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Candida albicans, found in the oral cavities of 30-50% of the global population, can lead to oral 

candidiasis, particularly in immunocompromised individuals like those with HIV or diabetes. 

The current treatments, small-molecule antifungals, often fall short due to drug resistance and 

toxicity. To address these challenges, histatin 5 (Hst5), a 24-amino-acid peptide naturally present 

in human saliva, has been studied as a potential antifungal therapy.  

Hst5, however, is susceptible to degradation by secreted aspartyl proteases (Saps) produced by 

C. albicans and salivary enzymes, limiting its potential efficacy as a therapeutic. We have 

engineered Hst5 variants utilizing rational design in order to understand the interactions with 

Saps and Saliva. We have also made advancements in developing a novel screening method 

utilizing the directed evolution technique yeast surface display. 

Our study employed rational design to modify Hst5, at its lysine residues (K5, K11, K13, and 

K17), substituting them with leucine or arginine to examine their influence on interactions with 



  

Saps (Sap1, Sap2, Sap3, Sap5, Sap6, Sap9, and Sap10). Sap5, Sap6, and Sap10 did not degrade 

Hst5 at the tested conditions, while Sap1, Sap2, Sap3, and Sap9 did. Some modifications, such as 

K13L, are particularly susceptible to proteolysis by Sap1, Sap2, Sap3, and Sap9. In contrast, 

K17L substantially increases the stability and antifungal activity of Hst5 in the presence of Saps. 

Additionally, although the K11RK17L variant was degraded more than the K17L variant, their 

antifungal activities were largely similar. The proteolysis products of were also identified by 

mass spectrometry identifying the [4-24], [1-17], and [14-24] Sap proteolysis products. We also 

evaluated the proteolytic stability of these variants in saliva. Both K17L and K5R showed 

improved stability; however, the enhancements were modest, suggesting that further engineering 

is required to achieve significant improvements. Further experiments evaluated how additional 

amino acid substitutions at K13 and K17 affect the peptide’s proteolytic stability in the presence 

of Saps (with and without zinc). Our findings suggest that the positive charge at K13 is important 

for the proteolytic stability of Hst5, as all other variants tested except K13R reduce overall 

proteolytic stability. Furthermore, many substitutions at K17, including tryptophan, significantly 

enhance proteolytic resistance and antifungal activity following incubation with Saps. The 

K17W variant showed improved stability and antifungal efficacy, maintaining its function even 

in the presence of zinc and exhibiting stronger antibiofilm activity than the parent Hst5. 

In addition to the rational design work, we have advanced the development of a directed 

evolution yeast surface display platform for screening peptides for proteolytic stability. This 

would allow for the expression of large peptide libraries on the surface of Saccharomyces 

cerevisiae. Through optimization of expression and display conditions, we determined an 

induction media at 30°C with a pH of 3.5 and devoid of glucose improved the expression and 

display of Hst5 peptides on the surface of S. cerevisiae. We also optimized the degradation 



  

conditions for Sap2 37°C, a pH not exceeding 7.4, and a Sap2 concentration of 0.78 µg/mL led 

to the best discrepancy between proteolytically stable variants.  Additionally, we found that a 40 

amino acid linker between the peptide and the yeast surface provided the best observing 

proteolytic degradation. Using the optimized system, we showed that yeast surface display can 

be used to discriminate between peptide variants with different levels of proteolytic stability. 

This lays the foundation for future work to screen large libraries of peptides for proteolytic 

stability. 

From these results, we have gained a deeper understanding of the interactions between Hst5 and 

Saps, showing that modification at different lysine residues greatly impacts the proteolytic 

stability of Hst5. Furthermore, we have shown that the yeast surface display platform can be 

used to screen the proteolytic stability of peptides.  Looking forward, this peptide should be 

engineered for proteolytic stability in saliva. Furthermore, mock screens should be made before 

screening a library of peptides using the yeast surface display platform. 
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HIV: Human immunodeficiency virus  
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C. glabrata: Candida glabrata 
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1. Chapter 1: Introduction 
 
 

1.1.  Candida albicans 

Candida albicans is a commensal fungal pathogen that inhabits the oral flora of 30% 

to 50% of people [1]. However, in patients who are immunocompromised with 

diseases such as diabetes and HIV, as well as genetic diseases such as Down 

syndrome [2-7], C. albicans can cause an array of infections, most notably oral 

candidiasis [4]. A key characteristic in the cell's virulence is the morphological 

switch, between yeast form or the hyphal form (Figure 1.1). 

 

 

 

Figure 1.1. Microscope image of the yeast and hyphae morphologies of C. albicans. 

While the structural compositions of the C. albicans cell membrane and cell wall 

change during the shift from yeast to hyphae, key components are retained. The cell 

Hypha 
 

Yeast 
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wall consists of β-(1,3)-glucans whose synthesis is governed by the genes FKS1, 

FKS2, and FKS3 [8-10] and β-(1,6)-glucans, which links proteins to the cell wall 

[11]. The cell wall also consists of chitin, which helps maintain cell integrity [12], 

and mannoproteins, which make up the outer layer of the cell wall, while the cell 

membrane integrity is maintained by ergosterol and other lipids [13, 14]. These 

components form the protective barriers of the cell; however, they also provide 

targets for drug design. 

1.2.  Antifungal drug resistance 

Small-molecule antifungal agents are effective in dealing with infections caused by C. 

albicans because of their selectivity for certain components in the cell structure. 

However, some of these agents can be toxic to human cells, and C. albicans can 

either be intrinsically or inherently resistant to these agents [8, 15-18]. The three most 

prominent classes of antifungal agents are polyenes, azoles, and echinocandins. 

Polyenes such as amphotericin B (AmB) interact with the ergosterol in the fungal cell 

membrane, eventually forming pores in the membrane [19-21] (Figure 1.2). Fungal 

cells can resist AmB by reducing the amount of ergosterol produced or using another 

sterol to maintain the cell wall [22] (Figure 1.3). Azoles, on the other hand, work as 

inhibitors of the 14-α-demethylase enzyme, which prevents ergosterol formation and 

increases toxic byproducts (Figure 1.2). These classes of drugs include itraconazole 

and fluconazole [23, 24]. Several mechanisms of resistance have been reported for 

resistance to azoles, such as mutations to 14-α-demethylase [16, 25], overexpression 

of the cdr1p and cdr2p efflux pumps [26], and overexpressing ergosterol [13] (Figure 
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1.3). Echinocandins such as caspofungin target (1,3) β-ᴅ glucan synthase, which is 

essential for the formation of the cell wall (Figure 1.2). Resistance to this class of 

drugs is through mutations in (1,3) β-ᴅ glucan synthase [9] (Figure 1.3). With 

toxicity and fungal resistance still contributing to the reduction in the efficacy of this 

agent, other potential therapeutic agents need to be considered.  

 

Figure 1.2. Mechanism of action and example of antifungal agents against C. albicans. A) Polyene 
such as AmB interact with ergosterol to disrupt the cell membrane, B) azoles such as fluconazole 
inhibit the formation of ergosterol and instead form toxic sterols that cause membrane stress, and C) 
echinocandins such as caspofungin prevent the formation (1,3) β-ᴅ glucan synthase. Figure reprinted 
with permission from [23]. Copyright © 2020, American Chemical Society. 
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Figure 1.3. Mechanism of resistance to antifungal agents by C. albicans. A) For polyenes, alternative 
sterols are used to maintain the membrane structure. B) Resistance to azoles can occur through 
multiple mechanisms, overexpression of ergosterol, and expression of efflux pumps to remove azoles 
from the cell. C) For echinocandins, mutations in Fks1p prevent binding. Figure reprinted with 
permission from [23]. Copyright © 2020, American Chemical Society. 

1.3.  Antimicrobial peptides 

AMPs are generally 10 to 60 amino acids in length and offer an attractive alternative 

to current small-molecule antimicrobial agents. Certain antimicrobial peptides 

(AMPs) can be found naturally in the human body, so they are often not toxic; 

additionally, the development of microbial resistance to AMPs is unlikely [27-29]. 

These peptides play an important role in the human immune system - for example, 

cathelicidin LL-37 and human beta-defensin 2 act as the body's first line of defense 

against pathogens like bacteria, fungi, and viruses [28]. 

The mechanisms of action of different AMPs vary, much like small-molecule 

antifungal drugs. As most AMPs interact with the cell membrane, interactions are 

separated into membrane targeting mechanisms, where pores are formed on the 
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surface of the cell, and non-membrane targeting mechanisms. The non-membrane 

targeting mechanisms involve inhibiting processes such as protein synthesis, 

enzymatic activity, and cell wall synthesis [28].  

A small subset of these AMPs have antifungal activity. Histatins are a family of 

histidine-rich antimicrobial salivary peptides found in humans. From this family, the 

most active is Hst5, a 24 amino acid peptide with a sequence of  

DSHAKRHHGYKRKFHEKHHSHRGY and a proteolytic derivative of histatin 3 

[30]. Hst5 has activity against most drug-resistant strains of C. albicans [31], making 

it an attractive option for further work. Reduced levels of Hst5 have been observed in 

HIV+ patients and children with Down syndrome, leading to oral legions. These 

patients are susceptible to more oral candidiasis, indicating that low levels of Hst5 

could contribute to high levels of oral candidiasis [6, 32, 33]. Hst5 will be discussed 

in more detail in Chapter 2.  

1.4. Secreted aspartyl proteases 

One limitation of Hst5 is its proteolytic stability to proteases from C. albicans and 

other proteases in saliva [34-38]. Secreted aspartyl proteases (Saps) are a family of 10 

proteases produced by C. albicans and are known to contribute to the virulence of the 

C. albicans. While the mechanism of production has only been shown for Sap2, it is 

hypothesized that these Saps are translated in the endoplasmic reticulum and undergo 

a series of post-translational modifications to produce the mature protease, which is 

fully secreted to either the extracellular space (Sap1-8) or 

glycosylphosphatidylinositol anchors (Sap9-10) [36, 39-42] (Figure 1.4).  
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Figure 1.4. Schematic of the mechanism of secretion for Saps. mRNA is translated in the rough 
endoplasmic reticulum (ER) and forms the enzymes in their preproenzyme form. The signaling peptide 
is removed via by a signal peptidase forming the proenzyme. This enzyme is further processed by Kex-
2 proteinase, which activates them to their mature form. These enzymes are transported by vacuoles 
either to their GPI anchor or the extracellular space. Figure reprinted with permission from [41]. 
Copyright © 2022, Future Medicine. 

 
Similar to other aspartyl proteases, Saps contain the characteristic two catalytic 

aspartic acid residues in their active site (Figure 1.5). These proteases have been 

shown to degrade molecules that are essential to the immune resume such as C3b, C4, 

and C5 of the complement system as well as Hst5[36, 43]. Unlike most other 

proteases, their proposed mechanism of action does not involve an intermediate 

formed between the protease and protein. While hydrogen bonding maintains the 

interaction between the two molecules, a reactive water molecule acts as the 

nucleophile and hydrogen bond donor to perform the hydrolysis at the peptide bond 

of the protein [44] (Figure 1.6). 
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Figure 1.5. Structure of Sap2 (1eag PDB), predicted by Robetta. Figure reprinted with permission 
from Copyright © 2019, Springer Natural Limited. 

 

 

Figure 1.6. Schematic of the mechanism of action for aspartyl proteases mediated by the Asp32 and 
Asp215 residues. 1) Asp32 is deprotonated by the carboxyl oxygen of the protein, Asp215 

D32 
D218 
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deprotonates water, and the oxygen in water acts as a nucleophile and bonds to the carboxyl carbon of 
the protein. 2) The protein rotates at the amino acid amine group.  3) Asp32 deprotonates hydroxyl 
oxygen, which forms a carboxyl double bond in the protein, Asp215 donates hydrogen to the protein 
amine group, and the amine acts as a leaving group, completing the hydrolysis. 4) The final structure 
with Asp32 and Asp215 returned to their original state and the protein cleaved. Figure reprinted with 
permission from Copyright © 2008, American Chemical Society. 

1.5. Interactions of Hst5 with Saps  

While Hst5 is a promising antifungal option, its susceptibility to these proteases could 

hinder its use as an antifungal agent (Table 1.1). Puri et al. showed that Hst5 is 

cleaved by Sap6 when incubated for 1 h at 37 °C in 50 mM NaPB (pH 7.0), and the 

activity of Hst5 is nearly eliminated after incubation at a 2:1 molar ratio of Hst5 to 

Sap6 [37]. In another study by Meiller et al., the authors found that Sap2 and Sap9, 

and, to a lesser extent, Sap10 cleave Hst5 [36]. Bochenska et al. tested these Saps at 

their optimal pHs – pH 4 (Sap2,  Sap3, and  Sap8),  pH  5  (Sap1, Sap4-6 and Sap9) 

or pH 6 (Sap7 and Sap10) at 37°C. They found that, after incubation with Saps, the 

antifungal activity of Hst5 drops by more than ~20% for each Sap and that Sap1-6 

and Sap8 prefer to cleave near positively charged (Arg and Lys) or large hydrophobic 

amino acids (Leu, Phe, and Tyr), while Sap7 and Sap9-10 prefer to cleave near Arg 

and His [38]. Ikonomva et al. designed variants of Hst5 in order to improve the 

proteolytic stability of the peptide against Sap2 and Sap9. This work shows that Hst5 

is cleaved by both proteases when incubated for 2 h at 37 °C in 1 mM NaPB, 

However variants can be designed with improved proteolytic stability[34, 35]. 

Although groups looked at the cleavage of Hst5 littler work has been done to reduce 

the proteolysis by the Saps. Table 1.1 summarizes the fragments that are formed after 

proteolysis of Hst5.   
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Table 1.1. Summary of the fragments found from the degradation of Hst5 by Sap1-10 as found in the 
literature. 

 

 
* Activity is determined as noted by Helmerhorst et al. [45]. 

