSEFEYIEENKSWFYFDESGYMYSDKWLHHTDGHWYHFDKDGYMATSWKK
INEKWYYFNRDGAMQIGWVKWYEKWYYLDDQNGDMKSSTFVPYNGGYYLLLPDGRLADKESFTVEPDGLITAK* 
 
>7000000618.a:SRS062544_LANL_scaffold_11414 
MEIDTSRYREGLPQIGYAPYRQVHAHSTGNRNSTAQNEADYHMRRPVESGFFSHVVGNGRVMQVGPVNQGAYDV
GGGWNAEGYGQVELIESHSTMEEFMTDYRLYVELLRNLADEAGIPKTLDSDDLEGIKTHYYCTYNQPNNYSDHV
DPYPYLAKWGISREQFKRDIEHGLGEIKEGWQKNATGWWYQSKDGSYPKDKWQYINGVWYLFDASGYCVLNKWV
KRADAWYWLDSSGAMATGWKKINNEWYFFRADGAMVTGWVKYADEWYHLNTSNGFMESNAFVKGKDGWYYLNED
GTMAEKPEFTVEPDGLITAKEVHR* 
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>7000000622.a:SRS077736_LANL_scaffold_33972 
MAVNIETAIAWMRARQGNVTYSMDHRDGPYSYDCSSSVYYALREAGASSAGWAVNTEYEHDWLIKNGYELIAEN
TECTAQRGDIFIWGKRGASAGAFGHTGMFIDSVNIIHCNYAYNGISVNEHDERWLYAGQPYFYIYRLANPNAQP
EEPKKGWQKDDNGYWYARVNGSYPKEEFEYIEENKSWFYFNAEGYMVAEDWVKYTDGKWYWFDKDGYMATSWKK
IGGAWYYFNRDGSMQTGWVKYYDKWYYLDATNGDMKSDCFVKYNDGWYLLLPDGRMADKPEFTVEPDGLITTK* 
 
>7000000640.a:SRS015278_WUGC_scaffold_5514 
MSKKQDMINDIMSHADAGTGVDYDGMYGYQCADVTCYGIYEYFGIRLWGNAIDLLRSAESAGLQVVYGAQYPKA
GWFFVKNFVAGDGVNYGHTGLVYEDSDGSTIKTIEQNIDGNWDYLEVGGPCRYNERSVDSIVGYIVPPEEDESG
WKHDDTGWWWRRKDGSYPTAKFEAIEGNWFYFNDNGYMYANQWLHHTDGYWYWFDKDGYMATSWKKINGKWYYF
NRDGSMQTGWVKYYEKWYYLDAVNGDMKSNTFVPYNGGYYMLLPDGRMADKEAFNIEPDGLITTK* 
 
>7000000653.a:SRS016740_Baylor_scaffold_34762 
MKKNDLFIDVSSHNGYDITGILYSMGTTNTIIKISESTSYINPCLSSQTEQSTPVGFYHFAWFGGDSDEAEREA
RFFIDNVPQKVKYLVLDYEDHASGDAQANTDACIRFMDVIKDAGYEPIYYSYKPFTLSNVYYEQIIAKYPNSLW
IAGYGLNDGNADFEYFPSMEGIRWWQYSSNPFDKNIVLLDDEETEIDSGWKKNDKGYWYVRSDGSYPKEQFEKI
DGTWYYFDGSGYMLADKWKKRPDGTWYYFDKSGEMATGWKKIADKWYYFKEDGAMVTGWVKYKDTWYYLDGKEG
NMVSNSFVKSEKGWYYLKEDGTLSDKPEFTVEPDGLITAK* 
 
>7000000653.a:SRS016740_Baylor_scaffold_71277 
MTINIENAIAWMRDHEGQVYYSMEYRDGPDSYDCSSSVYYALRNAGAVSAGWAVNTEYEHDWLVKNGYELIAEN
QEWNAQRGDIFIYGRRGYSAGAGGHTGMFVDSDNIIHCNYARNGITVNNHDAIWNAAGQPYFYAYRLTNPNAQP
EEPKKGWQEDDNGYWYARSNGSYPKDQFEKIDGTWYYFDENGYMLSDKWKQRPDGTWYYFDKSGEMATDWNKID
GKWYYSSRDGAMIKGWVKYYDKWYYLDAQNGDMKSDCFVKYNDGWYLLLPDGRMADKPEFTVEPDGLITTK* 
 