1.6. Saliva 

While proteolysis by these Saps is a large concern, these C. albicans infections can 

happen in the oral microflora, which contains other organisms and their secreted 

proteases. Saliva is a complex mixture comprising various host proteases like cysteine 

cathepsins, the serine cathepsin A, the aspartic cathepsin D, and metalloproteases 

[46], along with microbial proteases secreted by organisms in the oral microbiome 

[47, 48]. Among these proteases are the Saps, namely Sap1-5, which are present in 

saliva [49, 50]. This complex mixture can cleave and reduce the activity of Hst5 

(Table 1.2). Understanding the fragments formed by the proteolysis of Hst5 and 

saliva involves incubating saliva with Hst5, performing a separation using a reverse 

phase chromatography column to separate Hst5 and its fragments from each other, 

and assessing these fragments for further antifungal activity [45]. Table 1.2 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
D S H A K R H H G Y K R K F H E K H H S H R G Y Ref. Activitya Sap
D S H A K R H H G Y K R K F [35] - Sap9
D S H A K R H H G Y K R K [34-36, 38] No Sap2,3, 9
D S H A K R H H G Y K R [34-36] No Sap2,9,10

H H S H R G Y [34-36, 38] No Sap1,2,3,4,9
D S H A K R H H G Y [36, 38] No Sap2,3,4,8,9

A K R H H G Y [38] - Sap1
A K R H H G Y K R K F H E K [38] - Sap1

D S H A K R H H G Y K R K F H E K [34-36, 38] Yes Sap1,2,3,4,9
S H A K R H H G Y K R K F H E K [35] - Sap2

D S H A K R H H G Y K R K F H E K H [34, 35] Yes Sap2,9
D S H A K R H H G Y K R K F H E K H H S H [38] - Sap7

F H E K H H S H R G Y [34-36, 38] - Sap2,3,7,8,9,10
K R K F H E K H H S H R G Y [38] Yes Sap4

R K F H E K H H S H R G Y [36] Yes Sap10
K R K F H E K [36, 38] - Sap1,2

R H H G Y K R K F H E K [36] - Sap10
D S H A K R H H G Y K R K F H E K H H S H R G Y [34-36, 38] Yes Sap2,9,10

Sequence
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summarizes the degradation products of Hst5 after incubation with saliva, found in 

literature. From the fragments two things can be noted: (1) Saps are not the only 

enzymes degrading on Hst5, (2) fragments made by the degradation of Hst5 can have 

no activity, potentially reducing the activity of the sample. In thinking about Hst5 as 

an oral therapeutic, designing these peptides must alse take into consideration salivary 

proteases.  

Table 1.2. Fragments found from the degradation of Hst5 by saliva. 

  

 
a Activity is determined as note by Helmerhorst et al. [45]. 
 
 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
D S H A K R H H G Y K R K F H E K H H S H R G Y Ref. Activitya

K R H H G Y K R [45]  No
R H H G Y K R K [45]  No

D S H A K R H H G Y K [45, 78] No
D S H A K R H H G Y K R K [45, 78, 91] No
D S H A K R H H G Y K R [45, 78] No

H S H R G Y [45, 78] No
H H S H R G Y [45, 78] No

D S H A K R H H G Y [45, 78] No
E K H H S H R G Y [45, 78] No

K H H S H R G Y [45, 78] No
H E K H H S H R G Y [78, 91]  -

D S H A K R H H G Y K R K F H E K [45, 78, 91]  Yes
D S H A K R H H G Y K R K F H E K H [45, 78] Yes
D S H A K R H H G Y K R K F H [45, 78] Yes

F H E K H H S H R G Y [45, 78] -
D S H A K R H H G Y K R K F H E [45, 78] Yes

K R K F H E K H H S H R G Y [45, 78] Yes
R K F H E K H H S H R G Y [45, 78] Yes

K F H E K H H S H R G Y [45, 78] Yes
F H E K H H S H R  [91]  -

R H H G Y K R  [91] -
R H H G Y K R K F H E K  [91] -
R H H G Y K R K F H E K H H S H R G Y  [91] -

D S H A K R H H G Y K R K F H E K H H S H R G Y  [45, 78, 91] Yes

Sequence
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1.7.  Engineering strategies 

While AMPs are often engineered to improve activity against microbial organisms, 

their engineering strategies can be leveraged as a tool for understanding the 

interactions between host and pathogens. These engineering strategies involve either 

understanding the structure and function of proteins to make guided solutions or 

screening a library of peptides in a process mimicking natural selection, both aiming 

to understand how different mutations impact the desired properties of the protein 

(Figure 1.7). 

 

Figure 1.7. Schematic of the engineering strategies to make improved antifungal peptides. Figure 
reprinted and adapted with permission from [51] Copyright © 2023, Elsevier Ltd. 

Directed 
Evolution 

Rational 
Design 
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1.7.1.  Rational design 

Rational peptide design is a process that leverages knowledge of either the structure 

or the function of peptides to make rationally guided changes to the peptide sequence. 

This technique often yields small libraries of peptides that can be screened for desired 

properties. One example of this is Thennarasu et al. utilizing knowledge of 

antimicrobial peptide structure to make 3 substitutions (A4K, P7K, or S11K) to turn 

the 16-mer peptide (GFFALIPKIISSPLFK) that originally had no antimicrobial 

activity into an antimicrobial peptide, elucidating the roles of lysine in the structure of 

antimicrobial peptides [52]. Rational design has also been used in engineering protein 

and proteins for increased proteolytic stability. In order increase the proteolytic 

stability of ribonuclease A, Markert et al. designed the A20P variants of ribonuclease 

A, as protease often do not cleave near prolines residues. They were able to 

dramatically improve the proteolytic stability against both proteinase K and subtilisin 

Carlsberg [53]. In a study to improve the antibacterial activity of the antimicrobial 

peptide Pandinin 2, Carmona et al. replaced all of the amino acids in Pandinin 2 with 

their D isomers. This resulted in an increase in proteolytic stability in the presence of 

trypsin, elastase, and proteases from Pseudomonas aeruginosa. These examples show 

that rational design can be a powerful tool in enhancing the desired properties of 

proteins and peptides.  

1.7.2. Directed evolution 

Directed evolution is often compared to natural selection, where the fitness landscape 

of a peptide is explored to select the peptide with the desired properties. A key 
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component of this strategy is that the knowledge of the structure and function of 

proteins is not required, but it can aid in screening for desired properties [54]. 

However, an effective screening method is required for the success of this strategy, as 

variants that do not have an adaptive advantage must be differentiated from those 

with adaptive advantages [55]. The process of directed evolution is often iterative, 

where peptide libraries are designed, followed by screening for a desired property, 

peptides with desired properties are selected, then new peptide libraries are designed 

based on the new template. The process is repeated until one candidate is selected.  

1.7.2.1 Surface display 

Of the potential direct evolution platforms, surface display platforms provide a high 

throughput method of screening peptide libraries. Surface display platforms are used 

to express a library of proteins on the surface of a host. These proteins can then be 

screened for a desired property and sequenced to determine the variants of interest. 

As each cell contains one plasmid, each peptide mutation is linked to a singular cell. 

While high-yielding display systems such as phage displays and bacterial displays 

allow us to screen larger libraries of peptides, potentially leading to a more robust 

peptide discovery, sequences may potentially be toxic to the bacterial host and not be 

produced, so further optimization is necessary [56]. Furthermore, the small size of 

bacteriophages and the fact that phage display is primarily used to select for improved 

binders make it incompatible with fluorescence-activated cell sorting (FACS) or flow 

cytometry, often needing to be coupled with strategies such as yeast surface display 

[57]. 
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Yeast surface display provides a powerful platform that utilizes the eukaryotic-like 

mechanics of yeast cells to produce proteins on their surface. Furthermore, unlike the 

phage display system, screen variants for desired properties can be performed using 

flow cytometry [58, 59]. This platform has been used for identifying the best binders 

[59, 60],  and designing proteases to improve proteolytic activity in specific peptides 

[61]. However, this platform has not been used to screen a peptide library for 

improved proteolytic stability. The uses of yeast surface display will be covered in 

more detail in Chapter 5. 

1.8. Overview of the thesis. 

This dissertation presents the application of rational design and directed evolution 

engineering strategies to investigate the interaction between Hst5 and Saps and 

salivary proteases, aiming to enhance the proteolytic stability of the peptide. In 

Chapter 2, a comprehensive review of previous work to engineer Hst5 is provided, 

covering improved properties of the peptide, such as proteolytic stability, antifungal 

activity, and metal binding. Chapter 3 covers the first experimental section, which 

introduces our first generation of Hst5 variants. Here, lysine residues are mutated to 

either leucine or arginine, and proteolytic stability is assessed against saliva and 

purified Saps, as well as antifungal activity against C. albicans SC5314. Chapter 4 

builds on this work by designing a second generation of Hst5 variants at the K13 and 

K17 residues. The impact of different properties on proteolytic stability and 

antifungal activity is evaluated. Four variants were selected based on the results: 

parent Hst5, K13H, K17W, and K11RK17R, and the effects of Zn2+ on the 
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proteolytic stability and antifungal activity of these four variants. Chapter 5 explores 

the use of yeast surface display as a potential high throughput screening method for 

proteolytic stability. Finally, Chapter 6 provides a summary of the conclusions of 

this work and recommendations for future studies.  

  



 

 

16 
 

2. Chapter 2: Review of engineering and enhancing the 
antifungal properties of histatin 5 

 
 

2.1.  Histatin 5 overview 

Histatins (Hst) are histidine-rich peptides that are naturally found in saliva. While 

these histidine-rich proteins were first described in 1973 and further characterized in 

1976 in the Longton lab [62, 63], their fungicidal ability against C. albicans was first 

described in the 1980s [30, 64]. Oppenheim et al. purified and identified the sequence 

of three of these Hsts (Hst1, Hst3, and Hst5) and determined that Hst5 is the most 

active against C. albicans [30]. Hst5 is a 24 amino acid, 3036 Da antimicrobial 

peptide this is produced when histatin 3 is proteolytically processed in saliva (Table 

2.1) [30]. This peptide is known for having a broad array of activity against other 

Candida species and has a concentration of 2.1 – 16.9 µg/mL in saliva [31, 65]. 

 

Table 2.1. The sequence of Hst3 and proteolytic biproduct in the presence of saliva Hst5. 

 

 

2.2. Hst5 structure and mechanism of action 

The structure of antimicrobial peptides often plays an important role in their activity. 

Similar to other antimicrobial peptides, Hst5 is unstructured in water. However, in the 

presence of a hydrophobic solvent (trifluoroethanol) it adopts an α-helical structure 

[66]. While most antimicrobial peptides form α-helical structures to disrupt the 

Peptide
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Histatin 3 D S H A K R H H G Y K R K F H E K H H S H R G Y R S N Y L Y D N
Histatin 5 D S H A K R H H G Y K R K F H E K H H S H R G Y

Sequence
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membrane and internalize into the cell, Hst5’s exact mechanism for internalization is 

still unknown. It is believed that upon binding with the cell wall, Hst5 interacts with 

the heat shock protein Ssa1p/2p, which leads to the internalization of Hst5 into the 

cell through the Dur3p/31p transporters [67-70]. When Hst5 enters the cell, it targets 

the mitochondria, eventually causing an efflux of ATP and the formation of reactive 

oxygen species (Figure 2.1) [71]. Notably, while Hst5 has activity against a broad 

range of Candida spp, it lack activity against species like C. glabrata that lack 

Dur3p/Sur31p transporters [72]. 

 

Figure 2.1. Schematic of the mechanism of action of Hst5 against C. albicans. The Hst5 peptide 1) 
interacts with the Ssa2 heat shock protein receptor, 2) transports through the Dur3/31 transporters, and 
3) interacts with the mitochondria leading to release of reactive oxygen species. Figure made in 
BioRender.com 

 
Rational design has been used to engineer various properties of Hst5 to deepen our 

understanding of how Hst5 interacts with C. albicans. In this section, we discuss the 

design and study of various Hst5 truncations and variants aimed at enhancing our 

grasp of these interactions. Through a detailed examination of these engineered 
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peptides, we seek to help develop more effective engineering strategies for future 

studies. 

2.3. Engineering for antifungal activity 

The most commonly engineer property for Hst5 is its antifungal activity. Hst5 has the 

greatest antifungal activity against C. albicans. However, the entire peptide is not 

necessary for its antimicrobial activity. Truncated versions of this peptide, such as P-

113 and dh-5, have been shown to exhibit greater or similar antifungal activity 

compared to the parent Hst5 (Table 2.2) [72, 73], showing the fragments of Hst5 can 

retain their activity. Several truncations of the Hst5 peptide have been assessed in the 

identification of the P-113 (Table 2.2). Sequences such as P-112, P-114 – P-120, and 

P-123 which are different sequence truncations of Hst5, did not have antifungal 

activity at a concentration below 80 µg/mL. Only the P-113 had enhanced activity 

compared to Hst5 by a factor of ~2.0. A similar process was done to identify the dh-5, 

truncated variants of the Hst5 were designed beginning (N-terminus), end (C-

terminus), or middle. These variants, named N16, C16, C14, C12, C10, and M10, 

were then tested for enhanced antifungal activity. Of these, only the dh-5, also known 

as C14, had similar activity to Hst5 (Table 2.2) [73]. The identification of the P-113 

and dh-5 truncation shows further truncations of Hst5 may need to be considered and 

modification made to improve their antifungal activity.  
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Table 2.2. Truncations of Hst5 designed to assess antifungal activity against C. albicans.  

 

 
a The activity reported is with respect to the parent peptide Hst5. 
 
Rational design is not limited to identifying fragments that have a function of interest; 

mutations can be performed to identify the optimal amino acids to enhance function 

or possibly enhance them. Mutations in the amino acid sequence of a protein can help 

determine the effect of specific residues on the protein's properties and function. The 

ability of the Hst5 protein to internalize into C. albicans cells is a critical property. 