>7000000653.a:SRS016740_Baylor_scaffold_35094 
MDIDKSRLRRGLPQVGVRPYRQVHAHSTGNRNSTAQNEADYHYRKDPELGFFSHVVGNGRVMQVGPVNNGSWDV
GGGWNAESYAAVELIESHKTQEEFNRDYRLYVPLLRNLAEEAGLPVTLDTDDLAGIKTHEYCTNNQPNNNSDHV
DPYPYLAKWGISRSQFKHDIEHGLVVEPGWKKNDTGYWYVKEDGSYPKEQFEKIDGTWYYFDGSGYMLSDKWKK
RPDGTWYYFDKSGEMATGWKLISNKWYYFKEDGEMVTGWVKYQDTWYYLDGKEGNMVSNAFIQSADGTGWYYLK
EDGSMADKPEFTVEPDGLITTTIK* 
 
>7000000665.a:SRS016037_WUGC_scaffold_22403 
MTINIENAIAWMKARQGQVTYSMEYRDGDSSYDCSSSVYYALRSAGAVSAGWAVNTEYEHDWLIKNGYELIAEN
TECNAQRGDIFIWGKRGASAGAFGHTGMFIDSDNIIHCNYAYNGISINNHDERWYYAGQPYFYIYRLTNPDAQP
EEVKKGWQKDDQGHWYARANGSYPKAEFEYIEENKSWFYFDESGYAHTDKWLHHTDGQWYYFDKDGYMATSWKK
INEKWYYFNRDGAMQTGWVKYYDKWYYLDAVNGEMKSDCFVKYNDGWYLLLPDGRMADKPEFTVEPDGLITTK* 
 
>7000000666.a:SRS022719_LANL_scaffold_9514 
MEIDTSRYREGLPQIGYAPYHQIHAHSTGNRNSTAQNEADYHMRRPVESGFFSHVVGNGRVMQVGPVNQGAYDV
GGGWNYETYAAVELIESHSTKEEFMEDYRLYVQLLRDLADEAGIPKTLDSEALEGIKSHDYCTNNQPNNFSDHV
DPYPYLAKWGISREQFKHDVEHGLEFKEGWQKNSNGWWYQNADGSYPVNKWQKIGNVWYWFDNSGYCYIERWLK
YNNQWYWLDGSGAMVTGWKKISGSWYYFKSDGSMATGWVKYYEKWYYLNTNNGFMESNAFVKGTDGWYYISDDG
TMADKPDFTVEPDGLITVKNEKEKPTEESK* 
 
>7000000666.a:SRS022719_LANL_scaffold_12357 
MEIDTSRYREGLPQIGYAPYHQIHAHSTGNRNSTAQNEADYHMRRPVESGFFSHVVGNGRVMQVGPINQGAYDV
GGGWNYETYAAVELIESHSTKEEFMEDYRLYIQLLRDLADEAGLPKTLDSSALEGIKSHEYCTYNQPNNFSDHV
DPYPYLAKWGISREQFKHDIEHGLGEIKKGWQKKDTGWLYQNSDGSYPTNKWQQINGKWYFFNEEGYCLTNKWI
KRGTAWYWLDNDGVMATGWKKINNEWYYFKADGEMATGWVKYYDKWYYLNTNNGFMESNAFVKGKDGWYYISED
GTMAEKPEFTVEPDGLITAK* 
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>7000000666.a:SRS022719_LANL_scaffold_17772 
MKKNDLFIDVSSHNGYDITGILYSMGTTNTIIKISESTSYINPCLSSQTEQSTPVGFYHFAWFGGDSDEAEREA
RFFIDNVPQKVKYLVLDYEDHASGDAQANTDACIRFMDVIKNAGYEPIYYSYKPFTLSNVYYEQIIAKYPNSLW
IAGYGLNDGNADFEYFPSMEGIRWWQYSSNPFDKNIVLLDDEETEIDSGWKKNDTGFWHVRSDGSYPKEQFEKI
DGTWYYFDGSGYMLADKWKKRPDGTWYYFDKSGEMATGWKKIADKWDYFDKDGAMVKGWVKYKDVWYFLDYQQG
AMVSNAFIQSADKKGWYYLKEDGTLADKLEFTVEPDGLITTK* 
 
>7000000666.a:SRS022719_LANL_scaffold_32108 
MGVNIESAIAWMQARKSRVSYSMEYRDGEVSYDCSSAIYYALRSGGAVSAGWAVNTEYEHDWLIKNGYELISEN
TPWDAKRGDIFIWGRRGYSSGAGGHTGMFVDSDNIIHCNYAYDGITINDHDERWLAAGRPYFYVYRLTNANAQP
EEVKKGWQSDDKGDWYARANGTYPKSDFEYIEENKSWFYFDAKGYCVKSDWVFHTDGKWYYFEEDGYMVTSWRK
INNKWYYFNRDGSMQTGWIKYYDKWYYCDSVNGDMKSDAFIKYNDGWYLLLPDGRLDEKPAFTVEPDGLITITD
K* 
 
>7000000671.a:SRS022143_LANL_scaffold_94835 
MVKIINNTIFSGIAGARPTEKPKYYIMHNDAGSMTAESYVDWLQSRYDNGQSELGFAHYYITRDAIARVEDTYN
GTWSAANYDANMNSLSYEVCQQYNSTDAEFIENENMVLRQMAEDMTYYGDTPNYSNIKFHNEFSSTSCPARSLK
LHGGYNDSLRDYVIAKIKHYQSLGSTVQEMLDNEGNQEGWKKNATGWWYVNSDGTYPKNKWQKINGVYYYFDQN
GYMKANTWYDHTDGYWYYLLPSGGMATGWALIANKWYYFKEDGAMATGWVKYKDHWYYLDAKDGDMKSKQFIKS
ADGSGWYYLKEDGSMADKPEFTVEPDGLITTK* 
 
>7000000681.a:SRS018439_Baylor_scaffold_21476 
MVEIINTNVFNGIAGTRPTHKPKYYILHNDAGSMTPESYVSWLRSRYNNGQSALGFAHYYINRDTIARVENTYS
GTWSAANYDANMNSISYEVCQQYNSSDAEFIENENMVLRQMAEDMTYYGDTPNYSNIKFHNEFSSTSCPARSLA
LHGGYNDSLRDYVIAKIKHYQSLGSTVQEMLGEAKVEAGWHNNSTGWWYVNEDGTYPTNKWQVIDDVWYFFDSN
GYMKANTWHKHSDTNWYYLLPNGAMATGWVLIDNSWYYFDNQGAMVTGWVKYKETWYFLDYQKGSMVSNAFVKS
ADGTGWYYLKDDGSLADKPEFEVEPDGLITLAQAKAEK* 
 
>7000000698.a:SRS024318_LANL_scaffold_2667 
MKKNDLFIDVSSHNGYDITGILYSMGTTNTIIKISESTSYINPCLSSQTEQSTPVGFYHFAWFGGDSDEAEREA
RFFIDNVPQKVKYLVLDYEDHASGDAQANTDACIRFMDVIKNAGYEPIYYSYKPFTLSNVYYEQIIAKYPNSLW
IAGYGLNDGNADFEYFPSMEGIRWWQYSSNPFDKNIVLLDDEETEIDSGWKKNDTGFWYVRSDGSYPKEQFEQI
DGTWYYFDGSGYMLADKWKKRPDGTWYYFDKSGEMATGWKKIAEKWYYFDKDGAMVKGWVKYYDKWYYLDAING
DMKSDCFVKYNDGWYLLLPDGTLADKPEFTVEPDGLITTK* 
 
>7000000713.a:SRS024355_LANL_scaffold_97309 
MDIDTSRYREGLPQVGVQPYRQVHAHSTGNRNSTAQNEADYHYRKDPKLGFFSHVVGNGRVMQVGPVNNGSWDV
GGGWNAESYAAVELIESHGSKEEFMRDYKLYIELLRNLADEADIPKTLDSGSLAGIKTHEYCTNNQPNNHSDHV
DPYPYLAKWGISREQFKKDIEGGLSEGGWKRNDTGWWWEESDGSYPTKRWKKINNEWFYFDDRGYCLINRWFND
GQDWFYLDKRGAMVTGWMYINNRWYFFKSDGRMAKGWVKYRETWYYLDEKDGDMKSDQFVKYGNGWYYLKPDGS
MADKPEFTVEPDGLITTK* 
 