Certain substitutions to the P-113 peptide can prevent it from entering the cell, 

thereby hindering its antimicrobial activity. For example, the 113Q2.10 substitution 

allows the protein to accumulate on the surface of C. albicans, but it is not 

internalized (Table 2.3) [68]. In the study for antifungal activity studying variants of 

the truncated versions of peptides can further elucidate the role of specific residues on 

antifungal activity. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Name D S H A K R H H G Y K R K F H E K H H S H R G Y Ref. Activity
P-113 A K R H H G Y K R K F H [72] Enhanced

dh-5/C14 K R K F H E K H H S H R G Y [73] Similar
N16 D S H A K R H H G Y K R K F H E [73] Reduced
C16 G Y K R K F H E K H H S H R G Y [73] Similar
M10 H H G Y K R K F H E [73] Reduced

C12/P-116 K F H E K H H S H R G Y [72,73] Reduced
C10 H E K H H S H R G Y [73] Reduced

P-123 D S H A K R H H G Y K R K F [72] Reduced
P-103 K R H H G Y K R K F H E K H H S H R [72] Reduced
P-112 D S H A K R H H G Y K R [72] Reduced
P-114 H H G Y K R K F H E K H [72] Reduced
P-115 Y K R K F H E K H H S H [72] Reduced
P-117 K R H H G Y K R K F H [72] Reduced
P-118 A K R H H G Y K R K F [72] Reduced
P-119 A K R H H G Y K R K [72] Reduced
P-120 A K R H H G Y K R [72] Reduced

Sequencea
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Table 2.3. Mutants of Hst5 designed to assess antifungal activity and their antifungal activity against 
C. albicans. The activity reported is with respect to the parent peptide for each section Hst5, dh-5, and 
P-113.  

 
a Red text represents insertion. 
b The hyphens represent retained amino acids. 
c NH3 represents Hst5 variants with C terminal amidation. 

 
Understanding the mechanisms of action is important, but it can be time and resource-

intensive. Screening for antifungal activity may just be sufficient. In this case, 

mutations could result in peptides with enhanced antifungal properties compared to 

the parent peptide. Tsai et al. used this strategy for substituting the D1, R12, K13, 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Name D S H A K R H H G Y K R K F H E K H H S H R G Y Ref. Activity

F14A/H15A - - - - - - - - - - - - - A A - - - - - - - - - [74] Reduced
H18A/H19A - - - - - - - - - - - - - - - - - A A - - - - - [74] Reduced

reHsn-5 G - - - - - - - - - - - - - - - - - - - - - - - [74] Similar
m1 - - - - - - - - - - - I - - - - - - - - - - - - [74] Similar
m2 - - - - - - - - - - - I - - - - N - - - - - - - [74] Similar

m12 - - - - - - - - - - - I - - - - - - - - L - - - [74] Similar
m21 - - - - - - - - - - - - T - - - - - - - - - - - [74] Reduced
m68 - - - - - - - - - - - - E - - - - - - - - G - - [74] Reduced
m70 - - - - - - - - - - - - - - - - - - P - R - - [74] Similar
m71 - - - - - - - - - - - - E - - - - - - - - - - - [74] Reduced

P-113 A K R H H G Y K R K F H NH3

P-113D a q r h h g y k r q f h  NH3 [72] Similar
113-F4.5.12 - - - - F F - - - - - F NH3 [72] Similar
113-Y4.5.12 - - - - Y Y - - - - - Y NH3 [72] Similar
113-L4.5.12 - - - - L L - - - - - L NH3 [72] Similar
113-Q2.10 - - Q - - - - - Q - -  NH3 [72] Reduced
113-Q3.9 - - - Q - - - - Q - - -  NH3 [72] Reduced

113-Q2.3.9.10 - - Q Q - - - - Q Q - -  NH3 [72] Reduced
113-K6 - - - - - K - - - - - -  NH3 [72] Similar
113-H8 - - - - - - - H - - - -  NH3 [72] Similar

113-K6H8 - - - - - K - H - - - -  NH3 [72] Similar
dh-5/C14 K R K F H E K H H S H R G Y

dh15K - - - - K - - - - - - - - - [76] Similar
dh13L K R K L F H E K H H S H R G Y [76] Similar
dh17L - - - - - - L - - - - - - - [76] Similar
dh18L - - - - - - - L - - - - - - [76] Similar
dh18K - - - - - - - K - - - - - - [76] Similar
dh19K - - - - - - - - K - - - - - [76] Similar
dh21F - - - - - - - - - - F - - - [76] Similar
dh23K - - - - - - - - - - - - K - [76] Similar
dhVar1 - - L - K - L K F - L - K - [76] Enhanced
dhVar2 - - L - K - L L F - L - K - [76] Enhanced
dhVar4 - - L - K K L L F - L - K - [77] Enhanced
dhVar5 L L L - L L - K R K K - K - [77] Enhanced

Sequence a,b,c
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K17, H19, H21, and R22 amino acids of Hst5 to identify important residues in the 

sequence (Table 2.3). Of these residues, K13 and Arg22 were important for the 

peptide [74]. Tsai et al. follow up this study with the variants F14A/H15A and 

H18A/H19A; both substitutions reduce the activity of Hst5, affirming the importance 

of the F14/H15 and H18/H19 residues [75]. In both cases, most mutations are 

coupled, and not all are individually assessed, so it may be difficult to differentiate 

important individual residues from combinations that may be important. When 

Rothstein et al. first described the peptide P-113, they studied how mutations to 

specific residues would impact the antifungal activity (Table 2.3). From these 

variants, we see that substituting all amino acids with their ᴅ-amino acid counterparts 

does not impact antifungal activity and that the lysine residues are essential for 

antifungal activity [72]. This shows following the direct path and engineering for the 

function, in this case antifungal activity, can also provide results. 

The continuation of work by Tsai and Rothstein could involve substituting residues 

with amino acids of different properties to understand what interactions are important, 

followed by a separate investigation on how coupling different residues impacts 

activity. This will make for a time and resource-intensive investigation but would 

increase the likelihood of identifying important residues and coupled interactions. 

However, all residues may not need to be explored; knowledge of the peptide 

structure may reduce the sequence space that needs to be explored. 

Knowledge of the structure of Hst5 also makes it possible to design more active 

variants. Hst5 forms a weakly amphipathic α-helix in hydrophobic solutions. 
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Utilizing this knowledge, Helmerhorst et al. designed variants of the dh-5 to assess 

the impact of amphipathicity on the peptide’s antifungal activity (Table 2.3). While 

single point mutations did not impact the antifungal activity of the peptide (dh13L – 

dh23K), when they were combined into dhvar1 and dhvar2, the antifungal activity of 

the peptides was greatly improved [76]. To continue the study on the dhvar variants 

Ruissen et al. designed the dhvar4 (more amphipathic than Hst5) and dhvar5 (as 

amphipathic as Hst5). The role of amphathicity in the antifungal activity is clearly 

shown here, where all peptides were able to enter the cell; however, only dhvar4 was 

active despite incubating cells with NaN3 which protects the mitochondria from Hst5, 

by reducing ATP output [77]. Increasing the peptide's amphiphilicity improved its 

antifungal activity, showing that engineering these peptides to enhance their 

secondary structure properties may potentially improve their antifungal activity.  

2.4. Proteolytic stability 

One limitation to Hst5, is that proteases secreted by C. albicans and proteases in 

saliva can cleave and reduce the activity of Hst5, highlighting the delicate balance 

and complexity of this system. These proteases degrade Hst5, producing a mix of 

peptide fragments that may not be as active as the parent Hst5 [34-36, 38, 45, 78]. In 

the primary work done with these variants, substitution at K17 were found to could 

protect the peptide from proteolysis (Table 2.4) [34]. This work was continued by 

further determining the effects of coupled substitution (K11RK17R) and replacing or 

adding acid residues (E16L, E16R, K13E). Except for E16L, variants such as 

K11RK17R maintained antifungal activity when proteolytic stability was improved 
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[35]. After incubation with Sap2, E16L proteolysis product exhibited greater 

antifungal activity than the degraded Hst5 despite being more degraded after 

exposure to Sap2 [35]. Here it is shown that we can engineer proteolytically stable 

variants of Hst5, and that proteolytic stability impacts the antifungal activity. In 

previous work, K17 variant was originally noted as not important to the peptides 

antifungal activity [74]. However, by exploring individual mutations followed by 

coupled mutation, we can see that we were able to identify more proteolytically stable 

variants of Hst5 which overall helped the peptide maintain its antifungal activity in 

the presence of proteases. 

Table 2.4. Mutants of Hst5 designed to assess proteolytic stability. The stability reported is with 
respect to the parent peptide Hst5. 

 
a The hyphens represent retained amino acids. 

2.5. Metal binding 

Another property that is well studied is the metal binding properties of Hst, 

specifically to zinc and its potential role in antifungal activity. Hst5 is also known as 

metallopeptide, meaning that it can bind to metals. The zinc-binding domain of most 

metalloproteins contains a canonical HEXXH site that is present in residues 15 – 19 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 Sap2 Sap9
Name D S H A K R H H G Y K R K F H E K H H S H R G Y Ref. Stablity Stablity
K5R - - - - R - - - - - - - - - - - - - - - - - - - [35] Enhanced Similar
K5L - - - - L - - - - - - - - - - - - - - - - - - - [35] Enhanced Reduced

K11R - - - - - - - - - - R - - - - - - - - - - - - - [35] Enhanced Similar
K11L - - - - - - - - - - L - - - - - - - - - - - - - [35] Enhanced Reduced
K13R - - - - - - - - - - - - R - - - - - - - - - - - [35] Reduced Reduced
K13L - - - - - - - - - - - - L - - - - - - - - - - - [35] Enhanced Reduced
K13H - - - - - - - - - - - - H - - - - - - - - - - - [36] Reduced Reduced
K13E - - - - - - - - - - - - E - - - - - - - - - - - [36] Reduced Reduced
E16R - - - - - - - - - - - - - - - R - - - - - - - - [36] Enhanced Reduced
E16L - - - - - - - - - - - - - - - L - - - - - - - - [36] Reduced Reduced
K17R - - - - - - - - - - - - - - - - R - - - - - - - [35] Enhanced Enhanced
K17L - - - - - - - - - - - - - - - - L - - - - - - - [35] Enhanced Enhanced

K11RK17R - - - - - - - - - - R - - - - - R - - - - - - - [36] Enhanced Enhanced

Sequence a
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of Hst5 (Figure 2.2). Additionally, residues 3 – 7 (HAKRHH) of Hst5 can also bind 

to zinc, but not as effectively [79]. The peptide's ability to interact with zinc may 

influence its activity, as zinc can be found in saliva at a concentration of 0.12 - 0.22 

µg/mL [80].  

 

 

Figure 2.2. The amino acid sequence of Hst5. The Zn2+ binding motifs are highlighted in blue.  

 
While the full mechanism of action remains to be established, hypotheses about the 

role of metal ions in the activity of Hst5 have been gaining more notice. According to 

Campbell et al., Hst5's antifungal activity may be regulated by zinc [81]. Higher 

concentrations may lead to binding to the cell wall without internalization, while 

restricted access to zinc can result in Hst5 internalization and killing of C. albicans 

[81] (Figure 2.3). This potential modulation of Hst5's activity by zinc, a common 

element, opens up exciting possibilities for future research.  

 
Figure 2.3. Schematic of the role of Zn2+ in the antifungal activity of Hst5. At high Zn2+ 
concentrations, Hst5 binds Zn2+, preventing internalization into C. albicans, when exposure to Zn2+ is 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
D S H A K R H H G Y K R K F H E K H H S H R G Y

SequenceZn2+binding region Zn2+ binding region
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reduced by chelators like EDTA, Hst5 can internalize and reduce the activity of Hst5. Figure reprinted 
with permission from [81]. Copyright © 2022, American Chemical Society. 

 
The role of Zn2+ in modulating the activity of Hst5 has gained interest, and rational 

design has been used to study and engineer this interaction. An important amino acid 

in this binding is histidine, which is known for binding to divalent metals. 

Specifically, H15 and H19 are believed to coordinate with Zn2+ to sustain the Hst5 α-

helix (Figure 2.4) [82].  

 
McCaslin et al. made mutations to the Hst5 sequence to try to understand the role of 

metals in the Hst5 and C. albicans interaction. Utilized previously designed variants 

(K13E/R22G and H18A/H19A) [74, 75], to determine how the structure of Hst5 is 

impacted by zinc. They found that mutating amino acids H15A/H19A, which are in 

the Zn2+ binding motif, reduced the peptide's stability. The same variants were found 

to have lower activity which may play a role in the reduction in antifungal activity 

[82]. In a more recent study by Norris et al. using variants Hst5 5ΔMB where residues 

in the HXXHH motif were substituted with glutamine, they determined that when this 

metal binding site is not present, not only is zinc binding significantly reduced, but 

the antifungal activity is also reduced (Table 2.5) [79]. These regions clearly play an 

important role in the metal binding capability, as when the substitutions are made 

metal binding is lost. Furthermore, these substitutions may impact the stability gained 

by metal binding, therefore reducing the antifungal activity.  
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Figure 2.4.Hst5 interacting with Zinc. Zinc (Pink circle) is interacting with the H19 and H15 residues 
of Hst5 [82]. 

 
Table 2.5. Mutants of Hst5 designed to assess Zn2+ affinity. The binding reported is with respect to the 
parent peptide Hst5. 

 
a The hyphens represent unchanged amino acid residues 

2.6.  Conclusion 

Hst5 is a promising antifungal agent that has shown significant activity against C. 

albicans. In this review, we have discussed the use of rational design to create 

variants of Hst5 with improved zinc binding, enhanced antifungal and greater 

proteolytic stability against C. albicans. Although these strategies have been helpful 

in understanding the interactions between Hst5 and C. albicans, there are still many 

aspects that require further exploration. For instance, the variants designed to enhance 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Name D S H A K R H H G Y K R K F H E K H H S H R G Y Ref. Binding

K13E/R22G - - - - - - - - - - - - E - - - - - - - - G - - [74] Reduced
H18A/H19A - - - - - - - - - - - - - - - - - A A - - - - - [75] Reduced
Hst5 5ΔMB Q Q Q - - - - - - - - - - - Q Q Q Q Q - - - - - [79] Reduced

P-113 A K R H H G Y K R K F H [79] Reduced

Sequence aZn2+ binding region Zn2+ binding region
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proteolytic stability need to be assessed against a wider array of Saps. Additionally, 

the proteolytic stability of these variants should be evaluated in saliva as other 

proteases besides Saps are present there. Furthermore, these variants should be tested 

for their antifungal activities, as their proteolytic stability may be linked to their 

ability to reduce the viability of fungi. Lastly, as binding to zinc may play a role in 

these interactions, proteolysis and antifungal activity should be evaluated in the 

presence of zinc. In this dissertation we will implementing these efforts, gaining 

valuable insights from the study of Hst5 and apply them to develop future antifungal 

therapies more effectively.  
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3. Chapter 3: Impact of Hst5 modification on proteolytic 
stability 

 
 

3.1.  Introduction 

Histatin 5 (Hst5) is an antimicrobial peptide from a family of histidine-rich peptides 

called histatins. Hst5 is a 24 amino-acid peptide that is secreted from the salivary 

gland and has activity against the human fungal pathogen Candida albicans, which 

can be found oral microbiome of 30% to 50% of people but can also cause oral 

candidiasis [30, 83]. Komatsu et al. found that patients with Down syndrome have 

reduced levels of Hst5 and are more prone to oral candidiasis [84], possibly linking 

Hst5 as a natural regulator of C. albicans.  