>7000000716.a:SRS044662_LANL_scaffold_3441 
MVEIINTNVFNGIAGARPTHKPKYYILHNDSGSMTPKSYIGWLRERYNNGQSELGFAHYYINRDTIARVENTYS
GTWSAANYDANMNSISYEVCQQYNASDAEFIENENMVLRQMAEDMTYYGDTPNYSNIKFHNEFSSTSCPKRSLA
LHGGYNDSLRDYVIAKIKHYQSLGSTVQEMLGEAKAEAGWHNNSTGWWYVNEDGTYPTNKWQVIDDVWYFFDSN
GYMKANTWHKHSDTNWYYLLPNGAMAIGWVLIDNSWYYFDNQGAMVTGWVKYKDTWYYLDYQKGSMVSNAFIQS
ADGKGWYYLKDDGSLSDKPEFEVEPDGLITLAKPKEEK* 
 
>7000000716.a:SRS044662_LANL_scaffold_35559 
MVVNIETAIAWMRAKQGNVTYSMDHRDGPYSYDCSSSVYYALREAGAVSAGWAVNTEYQHDWLLKNGYTLITEN
QPWDAKRGDIFIWGRRGYSSGAGGHTGMFVDSDNIIHCNYARNGITVNDHDDIWYSAGQPYFYAYRLTNPNAQA
EEVKTGWQNNDKGYWYVRSNGSYPKDKFEKIDGTWYYFDESGYMLSDKWKKRPDGTWYYFDKSGEMASDWKKIN
GKWYYFNRDGAMATGWIKYYDNWYYCDSVNGDMKSDTFIKYNDGWYLLLPDGRLDEKPAFTVEPDGLITITDK* 
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>7000000742.a:SRS015044_WUGC_scaffold_56267 
MAVNIETAIAWMRARQGQVSYSMDDRNGPDSYDCSSSIYYALTSAGAVSAGWAVNTEYEHDWLIKNGYELITEN
QPWDAERGDIFIWGRRGYSSGAGGHTGIFVDSDNIIHCNYRFDGITVNDHDDIWLYAGRPYYYVYRLTNPSAAA
EEVKTGWQKDDTGYWFVRANGTYPKDQFEYVEENKSWFYFDSRGYMYSERWLKHTDGKWYWFDKDGYMATSWKK
INGKWYYFNRDGSMQTGWIKYYDNWYYCDATNGDMKSNTFVPYNGGYYMLLPDGRMADKEAFNIEPDGLITTK* 
 
>Bacilli_gi_448879146-1659265-1699117|Streptococcus_sp._F0441 
MSKKQDMINDLIAHADAGAGVDYDGMYGYQCADVTCYGIYKYFGIRLWGNAIDLLRSAEAAGLQVVYGAQHPKA
GWFFVKNFVAGDGVNYGHTGLVYEDSDGSTIKTIEQNIDGNWDYLEVGGPCRYNERSVDSIVGYIVPPEEDESG
WKHDDTGWWWRRKDGSYPTAKFEAVDWNWFYFDENGYMYANQWLHHTDGYWYWFDKDGYMANTGWKKINGKWYY
FNADGAMQTGWVKYYEKWYYLNSENGDMVSNTFVPYNGGYYLMLEDGRLAEKESFNIEPDGLITTK* 
 
>Bacilli_gi_335029684-0-26362|Streptococcus_infantis_SK1076 
MTINIEDAIAWMREREGQVYYSMEDRDGPDSYDCSSSVYYALRSAGASSAGWAVNTEYEHDWLVNNGYELIAEN
QEWNAQRGDIFIYGRRGYSAGAGGHTGMFVDSDNIIHCNYARNGITVNNHDAIWNAAGQPYFYAYRLTNPDAQA
EEVKKGWQKDDDGYWYARANGSYPKDQFEKIDGTWYYFDENGYMLSDKWKQRLDGTWYYFDESGEMATDWNKIN
EKWYYFNRDGAMYTGWVKYYDNWYYFDAQNGEMKSDTFVRYNDGWYLLLPDGRMADKPEFTVEPDGLITTK* 
 