One potential limitation of using Hst5 as a therapeutic is its susceptibility to 

proteolytic degradation by secreted aspartyl proteases (Saps) produced by C. 

albicans. C. albicans produces a family of ten Saps, each of which is known to 

contribute to the virulence of the cells [85-88]; Sap1-8 are secreted fully to the 

extracellular space, while Sap9 and Sap10 are anchored to the cell membrane via 

glycosylphosphatidylinositol (GPI) anchors or GPI proteins [36, 42]. As with other 

aspartyl proteases, Saps have two canonical aspartate residues in the active site and 

prefer to cleave sequences at lysine, arginine, and hydrophobic residues [42, 89]. Puri 

et al. showed that Hst5 is cleaved by Sap6 when incubated for 1 h at 37 °C in 50 mM 

sodium phosphate buffer (NaPB) (pH 7.0), and the antifungal activity of Hst5 is 

nearly eliminated after incubation at a 2:1 molar ratio of Hst5 to Sap6 [37]. In another 

study by Meiller et al., the authors found that Sap2 and Sap9, and, to a lesser extent, 
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Sap10 cleave Hst5 in phosphate buffered saline (PBS) at 37 °C for 2 h [36]. More 

recently, Bochenska et al. tested all Saps at 37 °C and their optimal conditions of 10 

mM acetate buffer at pH 4 (Sap2, Sap3, and Sap8); 10 mM acetate buffer at pH 5 for 

Sap1, (Sap4–6, and Sap9), or 10 mM phosphate buffer at pH 6 (Sap7 and Sap10). 

After incubation with Saps, the antifungal activity of Hst5 drops by more than ~20% 

for each Sap, and Sap1-6 and Sap8 prefer to cleave near positively charged (Arg and 

Lys) or large hydrophobic amino acids (Leu, Phe, and Tyr), while Sap7 and Sap9-10 

prefer to cleave near Arg and His [38]. In the Bochenska et al. experiments, Hst5 

antifungal activity was reduced by Sap5 and Sap10 despite not being degraded by 

these Saps, which implies that the presence of Sap5 and Sap10 may inhibit Hst5’s 

antifungal activity. In previous work in our lab, each lysine of Hst5 with substituted 

with either leucine or arginine and degraded with either Sap2 or Sap9, and the 

degradation products were analyzed. K13 variants (K13R and K13L) and leucine 

variants were more prone to proteolysis by Sap9; and both variants at K17 (K17R and 

K17L) were resistant to proteolysis by both Sap2 and Sap9 and had improved 

antifungal activity compared to Hst5 [34, 35]. However, it is worth noting that this 

study only examined the effects of two Saps, leaving the potential impact of other 

Saps and proteases found in saliva to be investigated in future research. 

For Hst5 to be useful against oral candidiasis, its interaction with proteases found in 

the saliva is also important. Previous studies show that Saps, namely Sap1-5, are 

present in saliva [49, 50]. Along with the Saps, Lomate et al. notes the presence of 

serine protease, cathepsin, and aminopeptidase in saliva [46]. Previous studies also 

show that after mixing saliva with Hst5, Hst5 is degraded [78, 90, 91].  However, no 
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studies have been conducted to assess the proteolytic stability of Hst5 variants in the 

presence of saliva.  

In this study, we aimed to improve our understanding of the effects of Hst5 

modifications on its susceptibility to proteolytic degradation and antifungal activity. 

We built on previous research by analyzing the degradation of Hst5 variants with 

arginine and leucine substitutions at each of its lysine residues in the presence of 

Sap1, Sap2, Sap3, Sap5, Sap6, Sap9, and Sap10. Our analysis showed that Sap5, 

Sap6, and Sap10 do not significantly degrade Hst5 under the tested conditions. We 

found that the K17L variant is the most proteolytically stable when incubated with 

Sap1, Sap2, Sap9, and saliva and also has the highest antifungal activity. On the other 

hand, degradation by Sap3 causes variants with a leucine substitution to have reduced 

antifungal activity. We also identified fragments that are similar between each Hst5 

variant after degradation by Saps and saliva, such as the [4-24] fragment for Sap1,  

the [1-17] fragment for Sap2 and Sap9, and the [13-24] fragment for degradation by 

saliva. Furthermore, we observed that proteolytic stability between variants remained 

largely unchanged from the parent Hst5 after incubation with saliva.  

3.2.  Methods and materials 

3.2.1. Peptides and enzymes 

The parent Hst5 peptide and all variants were commercially synthesized by Biomatik 

(Ontario, Canada) with a purity of ≥95% and trifluoroacetic acid removal to 

hydrochloride salt. Purified Sap1, Sap2, Sap3, Sap5, Sap6, Sap9, and Sap10 were 

gifted by B. Hube from Friedrich Schiller University, Germany. Sap1, Sap2, Sap3, 
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and Sap6 were purified by ion exchange chromatography and desalted into 0.1 M 

sodium citrate buffer. Sap5 was purified by ultrafiltration and desalted into 0.1M 

sodium citrate. Sap9 and Sap10 were produced without their GPI anchors and were 

purified by ion exchange chromatography and desalted into 0.1 M sodium citrate 

buffer [42]. 

3.2.2. Proteolytic degradation of the peptides by Saps 

The extent of degradation of the peptides by the Saps was determined by incubating 

each purified Sap with each peptide. The concentration used for each Sap (Table 3.1) 

was selected as the concentration of the Sap required to degrade ~50% of the parent 

peptide Hst5 under the assay conditions.  

 
Table 3.1. Final concentration of Saps in degradation assay. 

Sap Concentration 
(µg/mL) 

Sap1 5.0 
Sap2 0.1 
Sap3 1.6 
Sap5 5.0 
Sap6 5.0 
Sap9 3.1 
Sap10 5.0 

 

The Saps were each mixed to the specified concentration with Hst5 and the variants at 

a final concentration of 150 μg/mL of the peptide. Experiments were performed in 

1 mM NaPB at pH 7.4. The mixtures were incubated at 37 °C for 2 h. Samples were 

then boiled for 5 min at 100 °C to inactivate the proteases and stored at 20 °C until 

later used. 
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3.2.3. Proteolytic degradation of the peptides by saliva 

Saliva (gender-pooled, unfiltered, frozen) was purchased from BIOIVT (Westbury, 

NY). The saliva was centrifuged at 3,900 ×g for 5 minutes to remove any cells or 

debris. A 10 kDa molecular weight cutoff column was used to exchange the solution 

to 2 mM NaPB, and the saliva was stored at -20 °C until used. The solution was then 

diluted to a total protein concentration of 1.0 mg/mL with 2 mM NaPB to yield a 

concentration resulting in ~50% of the Hst5 peptide degraded under assay conditions.  

The degradation of the peptides by saliva was evaluated using a procedure analogous 

to the one used for Saps. The assay was performed in NaPB, with a final peptide 

concentration of 150 μg/mL and a final total protein concentration of the saliva of 500 

μg/mL. The mixtures were incubated at 37 °C for 2 h. Samples were then boiled for 5 

min at 100 ℃ to inactivate the proteases in saliva and stored at 20 °C until later used. 

This assay was done in three replicates. 

3.2.4. Gel electrophoresis data analysis 

After proteolysis, samples were mixed with tricine sample buffer (200mM Tris-HCl, 

pH 6.8, 40% glycerol, 2% sodium dodecyl sulfate, without Coomassie Blue G250) 

containing 2% β-mercaptoethanol and boiled again for 5 min at 100 °C. The degraded 

and nondegraded peptides were separated by gel electrophoresis on 16.5% Tris-

tricine gels (Bio-Rad; Hercules, CA), and the gels were fixed in a solution of 10% 

acetic acid, 40% methanol, and 50% water for 30 min. The fixed gels were stained in 

Bio-Safe Coomassie stain (Bio-Rad) for 1 h and then washed in autoclaved ultrapure 

water three times for 30 minutes and once overnight. The gels were imaged on a 
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ChemiDoc imager (Bio-Rad), and densitometric analysis was done using Image Lab 

software (Bio-Rad). In the analysis, the upper band of each lane was taken as the 

intact peptide, while all bands below were taken as degradation products.  

Two-way ANOVA tests with α = 0.05 and Dunnett's multiple comparison tests 

(degraded Hst5 as the control) were performed for statistical analysis. The number of 

asterisks indicates the level of statistical significance: * for P < 0.05, ** for P < 0.01, 

*** for P < 0.001, and **** for P < 0.0001. P-Values are provided in Appendix 

Table A.1 and representative gel images are provided in Appendix Figure A.1. 

3.2.5. Candidacidal assay of intact peptides 

The antifungal activity of the intact peptides was assayed as previously reported [34, 

35, 92]. A single colony of C. albicans strain SC5314 was inoculated into liquid yeast 

extract-peptone-dextrose (YPD) medium (10 g/L yeast extract, 20 g/L peptone, 20 

g/L dextrose ) and grown overnight at 30 °C while shaking. Cells were subcultured to 

an optical density measured at 600 nm (OD600) of 0.1 and grown to an OD600 of 1-1.2 

at 30 °C while shaking. Cultures were grown at 30 °C, as this produces cells primarily 

in the yeast (versus hyphal) morphology [93]. Cells were washed three times in 2 mM 

NaPB and diluted to a cell density of 5 × 107 cells/mL in 2 mM NaPB. Serial 

dilutions of peptide (20 μL) in water were prepared in 96-well plates and mixed with 

the cell suspension (20 μL) for a final cell concentration of 2.5 × 107 cells/mL and 

final peptide concentrations of 0.14 – 75 µg/mL in 1 mM NaPB. Control wells 

containing cells and no peptide were included. The plates were incubated at 30 °C for 

30 min. After incubation 280 μL of 1 mM NaPB was loaded into each well to reduce 
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interaction between the peptide and cells [67]. Samples were further diluted to 

approximately 250 cells/well in the wells of a separate 96-well plate containing 100 

µL of YPD and 100 µL of 1 mM NaPB in each well. Wells only containing YPD and 

NaPB served as sterility controls and provided the background OD600 signal. The 

OD600 was measured after overnight incubation on a microplate shaker at 30 °C. The 

reduction in viability was calculated as 

Reduction in viability (%)= �1-
�ODwith peptide-ODbackground�
�ODno peptide-ODbackground�

�×100          (3.1) 

The assay was performed on three separate days with two replicates each day.  

Two-way ANOVA tests with α = 0.05 and Dunnett's multiple comparison tests were 

performed for statistical analysis. Significance is determined by comparing each 

peptide to degraded Hst5 (Dashed black lines) at the first tested concentration that 

Hst5 exceeded 50% reduction in viability. P ≤ 0.05 was deemed as significant P-

Values in Appendix Table A.2.  

3.2.6. Candidacidal assay of degraded peptides 

To assay the antifungal activity of the peptides following degradation with Saps, the 

peptides were first degraded by Saps as described above. A C. albicans suspension 

was prepared as described for the assay with intact peptides, except the cell 

suspension was prepared in 1 mM NaPB. In 96-well plates, serial dilutions (20 μL) of 

the degraded peptide solutions (peptide concentration of 0.14 – 75 µg/mL prior to 

degradation) were prepared in 1 mM NaPB. Control wells containing no peptide were 

also included. The serial dilutions were mixed with an equal volume of the cell 
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suspension and incubated at 30 °C for 30 min. After incubation, the samples were 

processed in the same manner as described above for the assay with intact peptides to 

quantify the reduction in growth. The assay was performed on three separate days 

with two replicates on each day.  

The assay was performed on three separate days with two replicates each day. Two-

way ANOVA tests with α = 0.05 and Dunnett's multiple comparison tests were 

performed for statistical analysis. Significance is determined by comparing each 

peptide to degraded Hst5 (Dashed black lines) at the first tested concentration that 

Hst5 exceeded 50% reduction in viability. P ≤ 0.05 was deemed as significant P-

Values in Appendix Table A.2. 

3.2.7. Quantification of peptide fragments 

Mass spectrometry was used to determine whether the Saps and saliva cleaved the 

peptides and compare the abundance of the fragments produced. After incubating the 

peptides with Saps or saliva as described for the proteolytic degradation assays, 30 μL 

of each sample was desalted using a C-18 TopTip microspin column (Glygen), 

following the manufacturer's protocol. The binding solution for each peptide was 

0.1% formic acid, and the release solution was 0.1% formic acid and 80% 

acetonitrile. Each sample (19 μL) was spiked with 1 μL of the peptide MFRA (0.01 

µg/mL in 0.1% formic acid and 80% acetonitrile) to facilitate comparison between 

samples. Samples were analyzed on a Bruker Maxis II mass spectrometer (in the 

University of Maryland Mass Spectrometry Facility) with an electron spray ionization 

source and quadrupole-time of flight analyzer. Samples were directly injected into the 
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Maxis II, and data were acquired between m/z 250 – 3200 with full sensitivity 

resolution of  >50,000.  