>Bacilli_gi_383939350|Streptococcus_pseudopneumoniae_SK674 
MDIDTSRLRTGLPQVGYAPYRQVHAHSTGNRNSTAQNEADYHYRKNPELGFFSHVVGNGRVLQVGPVNNGAWDV
GGDWNAESYAAVELIESHSTKEEFMTDYRLYIELLRNLADEAGLPKTLDTSSLEGIKTHEYCTNNQPDNHSDHV
DPYPYLAKWGISREQFKQDIESGLTIEVGWKKNDTGYWYVHSDGSYPKDKFEKVNGTWYYFDGSGYMLADRWKK
HTDGNWYWFDNSGELATGWKKIAEKWYYFDTEGAMKTGWVKYKDTWYYLDGKEGAMVSNAFIQSADGTGWYYLK
PDGTMADKPEFTVEPDGLITTK* 
 
>Bacilli_gi_565858025-8013-50395|Streptococcus_pseudopneumoniae_5247 
MDIDTSRLRTGLPQVGYAPYRQVHAHSTGNRNSTVQNEADYHYRKNPELGFFSHVVGNGRVMQVGPVNNGAWDV
GGGWNAESYAAVELIESHSTTEEFMADYRLYIELLRNLADEAGLPKTLDTSSLEGIKTHEYCTNNQPDNHSDHV
DPYPYLAKWGISREQFKQDIESGLTIETGWQKNDTGYWYVHSDGSYPKDKFEKINGTWYYFDGSGYMLVNRWKK
HTDGNWYWFDQSGEMATGWKKIADKWYYFDTEGAMKTGWVKYKDTWYYLDSKEGAMVSNAFVQSADGTGWYYLN
ADGTMADKPEFAVEPDGLITTK* 
 
>Bacilli_gi_565866318|Streptococcus_mitis_27/7 
MDIDTSRLRTDLPIVGFEPFRQVHAHSTGNRNSTVQNEADYHYRKDPELGFFSHVVGNGRVMQVGPVNNGSYDV
GGGWNAETYAAVELIESHSTKEEFMTDYRLYIELLRNLADEAGLPKTLDTDVLAGIKTHEYCTNNQPDNSSDHV
DPYPYLAKWGVSREQFKRDIENGLGAETGWQKNDTGYWYVYSDGSYPKNKFEKINGTWYYFDGSGYMLADRWKK
HTDGNWYYFDRSGEMATGWKKIAEKWYYFDVEGAMKTGWVKYKDTWYYLDSKDGNMVSNEFVRAGQGWYYIKPD
GTMADKPEFEIEPDGLITTK* 
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Appendix B: Supplementary data published in manuscripts 
 

Table B-1. Primers used in Chapter 2 
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Appendix C: Sequence Information for Constructs used in 

Dissertation-Related Studies 
 
 
 

pBAD24::Cpl-1 
 

Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTTTCACGAAAGAACCAGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 40.01 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSFPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSFTKEPDGLITVAHHHHHH* 
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pBAD24::Cpl-1 W210A 
 

Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGGCGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTTTCACGAAAGAACCAGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 39.89 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWAFRRNNGSFPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSFTKEPDGLITVAHHHHHH* 
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pBAD24::Cpl-1 F218A 
 
Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTGCGCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTTTCACGAAAGAACCAGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
 
Protein Sequence (345 aa, 39.93 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSAPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSFTKEPDGLITVAHHHHHH* 
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pET28a::Cpl-1 Y238A 
 

Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGAGCGTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTTTCACGAAAGAACCAGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 39.92 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSFPYNKWEKIGGVWYYFDSKGACLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSFTKEPDGLITVAHHHHHH* 
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pET28a::Cpl-1 W210A F218A 
 

Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGGCGTTCAGACGAA
ACAATGGCAGTGCGCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTTTCACGAAAGAACCAGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
 
Protein Sequence (345 aa, 39.82 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWAFRRNNGSAPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSFTKEPDGLITVAHHHHHH* 
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pET28a::Cpl-1 F218A Y238A 
 
Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTGCGCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGAGCGTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTTTCACGAAAGAACCAGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 39.84 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSAPYNKWEKIGGVWYYFDSKGACLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSFTKEPDGLITVAHHHHHH* 
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pET28a::Cpl-1 W210A Y238A 
 
Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGGCGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGAGCGTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTTTCACGAAAGAACCAGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 39.80 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWAFRRNNGSFPYNKWEKIGGVWYYFDSKGACLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSFTKEPDGLITVAHHHHHH* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