After acquiring the data, the mass spectra for each sample were analyzed using the 

Bruker Compass DataAnalysis software, using BioTools (Bruker; Billerica, MA) in 

tandem with Sequence Editor (Bruker; Billerica, MA) to identify each peak. In the 

Bruker Compass Software, each mass spectrum was individually deconvoluted to 

consolidate the m/z values for peptides with varying charges. The deconvoluted mass 

spectra were then transferred to BioTools and Sequence Editor where the molecular 

weights of the peptides and their fragments were calculated and compared to the mass 

spectra peaks with a tolerance of ± m/z = 0.2. After identifying fragment peaks, the 

data were filtered to focus on peaks with fragments greater than 7 amino acids. The 

intensities of the sample peaks were divided by the intensity of the MRFA standard 

peak. The data were then manually filtered to show the eight most abundant 

fragments with normalized intensities greater than 10% of the intensity of the 

fragment with the highest intensity. Data was collected in duplicate over two days.  

3.3.  Results and Discussion 

To study the interactions of Hst5 with Saps and saliva, we evaluated the proteolysis 

of Hst5 and ten analogs with leucine or arginine substitutions at the lysine residues of 

Hst5 (Table 3.2). To determine the degree of degradation, we analyzed gel images 

using densitometric analysis and utilized mass spectrometry to identify the fragments 

that were formed by proteolysis of each analog. Prior work from our lab focused on 

degradation by Sap2 and Sap9 and how the substitution impacts proteolysis [34, 35]. 
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We continued work from Ikonomova et al. with arginine and leucine variants 

designed at the Hst5 lysine residues5 [34] and the double variant K11RK17R which 

was the most proteolytically stable variant tested thus far [35]. We also introduced a 

novel variant, K11RK17L, to determine the effect of coupling substitutions with 

different properties on the proteolytic stability of Hst5. We also tested all variants 

against Sap1, Sap3, Sap5, and Sap6. Previous work has shown that Hst5 can be 

degraded by these Saps except for Sap5 [36-38]. However, after incubation with 

Sap5, antifungal activity substantially decreases [38]. Based on prior work from our 

lab [34, 35], we hypothesized that variants designed at K17 would be the most 

proteolytically stable against the Saps, while K13 variants will have reduced 

antifungal activity. 

Table 3.2. Sequence of peptides in this study. 

Peptide  
Sequence a 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Hst5 5 D S H A K R H H G Y K R K F H E K H H S H R G Y 
K5R - - - - R - - - - - - - - - - - - - - - - - - - 
K5L - - - - L - - - - - - - - - - - - - - - - - - - 
K11R - - - - - - - - - - R - - - - - - - - - - - - - 
K11L - - - - - - - - - - L - - - - - - - - - - - - - 
K13R - - - - - - - - - - - - R - - - - - - - - - - - 
K13L - - - - - - - - - - - - L - - - - - - - - - - - 
K17R - - - - - - - - - - - - - - - - R - - - - - - - 
K17L - - - - - - - - - - - - - - - - L - - - - - - - 
K11RK17R - - - - - - - - - - R - - - - - R - - - - - - - 
K11RK17L - - - - - - - - - - R - - - - - L - - - - - - - 
a The hyphens represent retained amino acids. 
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3.3.1. Histatin 5 modifications impact proteolytic stability to secreted 

aspartyl proteases 

 
When evaluating the degradation of Hst5 and its analogs by Saps, we selected Sap 

concentrations that ensured 30-50% of the parent Hst5 peptide remained fully intact 

after 2 h of exposure at 37 °C in 1 mM NaPB (pH 7.4). This approach facilitated the 

clear identification of variations in proteolytic stability among the peptides. Under the 

conditions tested, Sap1, Sap2, Sap3, and Sap9 cleaved Hst5 and the variants at levels 

that are dependent on the protease and the peptide modifications (Figure 3.1). After 

incubation with Sap1, 37.0% of Hst5 remained fully intact. The variants K11R, 

K11RK17R, K5L, K11L, K13L, and K11RK17L experienced greater fragmentation 

due to Sap1 than Hst5 with K11R, K5L, K11L, and K13L only showing between 

2.2% and 9.3% of intact peptide. In contrast, K5R and K17L were more stable in the 

presence of Sap1 than Hst5, with 56.8% and 47.8%, respectively, of the peptides 

remaining intact. After incubation with Sap2, 50.4% of Hst5 remained fully intact. 

The variants K11R, K17R, K5L, K11L, K13L, and K11RK17L underwent more 

proteolysis than the parent peptide, while K17L was substantially more resistant to 

degradation with 72.9% intact peptide. When Sap3 was incubated with the peptide 

variants, 43.3% of Hst5 remained intact. All variants with arginine substitutions—

except for K11RK17L —and K17L exhibited stability comparable to the parent 

peptide. In contrast, the remaining variants with leucine substitutions were more 

susceptible to degradation by Sap3 than the parent Hst5, with K5L, K11L, and K13L 

only showing between 2.2% and 9.3% of intact peptide. Incubation with Sap9 

resulted in 41.5% of Hst5 remaining fully intact. However, K11L and K13L were 
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significantly less stable than Hst5 with 12.0% and 5.2% remaining fully intact. 

Interestingly, variants with a substitution at K17 were less affected by Sap9 

degradation than Hst5, with K17R, K11RK17R, K17L, and K11RK17L retaining 

between 73.1% and 77.9% of intact peptide (Figure 3.1). 
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Figure 3.1. Degradation of Hst5 by purified Sap1, Sap2, Sap3, and Sap9. After incubation for 2 h at 
37 °C, the intact peptide and degradation fragments were separated by gel electrophoresis and 
quantified by densitometry. Error bars represent the standard error of the mean (N = 9 for the Hst5 
controls with and without Sap and N = 3 for the Hst5 variants).  
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Prior work has shown varying results that Sap5, Sap6, and Sap10 either do not 

degrade Hst5 or degrade it to a low extent [36-38]. In this work, we did not observe 

degradation by these Saps (Appendix Figure 2 and 3). At concentrations over an 

order of magnitude higher than those used for other Saps (up to 62.5 µg/mL), we still 

did not observe degradation (data not shown). The study conducted by Bochenska et 

al. found that Hst5 was not cleaved by Sap5, Sap6, and Sap10 when tested under 

optimal conditions. These conditions were determined by measuring the activity 

against BODIPY FL casein substrate (Invitrogen) using 10 mM acetate buffer at pH 5 

for Sap5 and Sap6, and 10 mM phosphate buffer at pH 6 for Sap10 [38]. Meiller et al. 

performed the cleavage in phosphate-buffered saline (PBS) instead of 1 mM NaPB, 

and Sap10 cleaved Hst5 under these conditions [36]. As the Saps have different 

optimal pH, it is important to recognize that results using different buffering systems 

such as PBS, NaPB, and sodium acetate buffer should not be directly compared. 

When comparing results with the same buffer, it is essential to consider that the 

concentration and pH of the buffers may play a role in the proteolysis of the 

antifungal peptide. 

Similarities in proteolytic activity of different Saps on Hst5 variants could be related 

to the structures of the Saps. Sap1 and Sap2 had very similar proteolytic activity on 

Hst5 variants, with K5L, K11R, K11L, K13L, and K11RK17L being more prone to 

proteolysis than Hst5 and K17L being more stable than Hst5. The Sap1 and Sap2 

experienced similar degradation patterns is potentially because they are structurally 

homologous and could have similar substrates and interact with similar residues in 

Hst5 [94]. Sap3 is the next closest homolog to Sap1 and Sap2, and it experiences 
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mostly similar degradation patterns. These Saps have similar activity responses to all 

leucine variants, with the exception of K17L, as all the variants are more prone to 

proteolysis by Sap1, Sap2, and Sap3.  Koelsch et al. and Bochenska et al. show that 

Sap1, Sap2, and Sap3, have a preferences for cleaving at hydrophobic residues [38, 

89], so introducing leucine at K5, K11, and K13 leading to increase proteolysis is 

consistent with their findings. The difference in homology between Sap3 and the 

other two proteases can be seen in their ability to degrade the K11R and K17L 

variants. The K17L variant was generally the most stable among the leucine variants, 

with a higher percentage of intact peptide remaining than Hst5 following incubation 

with Sap1 and Sap2; however, after being degraded by Sap3, the amount of intact 

peptide remaining was similar to the parent Hst5. Koelsch et al. note that Sap3 has a 

greater preference for leucine over other residues [89], which could be the reason 

K17L is more stable after proteolysis by Sap1 and Sap2, but not Sap3. On the other 

hand, K11R is less stable than the parent Hst5 after being incubated by Sap1 and 

Sap2, but as stable as the Hst5 after being incubated with Sap3. This suggests a 

unique role for K11 and K17 in the stability of Hst5 in the interaction with Sap3 and 

that Sap3 unique substrates compared to the other two proteases.  

Sap9 has the least homology among Sap1, Sap2, Sap3, and Sap9, which may 

contribute to the unique degradation patterns we observed. Sap9 degradation of the 

Hst5 variants with K11 and K13 substitutions was similar to the other Saps, where 

leucine substitutions were deleterious. However, unlike Sap1 and Sap2, both Sap3 

and Sap9 retained proteolytic stability with arginine substitutions at K11 and K13. 

This suggests the positive charge at the K11 and K13 residues is crucial for 
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proteolytic stability in the presence of Sap3 and Sap9. In contrast, for Sap1 and Sap2, 

the K11R substitution was also less stable, indicating the lysine residue is important 

for maintaining proteolytic stability against these Saps. The differences between Sap9 

and the other proteases are most apparent when analyzing the data for variants with 

K5 and K17 substitutions. Substitutions at K5 did not impact stability in the presence 

of Sap9, whereas K5L was always less stable than the parent peptide and K5R after 

proteolysis by Sap1, Sap2, and Sap3. Furthermore, all variants with substitutions at 

K17 improved overall stability in the presence of Sap9. Improved stability was only 

seen with K17L when incubated with Sap1 and Sap2. This suggests that K5 does not 

play a significant role in the interaction of Hst5 and Sap9, while the positive charge at 

K5 is important for stability in the presence of Sap1, Sap2, and Sap3. Moreover, K17 

appears integral to the peptide-Sap9 interaction. The lysine residue itself likely plays 

an important role in this interaction, as substitutions at K17 significantly improve 

stability. Overall, these results show that homology may play a role in the degradation 

patterns observed by the degradation of Hst5 variants by Saps. 

3.3.2. Mass spectrometry reveals that proteolysis may result in other stable 

fragments 

While gel images can identify stable and unstable variants, mass spectrometry allows 

determination of the degradation products and identification of fragments that may be 

resistant to proteolysis by these Saps. After we incubated the peptides with the 

individual Saps, the reaction mixture was desalted and spiked with 1 µg/mL of the 

standard peptide MRFA for normalization. When analyzing the mass spectrometry 

data, we recorded the top 8 fragments with normalized intensities greater than 10% 
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the highest normalized intensity for each sample. Fragments such as fragment [7-14] 

and fragment [8-15] have the same “exact mass”, as they are composed of the same 

distribution of amino acids (with histidine either at residue 7 or 15). Since we could 

not differentiate between fragments with the same mass, both fragments were listed 

as present at the total level of abundance of fragments of that size. After incubation 

with Sap1, Hst5 formed the fragments [14 - 24] and [4 - 24]. All variants except for 

K13R also formed the [14 - 24] fragment, and variants K5R, K13R, K11RK17R, 

K17R, K17L, and K11RK17L formed the [4 - 24] fragment. Notably, large fragments 

did not remain when K5L, K11R, K11L, and K13L were degraded by Sap1; only 

fragments less than 17 amino acids in size were identified (Figure 3.2). Hst5 

proteolysis by Sap2 resulted in the full-length peptide [1-24] as the most abundant 

peak and formed the [1-17] fragment, which is similar to the variants with leucine 

substitutions following Sap2 incubation (Figure 3.3). When Hst5 was incubated with 

Sap3, the full-length peptide was again the most abundant peak, and the fragment 

[13-21], which was also formed by the K5R, K11R, K5L and K11L, was the next 

most abundant fragment. The [14-24] fragment was not a significant fragment 

following incubation of Hst5 with Sap3, but this fragment was one of the most 

abundant fragments for K13R, K17R, K5L, K11L, K13L, K17L, and K11RK17L. 

The fully intact peptide was the most abundant fragment produced by Sap3 

degradation for variants with only arginine substitutions, with the exception of the 

K17R variant that had several smaller fragments in higher abundance. Additionally, 

the K5L, K11L, and K13L variants, formed the fragment [1-13] as one of the most 

abundant peaks after incubation with Sap3 (Figure 3.4). When incubated with Sap9, 
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Hst5 formed the fragments [1-17] and [14-24]. As expected from the gel proteolysis 

results, all variants with substitutions at K17 retained the full intact peptide as the 

most abundant fragment after proteolysis by Sap9. Additionally, the K17R and K17L 

variants formed the same [14-24] fragment as the parent peptide when incubated with 

Sap9. Likewise, the K5R, K11R, K5L, and K11L variants formed the [1-17] fragment 

produced by Hst5 and Sap9 (Figure 3.5). 
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Figure 3.2. Fragments produced by incubation of Hst5 and variants with Sap1. The peptides were each 
incubated with Sap1 for 2 h at 37 ℃, and mass spectrometry was used to identify the fragments 
formed. Values shown are the average (N=2) normalized relative abundance of the fragment with 
respect to the standard MRFA. Black represents the fully intact peptide, while all other fragments are 
colored red. An asterisk (*) represent fragments that have the same mass and could, therefore, not be 
distinguished by mass spectrometry.  
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Figure 3.3. Fragments produced by incubation of Hst5 and variants with Sap2. The peptides were each 
incubated with Sap2 for 2 h at 37 ℃, and mass spectrometry was used to identify the fragments 
formed. Values shown are the average (N=2) normalized relative abundance of the fragment with 
respect to the standard MRFA. Black represents the fully intact peptide, while all other fragments are 
colored red. An asterisk (*) represent fragments that have the same mass and could, therefore, not be 
distinguished by mass spectrometry.  
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Figure 3.4. Fragments produced by incubation of Hst5 and variants with Sap3. The peptides were each 
incubated with Sap3 for 2 h at 37 ℃, and mass spectrometry was used to identify the fragments 
formed. Values shown are the average (N=2) normalized relative abundance of the fragment with 
respect to the standard MRFA. Black represents the fully intact peptide, while all other fragments are 
colored red. An asterisk (*) represent fragments that have the same mass and could, therefore, not be 
distinguished by mass spectrometry. 
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Figure 3.5. Fragments produced by incubation of Hst5 and variants with Sap9. The peptides were each 
incubated with Sap9 for 2 h at 37 ℃, and mass spectrometry was used to identify the fragments 
formed. Values shown are the average (N=2) normalized relative abundance of the fragment with 
respect to the standard MRFA. Black represents the fully intact peptide, while all other fragments are 
colored red. An asterisk (*) represent fragments that have the same mass and could, therefore, not be 
distinguished by mass spectrometry.  
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The mass spectrometry data provided valuable information about the cleavage sites 

for the proteases and the most stable fragments resulting from proteolysis. In most 

cases, the results for mass spectrometry and the gel assay for proteolysis agreed. 

Sap5, Sap6, and Sap10 did not degrade Hst5 at the tested conditions, and nearly all of 

the peptide was present as the full-length peptide following incubation with these 

Saps (Appendix Figure A.2, A.3, and A.4). Both methods also identified variants 

that were more or less proteolytically stable than the parent Hst5. For example, after 

incubation with Sap9, variants with K17 substitution were all more stable than Hst5; 

also, after incubation with Sap3, variants with an arginine substitute were more stable 

than their leucine counterparts. The mass spectrometry results provide insight into 

Sap1 degradation that would be difficult to obtain with the gel-based assay. Mass 

spectrometry results indicate that proteolysis of K13R and K17R by Sap1 resulted in 

fragments  [4-24] and [5-24], which would be difficult to distinguish from the full-

length peptide on the gel. When the [4-24] fragment was present after proteolysis by 

Sap1, it was more abundant than the fully intact peptide, indicating it is a relatively 

stable fragment in the presence of Sap1. For peptides lacking the [4-24] fragment in 

the mass spectrometry data, the presence of smaller fragments potentially indicate 

further proteolysis of the [4-24] fragment following its formation. For example, the 

fragments [4-17], [4-12], and [4-13] formed after incubation of K5L, K11L, and 

K13L, respectively, with Sap1. Further degradation of [4-24] is not apparent for 

variants with only arginine substitutions, K17L, or K11RK17L, possibly indicating 

that these substitutions stabilize the [4-24] fragment . Proteolysis by Sap1 also 

resulted in all variants except for K13R, forming the fragment [14-24]. In some cases, 
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the [1-13] fragment, which would be expected to accompany [14-24] is not present at 

significant levels, indicating the [1-13] fragment may have undergone further 

proteolysis. Interestingly, the when leucine was substituted into K5, K11, or K13, the 

[1-13] fragment was present. These results suggest that regardless of which lysine 

substitution, proteolysis occurred forming [4-24] fragment, however, arginine or 

lysine at K5, K11, and K13 provided stability to the [4-24] fragment of peptide in the 

presence of Sap1, while K17 improves the stability of both the full-length peptide and 

[4-24] fragment. Furthermore, the presence of the [14-24] fragment without the [1-

13] fragment shows that the [1-13] fragment substituting for a leucine within that 

sequence plays a role in stabilizing this fragments. 

Using a mixture of different substrates, Koelsch et al. determined the preferred cleave 

sites for Sap1, Sap2, Sap3, and Sap6 and determined that cleavage does not occur 

[89]. However, the experiments were performed between pH 3 and 4, where histidine 

contains a positive charge. At similar conditions to those tested in this research, 

Ikonomova et al. observed cleavage near the histidine of Hst5 [34, 35]. While the 

charge of the histidine may play a role in producing the different results at the 

different pH values tested, Hst5 is a histidine-rich peptide, and the histidine residues 

are commonly near arginine, lysine, and phenylalanine, which are cleavage sites 

common for aspartyl acids. When determining cleavage sites pH plays a critical role, 

in the state of proteins such as histidine, and its interactions with residues surrounding 

it, so comparing results assessed at two different pH can be difficult.  
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Our data suggest that peptide fragments often underwent further proteolysis following 

their initial formation, producing fragments such as [13-21] or [7-17]. However, each 

variant has fragments formed near lysine, arginine, and histidine after proteolysis, 

similar to what previous work found [34-36, 38]. While some variants tested resulted 

in improved proteolytic, cleavage still occurred near those substituted residues; 

therefore, further engineering could identify substitutions that further improve 

proteolytic stability.  

3.3.3. Modification can impact antifungal activity after being treated with 

protease 

To determine the effect of the Hst5 modifications on antifungal activity, we first 

evaluated the antifungal activity of the intact peptides against C. albicans. Overall, 

the variants had similar activity to the parent Hst5 peptide (Figure 3.6), as previously 

reported for most of the peptides [34]. While some variants do show differences in 

antifungal activity (e.g., K17L and K5L had a statistically significant improvement 

and reduction, respectively, in antifungal activity at 4.69 µg/mL), the viability curves 

all approach ~100% reduction in cell viability at the same concentrations (9.38 

µg/mL) and surpass ~50% reduction in cell viability between (2.34 and 4.69 µg/mL). 

Thus, the modifications do not have a major impact on the antifungal activity of Hst5 

that has not been incubated with Saps. 



 

 

53 
 

 

Figure 3.6. Antifungal activity of intact Hst5 variants. Hst5 variants were serially diluted, mixed with 
C. albicans cells, and incubated for 30 min at 30 °C in 1 mM NaPB. Error bars represent the standard 
error of the mean (N = 18 for Hst5 with and without Sap, while N = 6 for all Hst5 variants).  

 
Building on previous work in our lab that showed incubation with Sap2 and Sap9 

reduced the antifungal activity of Hst5 and many variants [34, 35], we evaluated how 

the interaction with additional Saps (Sap1, Sap3, Sap5, Sap6, and Sap10) impacted 

the antifungal activity of Hst5 and Hst5 variants. After incubating each variant with 

the Saps, we performed an antifungal activity assay using the degradation products to 

measure the activity retained after proteolysis by Saps. When determining statistically 

significant antifungal activity between different peptide variants, we analyzed the first 

measured concentration at which the protease-treated Hst5 showed a reduction in 

viability of over 50%. Incubation with Sap5, Sap6, and Sap10 did not affect Hst5 

activity or the activity of Hst5 variants (Appendix Figure A.5), which was expected 

based on the lack of proteolysis of the peptides by these Saps. While modifications to 

the Hst5 peptide sequence caused little to no impact on the antifungal activity of the 

intact peptides, degrading these variants often caused significant differences in the 

activity dependent on the peptide modification and protease (Figure 3.7). After 

incubating Hst5 with Sap1, the antifungal activity of the resulting pool of degradation 
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fragments remained similar to the activity of the undegraded Hst5. Many of the Hst5 

variants similarly maintained their activity after incubation with Sap1. However, 

degraded K11R, K13R, K5L, K11L, and K13L had a statistically significant 

reduction in antifungal activity compared to degraded Hst5, and degraded K17R and 

K11RK17L had greater antifungal activity than degraded Hst5. For Sap2, degradation 

of Hst5 resulted in a reduction in antifungal activity, as reported previously [34-36, 

38]. The K11R, K5L, K11L, and K13L variants degraded by Sap2 had lower activity 

than Hst5 degraded by Sap2, similar to the reduction in activity resulting from Sap1 

degradation; K17R, K11RK17R, K17L, and K11RK17L had greater activity than 

Hst5 following degradation by Sap2. Similar to Sap2, Hst5 degraded by Sap3 showed 

a reduction in antifungal activity in line with that observed by Bochenska et al [38]. 

Interestingly, all variants with leucine substitutions had a statistically significant 

reduction in antifungal activity after incubation with Sap3. K5L, K11L, and K13L 

had a particularly strong reduction in activity, with no residual antifungal activity 

detected under the conditions tested. The K17R and K11RK17R variants, however, 

had greater antifungal activity than Hst5 degraded by Sap3. Incubation with Sap9 led 

to a strong reduction in the activity of Hst5, as previously observed [34, 35, 38]. The 

degradation of the K13R, K5L, K11L, and K13L variants by Sap9 led to a lower 

antifungal activity compared to degraded Hst5, with K5R, K17R, K11RK17R, K17L, 

and K11RK17L having greater activity than Hst5 following degradation by Sap9. 

This shows that proteolysis by Saps can reduce the antifungal activity of Hst5 

variants.  
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Figure 3.7. Antifungal activity of Hst5 variants after incubation with Sap1, Sap2, Sap3, or Sap9. After 
incubation for 2 h at 37 °C, Samples were serially diluted in a 96-well plate from 75 μg/mL to 0.14 
μg/mL. Samples were then mixed with C. albicans cells at 5.0 × 105 cells/mL and incubated for 30 min 
at 30 °C in 1 mM NaPB, after which cells were inoculated and cultured. Error bars represent the 
standard error of the mean (N = 18 Hst5 No Sap and Hst5 + Sap, while N = 6 for all other variants).  

 
Modifications of Hst5 can potentially impact the antifungal activity of the peptide 

after proteolysis by Saps. Incubation with Sap1, Sap2, Sap3, or Sap9, the K5L, K11L, 

and K13L variants consistently have lower antifungal activity than degraded Hst5, 
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indicating the peptide fragments formed by the degradation of these variants had less 

activity than the degradation products of Hst5. In contrast, K17R, K17L, K11RK17R, 

and K11RK17L had greater activity than degraded Hst5 following incubation with 

Sap2 and Sap9, with the activity being comparable to the undegraded Hst5. This was 

true for K17R and K11RK17R following degradation by Sap3. In contrast, incubation 

of K17L and K11RK17L with Sap3 led to lower activity than Hst5 degraded by Sap3, 

but these peptides still retained more activity than the other leucine-substituted 

peptides. After incubation with Sap1, many of the variants with substitutions at K17 

were degraded at similar or increased levels compared to Hst5 (e.g., K17R, 

K11RK17R, and K11RK17L with Sap1); however, they also had similar or greater 

activity than degraded Hst5, indicating that the degradation products retained activity 

that was similar to that of the full-length peptides and Hst5. 

In the case of incubation with Sap2 and Sap3, Hst5 and K5R exhibited more 

resistance to proteolysis than K5L, and antifungal activity followed a similar trend, 

with Hst5 and K5R retaining more antifungal activity following degradation than 

K5L. While these peptides were degraded by Sap1-3, the overall fragments formed by 

these variants maintained antifungal activity similar to or greater than the fully intact 

Hst5 peptide. When these K5 variants were incubated with Sap9, we observed that 

the proteolytic stability of K5R and K5L were similar to that of Hst5. However, 

degraded K5R retained more activity than degraded Hst5, while K5L retained less. 

While K5 may not play a role in the proteolytic stability of Hst5, the fragments 

formed from the K5L variant may have lower activity than the fragments formed 

from Hst5 and K5R. While proteolysis can reduce the antifungal activity of Hst5, 
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Rothstein et al. and Raj et al. show that truncations of Hst5, such as P-113 

(AKRHHGYKRKFH) and C14/dh-5 (KRKFHEKHHSHRGY) respectively, can 

retain or improve antifungal activity [72, 73]. This is consistent with our results 

showing that although there are fragments formed by the proteolysis of the peptides, 

fragments of the parent peptide or variants may retain antifungal activity. Notably, 

not only was the proteolytic stability of all leucine variants except for K17L lower 

than that of Hst5 after incubation with Sap3, but their retained antifungal activity was 

also lower than the retained activity of Hst5. It is also worth noting that K17R and 

K17L are as proteolytically stable as Hst5 in the presence of Sap3. However, we did 

notice that the antifungal activity following Sap3 degradation is greater for K17R 

than Hst5, while that for K17L is lower. Similar to the case of the K5, the fragments 

formed by K17L variant may have lower activity than fragments formed by Hst5 and 

K17R. 

3.3.4. Saliva degrades Hst5 variants 

Hst5 normally resides in saliva, so interacts with various enzymes in saliva, making it 

important to assess the proteolytic stability of Hst5 variants in the presence of saliva. 

Of the C. albicans Saps, Sap1, Sap2, Sap3, Sap4, and Sap5 are found in saliva, with 

Sap1 and Sap3 having increased prevalence in patients with oral candidiasis[49] and 

Sap1 having increased prevalence in patients with severe early childhood tooth decay 

[50]. Saliva contains a complex mixture of enzymes, comprising various host 

proteases like cysteine cathepsins, the serine cathepsin A, the aspartic cathepsin D, 

and metalloproteases [95], along with microbial proteases secreted by organisms in 

the oral microbiome [47, 48]. 
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To understand how proteases found in saliva degrade Hst5 and Hst variants, we 

incubated each Hst5 variant with saliva and quantified the degradation. We selected a 

saliva concentration resulting in about 40% of Hst5 remaining intact to facilitate 

visualization of both increased and decreased degradation. The degradation for most 

of the variants by saliva was not significantly different from the degradation of Hst5 

(Figure 3.8); however, the K11R and K5L substitutions led to increased degradation, 

and the K17L substitution led to reduced degradation. Interestingly, while K5L was 

more prone to proteolysis, mimicking results seen from Sap1-3, K11L and K13L 

were as stable as the parent peptide in saliva, while they were more degraded by the 

Saps we tested. These results show that while modifications can be identified with 

varying proteolytic stability, the differences are moderate compared to those found in 

Saps, further engineering is necessary to identify variants that are more 

proteolytically stable in saliva, as saliva contains a complex mixture composed of 

more enzymes than Saps alone. 