151 
 

 
 

pET28a::Cpl-1 W210A F218A Y238A 
 
Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGGCGTTCAGACGAA
ACAATGGCAGTGCGCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGAGCGTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTTTCACGAAAGAACCAGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 39.73 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWAFRRNNGSAPYNKWEKIGGVWYYFDSKGACLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSFTKEPDGLITVAHHHHHH* 
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pET28a::Cpl-1 W210A F218A Y238A CBD 
 
Insert Sequence (444 nucleotides) 

ATGGGAACGTGGAAACAAGACAGCAAGGGGTGGgcgTTCAGACGAAACAATGGCAGTgcgCCTT
ATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAGTAAAGGAgcgTGCTTAAC
GAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGACAACGGCGCAATGGCGACT
GGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAGGCGCTATGGTTACTGGTT
GGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGGTAACATGGTTTCTAATGA
ATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGAGAGCTTGCAGACAATCCA
AGTTTCACGAAAGAACCAGACGGGCTTATAACCGTAGCACATCATCATCATCACCATTAA 
 
Protein Sequence (147 aa, 17.21 kDa) 

MGTWKQDSKGWAFRRNNGSAPYNKWEKIGGVWYYFDSKGACLTSEWLKDNEKWYYLKDNGAMAT
GWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNGELADNP
SFTKEPDGLITVAHHHHHH* 
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pET28a::Cpl-1 CBD 
 
Insert Sequence (459 nucleotides) 

ATGAAACCGAAAACCGCAGGCACCTGGAAACAGGATAGCAAAGGTTGGTGGTTTCGTCGTAATA
ATGGTAGCTTTCCGTATAACAAATGGGAGAAAATTGGTGGCGTGTGGTATTATTTCGACAGCAA
AGGCTATTGTCTGACCAGCGAATGGCTGAAAGATAACGAGAAATGGTATTACCTGAAAGACAAT
GGTGCAATGGCCACCGGTTGGGTTTTAGTTGGTAGCGAATGGTACTATATGGATGATAGCGGTG
CCATGGTTACCGGCTGGGTGAAATATAAGAATAACTGGTATTACATGACCAACGAGCGTGGCAA
TATGGTTAGCAACGAATTTATCAAAAGCGGCAAAGGCTGGTACTTTATGAATACCAATGGTGAA
CTGGCAGATAATCCGAGCTTTACCAAAGAACCGGATGGTCTGATTACCGTTGCACATCATCATC
ATCATCATTAATAA 
 
Protein Sequence (151 aa, 17.89 kDa) 

MKPKTAGTWKQDSKGWWFRRNNGSFPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKDN
GAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNGE
LADNPSFTKEPDGLITVAHHHHHH** 
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pBAD24::Cpl-1 ΔC2 
 
Insert Sequence (870 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTCATCATCATCATCACCATTAATAA 
 
Protein Sequence (288 aa, 33.41 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSFPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTHHHHHH** 
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pBAD24::Cpl-1 Δtail 
 

Insert Sequence (990 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCACATCATCATCATCACCATTAA 
 
Protein Sequence (329 aa, 38.32 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSFPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELAHHHHHH* 
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pBAD24::Cpl-1 DNP →AAA 
 
 
Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAgcggcggcgAGTTTCACGAAAGAACCAGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 39.90 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSFPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELAAAASFTKEPDGLITVAHHHHHH* 
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pBAD24::Cpl-1 SFT →AAA 
 
 
Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAgcggcggcgAAAGAACCAGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 39.89 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSFPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPAAAKEPDGLITVAHHHHHH* 
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pBAD24::Cpl-1 KEP →AAA 

 
 
Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTTTCACGgcggcggcgGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 39.87 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSFPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSFTAAADGLITVAHHHHHH* 
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pBAD24::Cpl-1 DGL →AAA 
 
 
Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTTTCACGAAAGAACCAgcggcggcgATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 39.94 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSFPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSFTKEPAAAITVAHHHHHH* 
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pBAD24::Cpl-1 ITV →AAA 
 
 
Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTTTCACGAAAGAACCAGACGGGCTTgcggcggcgGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 39.91 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSFPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSFTKEPDGLAAAAHHHHHH* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



161 
 

 
 

pBAD24::Cpl-1 F328A 
 
 
Insert Sequence (1038 nucleotides) 