  

Figure 3.8. Degradation of Hst5 by saliva. After incubation for 2 h at 37 °C. We then used gel 
electrophoresis to separate fragments from fully intact peptides and quantified the gel images using 
densitometric analysis. Error bars represent the standard error of the mean (N = 9 Hst5 No Sap and 
Hst5, while N = 3 for all other variants).  
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3.3.5. Saliva proteolysis results in stable fragments 

Similar to work done with the Saps, we utilized mass spectrometry for the 

determination of the degradation products and identification of fragments that may be 

resistant to proteolysis by saliva (Figure 3.9). After proteolysis by saliva, samples 

were prepared for analysis with mass spectrometry as described above. After 

proteolysis by saliva, Hst5 forms the fragments [1-12], [1-17], [1-18], [12-24], [13-

24], [14-24], and [16-24]. Degradation of K5R by saliva yielded similar fragments to 

Hst5, though K5R did not form the [1-18] and [16-24] fragments. Instead, both the 

K5R and K5L variants formed the [6-24] fragment. Except for K11RK17L, variants 

with a substitution at K17 (K17R, K11RK17R, and K17L) formed the [1-18] 

fragment. All variants except K13R and K11RK17L formed the [13-24] fragment.  
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Figure 3.9. Fragments produced by incubation of Hst5 and variants with saliva. The peptides were 
each incubated with saliva for 2 h at 37 ℃, and mass spectrometry was used to identify the fragments 
formed. Values shown are the average (N=2) normalized relative abundance of the fragment with 
respect to the standard MRFA. Black represents the fully intact peptide, while all other fragments are 
colored red. An asterisk (*) represent fragments that have the same mass and could, therefore, not be 
distinguished by mass spectrometry..  
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Similar to the proteolysis results, K5L and K11R were less stable than Hst5, as these 

variants did not have a detectable amount of the full-length peptide, while the K17L 

(relative intensity: 0.153) variant was more stable than Hst5 (relative intensity: 0.084 

compared to). However, in the proteolysis data, all other peptides were meant to as 

stable as the parent Hst5 which is not the case in the mass spectrometry data. 

K11RK17R, K11L, and K11RK17L were all less stable than Hst5, as they had less 

full-length peptide after degradation by saliva than Hst5 and the K13R variant did not 

have any fragments greater than seven amino acids. 

Degradation of Hst5 by saliva resulted in fragments that were generally consistent 

with the literature [37, 46, 90]. However, Puri et al. observed fragmentation of Hst5 

near K5 and R6, which was not observed for Hst5 in our data. This could be because 

those fragments were further degraded or fragmentation did not occur at those 

residues. However, when substitutions were made at the K5 residue, fragmentation 

occurs at the C-terminal side of K5, making the fragment [6-24] one of the most 

abundant fragments. This could mean that the positive charge from lysine or arginine 

at K5 may help protect from proteolysis by saliva. Considering that Hst5 is a salivary 

peptide, the K5 may already be optimized to resist proteolysis in saliva. However, all 

variants maintained a similar trend where, despite the substitution, cleavage occurred 

between residues 11 and 18. Furthermore, K5R, K11R, K17R, K11RK17R, K13L, 

and K17L all have at least 5 fragments that are similar to the parent Hst5, showing 

that perhaps more than lysine residues need to be assessed to improve proteolytic 

stability against saliva. Overall, some modifications such as the K17L show a change 

in proteolytic stability in saliva and fragments that were more stable in saliva were 
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identified, however, further modifications need to be assessed to understand the 

interactions of Hst5 with protease found in saliva. 

3.4. Conclusion 

In this study, we have shown that substituting the lysine residues in Hst5 with 

arginine and leucine can impact its proteolytic stability after incubation with Saps and 

saliva. Furthermore, antifungal activity may be reduced after the variants are 

incubated with Saps. We determined that Sap5, Sap6, and Sap10, do not degrade or 

impact the antifungal activity of Hst5 and variants. We also identified the K17L 

variant as the most stable in the presence of saliva and other proteases, indicating its 

potential to resist proteolysis by more than just Saps. However, these variants were 

designed to resist proteolysis by Saps, which may not be enough, so other possible 

substitution sites should be considered beyond the lysines of Hst5. Understanding 

how Hst5 interacts with Saps and saliva could assist in developing future engineering 

strategies and further our understanding of the roles of Hst5 residues in the peptide's 

proteolytic stability.  
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4. Chapter 4: Investigating the impact of amino acid 
substitutions at K13 and K17 on the proteolytic stability 
and antifungal activity of Hst5 

 
 

4.1. Introduction  

Candida albicans is a commensal fungal pathogen that inhabits the oral microbiome 

[96]. However, in patients who are immunocompromised with diseases such as 

diabetes [2-4], HIV, and Down syndrome [5, 7, 84], C. albicans can cause an array of 

infections, such as oral thrush [83]. Currently, small-molecule antifungal agents are 

being used against C. albicans infections. However, due to toxicity and acquired 

resistance by C. albicans to these agents [8, 15-18], other methods have been 

explored to treat these infections. 

Hst5 is a 24 amino acids antifungal peptide that is secreted from the salivary gland 

and has activity against C. albicans [30]. In patients with Down syndrome, reduced 

levels of Hst5 have been observe and are more prone to oral candidiasis [84], possibly 

linking Hst5 as a natural regulator of C. albicans. While other antifungal peptides 

form pores after interacting with targeted components on the surface of cells, Hst5 

accumulates on the surface of C. albicans, interacts with the membrane proteins 

Ssa1p and Ssa2p [67], and then is translocated through the fungal cell membrane by 

the Dur3p or Dur31p transporter [68, 97]. Once in the cell, Hst5 is hypothesized to 

form reactive oxygen species inside of the mitochondria, reducing the viability of C. 

albicans [98]. 
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While Hst5 can reduce the viability of C. albicans, it is susceptible to proteolytic 

degradation, hindering its potential in therapeutic applications. C. albicans produces a 

family of 10 secreted aspartyl proteases (Saps), Sap1-8 are secreted fully to the 

extracellular space, while Sap9 and Sap10 are anchored to the cell membrane via 

glycosylphosphatidylinositol (GPI) anchors or GPI proteins [36, 42]. As with other 

aspartyl proteases, Saps have 2 canonical aspartate residues in the active site and 

prefer to cleave near arginine and lysine, as well as hydrophobic residues [42, 89]. As 

the Hst5 sequence comprises 4 lysine, 3 arginine, and 3 large hydrophobic molecules, 

it is prone to proteolysis by these enzymes. Although these Saps each play a crucial 

role in the pathogenicity of C. albicans, there is little work on their ability to cleave 

Hst5. In previous work from our lab, variants were designed with substitutions at the 

lysine residues in Hst5 to either arginine or leucine. The results indicated that after 

treatment with Sap2 and Sap9 K13 variants (K13R and K13L) were more prone to 

proteolysis than the parents Hst5, while K17 variants (K17R and K17L) had 

enhanced proteolytic stability compared to the parent peptide [34]. Showing that the 

tested K17 mutations could work to protect the peptides from proteolysis, While K13 

showed varying results in proteolytic stability, but always had reduced antifungal 

activity. The previous work showed the importance of the lysine residues in the 

interaction between Hst5 and Saps was explored; however, only leucine and arginine 

modifications were made, making different amino acid properties at K13 and K17 

interesting prospects that will further be explored in this work.  

As a salivary peptide, Hst5’s natural environment is the saliva, which consists of a 

variety of different proteolytic enzymes such as cysteine cathepsins, the serine 
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cathepsin A, the aspartic cathepsin D, and metalloproteases [46, 95]. For Hst5 to be 

an effective antifungal agent it must retain proteolytic stability in the presence of 

saliva. Prior work has shown that after mixing saliva with Hst5, Hst5 is degraded [78, 

90, 91]. In the previous chapter, we showed that Hst5 variant K17L has improved 

activity proteolytic stability after incubation with saliva. The marginal increase 

showed that assessing only arginine and leucine substitutions may not be enough, 

making further investigation necessary. Assessing further amino acid properties 

provides greater potential in determining the interactions between Hst5 and saliva. 

Saliva does not only consist of proteolytic enzymes but there are also dietary metals 

such as zinc. Zinc has been linked to regulating the activity of Hst5 and promoting 

commensalism of C. albicans [81]. When in the presence of zinc, Hst5 can be found 

on the surface of C. albicans [81], and C. albicans sends signals to protect the cell 

wall integrity [99]. This means that zinc prevents Hst5 from entering into C. albicans 

to have its activity but still accumulates on the surface of the cell. However, Norris et 

al. noticed that when tested at a 1:2 zinc-to-peptide ratio in 10 mM NaPB, Hst5 

reduced the viability of C. albicans [79, 99]. Campbell et al. found that increased zinc 

concentrations reduce the antifungal activity of Hst5 [81]. These findings indicate that 

zinc could work to regulate the activity of Hst5 against C. albicans. However, the 

impact of these metals on the proteolytic stability of Hst5 has not been assessed. 

To improve the understanding of how Hst5 interacts with Saps, we have designed 

variants of Hst5 at the K13 and K17 residues. Substitutions were chosen to 

understand how the following residue properties impact interactions with Sap1, 2, 3, 
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5, 6, 9, and 10: arginine, a positively  charged side group; leucine, a hydrophobic 

neutral side chain without hydrogen bond potential; tryptophan, a large hydrophobic 

side chain with hydrogen bond donating potential; histidine, both a hydrogen acceptor 

and electron donor; glutamine, a neutral charge side chain and a hydrogen bond donor 

and acceptor; alanine, a small neutral charged side chain with no hydrogen bond 

potential; and glutamate, a negative charge side group and a strong hydrogen bond 

acceptor. This work expands on previous work from our lab and in chapter 3 of 

testing proteolytic stability of Hst5 [34, 35]. Our study indicates that while the 

proteases Sap5, Sap6, and Sap10 do not degrade any Hst5 variants under our test 

conditions, the K17 variants show the highest proteolytic stability and enhanced 

antifungal activity. Contrarily, most K13 variants except K13R, reduce proteolytic 

stability, highlighting the importance of positive charge at this position. Additionally, 

the antifungal activity of K17L decreased after Sap3 proteolysis, whereas other K17 

variants perform better than Hst5 treated with Sap3. The presence of zinc was found 

to lower the proteolytic stability of Hst5 when incubated with Sap2. Notably, the 

K17W variant not only demonstrated superior proteolytic stability but also increased 

antifungal efficacy, even in the presence of zinc, and significantly reduced C. 

albicans biofilms. This suggests that enhancing the proteolytic stability of Hst5 could 

improve its antifungal properties, though there is still room for improvement against 

saliva.  

4.2. Material and methods 
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4.2.1. Peptides and reagents 

Hst5 and Hst5 analogs were synthesized by Biomatik (Ontario, Canada) with a purity 

≥95% and trifluoroacetic acid removal to hydrochloric acid salt. Zincon and zinc 

sulfate heptahydrate was purchased from Thermofisher and suspended in methanol 

and water respectively. B. Hube from Friedrich Schiller University in Germany 

kindly gifted the purified enzymes Sap1, Sap2, Sap3, Sap5, Sap6, Sap9, and Sap10. 

The purification of Sap1, Sap2, Sap3, and Sap6 involved ion exchange 

chromatography, followed by desalting into 0.1 M sodium citrate buffer. Sap5 was 

purified via ultrafiltration and subsequently desalted into 0.1M sodium citrate. Sap9 

and Sap10, which were produced without their GPI anchors, underwent purification 

through ion exchange chromatography and were similarly desalted into 0.1 M sodium 

citrate buffer [42]. 

4.2.2. Proteolytic degradation of the peptides by Saps 

The extent of degradation of the peptides by the Saps was evaluated at a pH 7.4. Hst5 

and engineered analogs were each mixed with Saps, to a final concentration of 

150 μg/mL of peptide and the protease concentration in the Table 4.1. Experiments 

were done in 1mM sodium phosphate buffer (NaPB). The mixtures were incubated at 

37 ℃ for 2 h, and Hst5 in 1mM NaPB was used as a control. The concentration were 

chosen because this is when ~50% of the parent peptide Hst5 was observed after 

incubation of 2 h, making changes in proteolytic stability easier to observe. Samples 

were then boiled for 5 min at 100 ℃ to inactivate the protease. This assay was done 

with three replicates. 
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Table 4.1. Concentration of Saps after mixing with peptides. 

Sap Final 
concentration 

(µg/mL) 
Sap1 5.0 
Sap2 0.1 
Sap3 1.6 
Sap5 5.0 
Sap6 5.0 
Sap9 3.1 

Sap10 5.0 
 

4.2.3. Proteolytic degradation of the peptides by saliva 

Saliva (gender-pooled, unfiltered, frozen) was purchased from BIOIVT (Westbury, 

NY). The saliva was centrifuged at 3,900 ×g for 5 minutes to remove any cells or 

debris. A 10 kDa molecular weight cutoff column was used to exchange the solution 

to 2 mM NaPB, and the saliva was stored in the at -20 °C freezer until later used. The 

solution was then diluted 1:1.15 with 2 mM NaPB to yield a concentration resulting 

in ~50% of the Hst5 peptide degraded under assay conditions.  

The degradation of the peptides by saliva was evaluated using a procedure analogous 

to the one used for Saps. The assay was performed in NaPB, with a final peptide 

concentration of 150 μg/mL and a final dilution of the saliva of 1:2.3. The mixtures 

were incubated at 37 °C for 2 h. Samples were then boiled for 5 min at 100 ℃ to 

inactivate the proteases in saliva and stored at 20 °C until later used. This assay was 

done in three replicates.  
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4.2.4. Gel electrophoresis data analysis 

After proteolysis, samples were mixed with tricine sample buffer (200mM Tris-HCl, 

pH 6.8, 40% glycerol, 2% sodium dodecyl sulfate, without Coomassie Blue G250) 

containing 2% β-mercaptoethanol and boiled again for 5 min at 100 °C. The degraded 

and nondegraded peptides were separated by gel electrophoresis on 16.5% Tris-

tricine gels (Bio-Rad, Hercules, CA), and the gels were fixed in a solution of 10% 

acetic acid, 40% methanol, and 50% water for 30 min. The fixed gels were stained in 

Bio-Safe Coomassie stain (Bio-Rad) for 1 h and then washed in ultrapure water three 

times for 30 minutes and once overnight. The gels were imaged on a ChemiDoc 

imager (Bio-Rad), and densitometric analysis was done using Image Lab software 

(Bio-Rad). In the analysis, the upper band of each lane was taken as the intact 

peptide, while all bands below were taken as degradation products.  

Two-way ANOVA tests with α = .05 and Dunnett's multiple comparison tests 

(degraded Hst5 as the control) were performed for statistical analysis. The number of 

asterisks indicates the level of statistical significance in figures: * for P < 0.05, ** for 

P < 0.01, *** for P < 0.001, and **** for P < 0.0001 Tables of the P-values obtained 

in the statistical analysis data are supplied in Appendix Table B.1. 