ATGGTTAAAAAGAATGATTTATTTGTAGATGTTTCAAGTCACAACGGTTACGATATAACAGGTA
TCTTGGAGCAAATGGGAACAACTAACACCATCATTAAAATTTCTGAAAGTACGACCTATTTAAA
CCCTTGCTTGTCTGCTCAAGTGGAGCAGTCAAACCCTATTGGCTTTTATCACTTCGCACGCTTT
GGCGGAGACGTAGCAGAAGCCGAAAGAGAAGCGCAGTTTTTCCTTGACAACGTGCCTATGCAAG
TTAAATACCTTGTATTGGACTACGAGGACGACCCAAGCGGAGACGCACAAGCGAACACTAACGC
ATGCTTACGCTTTATGCAGATGATTGCTGACGCTGGATATAAACCTATTTATTATAGTTATAAA
CCGTTTACACATGATAATGTGGACTATCAGCAAATCCTTGCACAGTTCCCTAATTCTCTATGGA
TTGCAGGCTATGGCTTAAACGATGGTACAGCTAACTTTGAATACTTCCCAAGCATGGACGGGAT
AAGATGGTGGCAGTATTCTAGTAACCCGTTTGACAAGAATATTGTACTGTTAGACGATGAAGAA
GACGACAAGCCAAAGACCGCTGGAACGTGGAAACAAGACAGCAAGGGGTGGTGGTTCAGACGAA
ACAATGGCAGTTTCCCTTATAATAAATGGGAAAAAATCGGTGGTGTGTGGTACTACTTCGATAG
TAAAGGATATTGCTTAACGAGCGAATGGCTCAAAGATAATGAAAAATGGTACTACCTCAAGGAC
AACGGCGCAATGGCGACTGGTTGGGTGCTAGTCGGGTCAGAGTGGTATTATATGGACGATTCAG
GCGCTATGGTTACTGGTTGGGTCAAGTATAAGAATAACTGGTACTATATGACAAATGAACGTGG
TAACATGGTTTCTAATGAATTTATTAAGTCTGGAAAAGGTTGGTATTTCATGAACACAAACGGA
GAGCTTGCAGACAATCCAAGTgcgACGAAAGAACCAGACGGGCTTATAACCGTAGCACATCATC
ATCATCACCATTAA 
 
Protein Sequence (345 aa, 39.93 kDa) 

MVKKNDLFVDVSSHNGYDITGILEQMGTTNTIIKISESTTYLNPCLSAQVEQSNPIGFYHFARF
GGDVAEAEREAQFFLDNVPMQVKYLVLDYEDDPSGDAQANTNACLRFMQMIADAGYKPIYYSYK
PFTHDNVDYQQILAQFPNSLWIAGYGLNDGTANFEYFPSMDGIRWWQYSSNPFDKNIVLLDDEE
DDKPKTAGTWKQDSKGWWFRRNNGSFPYNKWEKIGGVWYYFDSKGYCLTSEWLKDNEKWYYLKD
NGAMATGWVLVGSEWYYMDDSGAMVTGWVKYKNNWYYMTNERGNMVSNEFIKSGKGWYFMNTNG
ELADNPSATKEPDGLITVAHHHHHH* 
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pBAD24::Pal 
 
 
Insert Sequence (909 nucleotides) 

ATGGGAGTCGATATTGAAAAAGGCGTTGCGTGGATGCAGGCCCGAAAGGGTCGAGTATCTTATA
GCATGGACTTTCGAGACGGTCCTGATAGCTATGACTGCTCAAGTTCTATGTACTATGCTCTCCG
CTCAGCCGGAGCTTCAAGTGCTGGATGGGCAGTCAATACTGAGTACATGCACGCATGGCTTATT
GAAAACGGTTATGAACTAATTAGTGAAAATGCTCCGTGGGATGCTAAACGAGGCGACATCTTCA
TCTGGGGACGCAAAGGTGCTAGCGCAGGCGCTGGAGGTCATACAGGGATGTTCATTGACAGTGA
TAACATCATTCACTGCAACTACGCCTACGACGGAATTTCCGTCAACGACCACGATGAGCGTTGG
TACTATGCAGGTCAACCTTACTACTACGTCTATCGCTTGACTAACGCAAATGCTCAACCGGCTG
AGAAGAAACTTGGCTGGCAGAAAGATGCTACTGGTTTCTGGTACGCTCGAGCAAACGGAACTTA
TCCAAAAGATGAGTTCGAGTATATCGAAGAAAACAAGTCTTGGTTCTACTTTGACGACCAAGGC
TACATGCTCGCTGAGAAATGGTTGAAACATACTGATGGAAATTGGTATTGGTTCGACCGTGACG
GATACATGGCTACGTCATGGAAACGGATTGGCGAGTCATGGTACTACTTCAATCGCGATGGTTC
AATGGTAACCGGTTGGATTAAGTATTACGATAATTGGTATTATTGTGATGCTACCAACGGCGAC
ATGAAATCGAATGCGTTTATCCGTTATAACGACGGCTGGTATCTACTATTACCGGACGGACGTC
TGGCAGATAAACCTCAATTCACCGTAGAGCCGGACGGGCTCATTACTGCTAAAGTTCATCATCA
TCATCACCATTAA 
 
Protein Sequence (302 aa, 35.27 kDa) 

MGVDIEKGVAWMQARKGRVSYSMDFRDGPDSYDCSSSMYYALRSAGASSAGWAVNTEYMHAWLI
ENGYELISENAPWDAKRGDIFIWGRKGASAGAGGHTGMFIDSDNIIHCNYAYDGISVNDHDERW
YYAGQPYYYVYRLTNANAQPAEKKLGWQKDATGFWYARANGTYPKDEFEYIEENKSWFYFDDQG
YMLAEKWLKHTDGNWYWFDRDGYMATSWKRIGESWYYFNRDGSMVTGWIKYYDNWYYCDATNGD
MKSNAFIRYNDGWYLLLPDGRLADKPQFTVEPDGLITAKVHHHHHH* 
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pET28a::Pal F284A 
 
Insert Sequence (909 nucleotides) 

ATGGGAGTCGATATTGAAAAAGGCGTTGCGTGGATGCAGGCCCGAAAGGGTCGAGTATCTTATA
GCATGGACTTTCGAGACGGTCCTGATAGCTATGACTGCTCAAGTTCTATGTACTATGCTCTCCG
CTCAGCCGGAGCTTCAAGTGCTGGATGGGCAGTCAATACTGAGTACATGCACGCATGGCTTATT
GAAAACGGTTATGAACTAATTAGTGAAAATGCTCCGTGGGATGCTAAACGAGGCGACATCTTCA
TCTGGGGACGCAAAGGTGCTAGCGCAGGCGCTGGAGGTCATACAGGGATGTTCATTGACAGTGA
TAACATCATTCACTGCAACTACGCCTACGACGGAATTTCCGTCAACGACCACGATGAGCGTTGG
TACTATGCAGGTCAACCTTACTACTACGTCTATCGCTTGACTAACGCAAATGCTCAACCGGCTG
AGAAGAAACTTGGCTGGCAGAAAGATGCTACTGGTTTCTGGTACGCTCGAGCAAACGGAACTTA
TCCAAAAGATGAGTTCGAGTATATCGAAGAAAACAAGTCTTGGTTCTACTTTGACGACCAAGGC
TACATGCTCGCTGAGAAATGGTTGAAACATACTGATGGAAATTGGTATTGGTTCGACCGTGACG
GATACATGGCTACGTCATGGAAACGGATTGGCGAGTCATGGTACTACTTCAATCGCGATGGTTC
AATGGTAACCGGTTGGATTAAGTATTACGATAATTGGTATTATTGTGATGCTACCAACGGCGAC
ATGAAATCGAATGCGTTTATCCGTTATAACGACGGCTGGTATCTACTATTACCGGACGGACGTC
TGGCAGATAAACCTCAAgcgACCGTAGAGCCGGACGGGCTCATTACTGCTAAAGTTCATCATCA
TCATCACCATTAA 
 
Protein Sequence (302 aa, 35.20 kDa) 

MGVDIEKGVAWMQARKGRVSYSMDFRDGPDSYDCSSSMYYALRSAGASSAGWAVNTEYMHAWLI
ENGYELISENAPWDAKRGDIFIWGRKGASAGAGGHTGMFIDSDNIIHCNYAYDGISVNDHDERW
YYAGQPYYYVYRLTNANAQPAEKKLGWQKDATGFWYARANGTYPKDEFEYIEENKSWFYFDDQG
YMLAEKWLKHTDGNWYWFDRDGYMATSWKRIGESWYYFNRDGSMVTGWIKYYDNWYYCDATNGD
MKSNAFIRYNDGWYLLLPDGRLADKPQATVEPDGLITAKVHHHHHH* 
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