4.2.5. Quantifying overall proteolytic stability of variants 

To differentiate between peptides with an overall increase in proteolytically stability, 

we defined an increase or decrease in stability as a change in normalized intact 

peptide (NIP): 

∑  𝐼𝐼𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

∑  𝐼𝐼𝐻𝐻𝐻𝐻𝐻𝐻5𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
= 𝑁𝑁𝑁𝑁𝑁𝑁                                                   (4.1) 
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where Sap j refers to the tested Sap ( Sap1, Sap2, Sap3, or Sap9), the 𝐼𝐼𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 is the 

percent of intact peptide variant remaining after proteolysis by Sap j, the 𝐼𝐼𝐻𝐻𝐻𝐻𝐻𝐻5 is the 

percent of intact Hst5 remaining after proteolysis by Sap j, and the ∑  𝐼𝐼𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  is 

the sum of P after degradation by Sapj. If this value is greater than 1 the value is 

defined as an increase in stability. If this value is less than 1 and we find the 

difference significant, the value is defined as a reduction in stability. 

4.2.6. Candidacidal assay using full-length peptide 

The antifungal activity of protease treated peptide was examined by an antifungal 

assay. A single colony of the SC5314 stain of C. albicans was inoculated into YPD. 

The culture was grown overnight, subcultured to an optical density measured at 

600nm (OD600) of 0.1, and grown to an OD600 range of 1-1.2. Cell cultures were 

grown at 30 °C as this promotes the growth of yeast cells, as opposed to hyphae 

(37 °C)[93] Cells were washed three times in 2 mM NaPB and diluted to a cell 

density of 5 ×105 cells/mL. Hst5 and engineered analogs were each mixed with 2 mM 

NaPB to a final concentration of 150 μg/mL of peptide. In 96 well plates, serial 

dilutions of the peptide (peptide concentration 75 – 0.14 µg/mL) were prepared in 

autoclave ultra-pure water. 20 μL of serial diluted peptide and cells were mixed and 

incubated at 30 °C for 30 min. After incubation, 280 μL of 1mM NaPB was loaded 

into each well to reduce interaction between the peptide and cells. Samples were 

further diluted to approximately 250 cells/well in a separate 96-well plate containing 

200 µL of equal volume YPD and 1mM NaPB, where wells only containing YPD and 
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NaPB were sterility controls. The OD600 was measured on a microplate shaker at 

30 °C after 17 h. The reduction in viability was calculated as 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑖𝑖𝑖𝑖 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (%) = �1 −
�𝑂𝑂𝐷𝐷with peptide − 𝑂𝑂𝐷𝐷background�
�𝑂𝑂𝑂𝑂no peptide − 𝑂𝑂𝐷𝐷background�

� × 100 

The assay was performed on three separate days with two replicates each day. Two-

way ANOVA tests with α = 0.05 and Dunnett's multiple comparison tests (degraded 

Hst5 as the control) were performed for statistical analysis. P < 0.05 was deemed as 

significant (Appendix Table B.2). 

4.2.7. Candidacidal assay of degraded peptide 

To assay the antifungal activity of the peptides following degradation with Saps, the 

peptides were first degraded by Saps as described above. A C. albicans suspension 

was prepared as described for the assay with intact peptides, except the cell 

suspension was prepared in 1 mM NaPB. In 96-well plates, serial dilutions (20 μL) of 

the degraded peptide solutions (peptide concentration of 0.14 – 75 µg/mL prior to 

degradation) were prepared in 1 mM NaPB. Control wells containing no peptide were 

also included. The serial dilutions were mixed with an equal volume of the cell 

suspension and incubated at 30 °C for 30 min. After incubation, the samples were 

processed in the same manner as described above for the assay with intact peptides to 

quantify the reduction in growth. The assay was performed on three separate days 

with two replicates on each day.  

Two-way ANOVA tests with α = .05 and Dunnett's multiple comparison tests 

(degraded Hst5 as the control) were performed for statistical analysis. P < .05 was 

deemed as significant (Appendix Table B.2). 
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4.2.8. Zincon competition assay 

To determine if Hst5 binds to zinc, a binding competition assay was carried out 

utilizing the colorimetric copper and zinc binding dye Zincon. In a 96 well plate, 

peptide variants were individually mixed 1:1 with Zincon to a final concentration of 

30 µM in 10 mM NaPB. ZnSO4 was then titrated with increasing equivalents to a 

final reaction volume of 100 µL, and absorbance at 621 nm was measured using a 

plate reader. 

Data were collected in triplicate. Two-way ANOVA tests with α = .05 and Dunnett's 

multiple comparison tests (Zincon as the control) were performed for statistical 

analysis. p < .05 was determined to be statistically different. Tables of the p-values 

obtained in the statistical analysis data are supplied in Appendix Table B.3. 

4.2.9. Candidacidal assay using full-length peptides in the presence of zinc.  

The antifungal activity of zinc treated peptide was examined by an antifungal assay. 

The cells were prepared as described above for the Candidacidal assay using full-

length peptides. Zinc was mixed with water to a final concentration of 1200 µM. In a 

96 well plates, 12.5 µL serial dilutions of the zinc (1200 – 1.2 µM) were prepared in 

autoclave DI water. Hst5 and engineered analogs were added equal volume to each 

well to a final concentration of 30 µM and a final sample volume of 25 µL. A volume 

of 25 µL of cells was added to the zinc and peptide mixture and incubated at 30 °C 

for 30 min. Sampled were prepared for analysis as described above for the 

candidacidal assay using full-length peptides. 
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Data for this assay were collected with two replicates over two days. Two-way 

ANOVA tests with α = .05 and Dunnett's multiple comparison tests (Hst5 as the 

control) were performed for statistical analysis. P < 0.05 was deemed as significant 

(Appendix Table B.4). 

4.2.10. Proteolysis of peptide variants in the presence of Zinc 

To determine the impact of zinc on the proteolytic stability of each peptide variant, 

peptide variants were individually mixed with zinc (2:1 Zinc-to-peptide molar ratio) 

to a final concentration of 60 µM, this mixture was then mixed in equal volume with 

0.2 µg/mL Sap2 in 2mM NaPB. The mixtures were incubated at 37 ℃ for 2 h, and 

Hst5 in 1mM NaPB was used as a control. An incubation of 2 h was chosen to 

observe 20-50% degradation of Hst5. Samples were then boiled for 5 min at 100 ℃ 

to inactivate the protease and visualized using gel electrophoresis. 

4.2.11. Antifungal assay of Hst5 variants after degradation by Saps in the 

presence of zinc 

The antifungal activity of zinc treated peptide was examined by an antifungal assay. 

The cells were prepared as described above for the candidacidal assay using full-

length peptides. Peptide variants were individually mixed with zinc (2:1 Zinc-to-

peptide molar ratio) to a final peptide concentration of 60 µM, this mixture was then 

mixed in equal volume with 0.2 µg/mL Sap2 in 2mM NaPB. The mixtures were 

incubated at 37 ℃ for 2 h. The samples were boiled at 100 °C to deactivate protease. 

In a 96 well plate 25 µL serial dilutions of the zinc and peptide mixture (30 – 0.03 

µM) were prepared in autoclave DI water. A volume of 25 µL of cells was added to 
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the zinc and peptide mixture and incubated at 30 °C for 30 min. Sampled were 

prepared for analysis as described above for the candidacidal assay using full-

length peptides. 

This assay was performed with two replicates on two separate days. Two-way 

ANOVA tests with α = 0.05 and Dunnett's multiple comparison tests (Hst5 as the 

control) were performed for statistical analysis. P < 0.05 was deemed as significant 

(Appendix Table B.5). 

4.2.12. Biofilm prevention assay using full-length peptide. 

The ability of the peptide to prevent biofilm formation was assessed. A single colony 

of C. albicans SC5314 was inoculated into YPD. The culture was grown overnight at 

30 °C and then washed in 1× PBS and diluted into RPMI 1640 (with L-glutamine, 

and without sodium bicarbonate)(MP Biomedicals; Santa Ana, California), buffered 

in MOPS (3-[N-morpholino] propanesulfonic acid) (Glibco; Waltham, MA) to a pH 

of 7.0. The optical density was then adjusted to 1× 106 cells/mL. In a 96-well plate, 

50 µL serial dilutions of antifungal agents (32 µg/mL – 0.06 µg/mL) and peptides 

(1500 µg/mL – 1.5 µg/mL) were prepared in water. A volume of 50 μL of serially 

diluted peptide and an equal volume cells were mixed and incubated at 37 °C for 24 

h. The plate were decanted and washed in 1×PB. After 100 µL of a solution 

containing 0.5 g/L XTT and 1 µM menadione was added to each well and incubated 

for 1.5 h in reduced light. Afterward, 75 µL of the solution was transferred to a 

corresponding well in a new 96-well plate, and the absorbance was measured at 490 

nm using a plate reader. The reduction in growth is calculated as 
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑖𝑖𝑖𝑖 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (%) =  
�𝐴𝐴490

𝑁𝑁𝑁𝑁 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐴𝐴490𝑋𝑋𝑋𝑋𝑋𝑋�− �𝐴𝐴490 − 𝐴𝐴490𝑋𝑋𝑋𝑋𝑋𝑋�

�𝐴𝐴490
𝑁𝑁𝑁𝑁 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐴𝐴490𝑋𝑋𝑋𝑋𝑋𝑋�

                         (4.3)  

where 𝐴𝐴490
𝑁𝑁𝑁𝑁 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the average absorbance for wells with biofilms of a specified 

strain not formed in the presence of antifungal, 𝐴𝐴490𝑋𝑋𝑋𝑋𝑋𝑋 is the average absorbance for 

wells in rows of replicates for each drug/strain combination containing only XTT, and  

𝐴𝐴490 is the absorbance for wells containing a specified concentration of peptide and a 

specified C. albicans strain.  

This assay was performed with 2 replicates on 2 separate days. Two-way ANOVA 

tests with α = .05 and Dunnett's multiple comparison tests (Hst5 as the control) were 

performed for statistical analysis. P < .05 was deemed as significant (Appendix 

Table B.6). 
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4.3. Results  

To study the interactions of Hst5 with C. albicans Saps and Saliva, we evaluated the 

proteolysis of Hst5 and 12 variants designed at either the K13 or K17 residues of 

Hst5 (Table 4.2). To determine the degree of degradation, we use gel electrophoresis. 

Prior work from our lab shows that K17 substitutions improve the proteolytic stability 

of Hst5 after incubation with Sap2, Sap9, and C. albicans [34, 35]. In Chapter 3, we 

expanded the number of Saps we assessed proteolytic stability against and also assess 

proteolytic stability against saliva. In this chapter, we continued prior work with 12 

variants of Hst5, five introduced by Ikonomova et al. (K13R, K13L, K13H, K17R, 

and K17L) [34, 35], one introduced by Tsai et al. (K13E) [74], and we introduced six 

novel variants with varying properties at K13 and K17 (K13Q, K13A, K17W, K17Q, 

K17A, and K17E) and assess their proteolytic stability against Saps and saliva. 

 
Table 4.2. Table of designed peptide variants. 

Peptide Sequencea 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Hst5 D S H A K R H H G Y K R K F H E K H H S H R G Y 

K13R - - - - - - - - - - - - R - - - - - - - - - - - 

K13L - - - - - - - - - - - - L - - - - - - - - - - - 

K13H - - - - - - - - - - - - H - - - - - - - - - - - 

K13Q - - - - - - - - - - - - Q - - - - - - - - - - - 

K13A - - - - - - - - - - - - A - - - - - - - - - - - 

K13E - - - - - - - - - - - - E - - - - - - - - - - - 

K17R - - - - - - - - - - - - - - - - R - - - - - - - 

K17L - - - - - - - - - - - - - - - - L - - - - - - - 

K17W - - - - - - - - - - - - - - - - W - - - - - - - 

K17Q - - - - - - - - - - - - - - - - Q - - - - - - - 

K17A - - - - - - - - - - - - - - - - A - - - - - - - 

K17E - - - - - - - - - - - - - - - - E - - - - - - - 
a The hyphens represent retained amino acid. 
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4.3.1. K17 variants generally show an improvement in proteolytic stability 

To assess the degradation of Hst5 and its analogs by Saps, we selected concentrations 

of Saps that preserved 25 - 50% of the fully intact Hst5 peptide after two hours at 

37 °C in 1 mM NaPB (pH 7.4). This strategy allowed for the clear identification of 

differences in the proteolytic stability among the peptides. Similar to the results in 

Chapter 2, Sap5, Sap6, and Sap10 did not degrade Hst5 (Appendix Figure B.2.). The 

tests showed that Sap1, Sap2, Sap3, and Sap9 cleaved Hst5 and its variants at levels 

influenced by the specific protease and the peptide modifications (Figure 4.1). After 

incubation with Sap1, 36.6% of Hst5 remained fully intact. The variants K17Q and 

K17E had enhanced proteolytic stability compared to Hst5, with 51.4% and 49.6% of 

the peptide remaining fully intact, respectively. Incubation with Sap2 resulted in 

49.2% of Hst5 remaining intact, and K17E was statistically similar to Hst5. The 

K17R variant was less proteolytically stable, with only 35.1% of the peptide 

remaining intact, while K17W, K17A, K17Q, and K17L had enhanced proteolytic 

stability with 81.1%, 77.2%, 74.0%, and 72.9% intact. When incubated with Sap3, 

45.0% of Hst5 remained fully intact, while K17R and K17L were statistically similar. 

Other K17 variants showed an improvement in proteolytic stability in the presence of 

Sap3, with K17W, K17Q, K17E, and K17A having 66.9%, 60.6%, 59.6%, and 57.3% 

of fully intact peptides, respectively. Finally, after incubation with Sap9, 41.6% of 

Hst5 remained fully intact. All K17 variants had enhanced proteolytic stability with 

K17Q, K17W, K17R, K17E, K17L, and K17A having 79.0%, 78.0%, 77.9%, 77.8%, 

73.1%, and 68.1% of peptide remaining intact respectively.  
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Figure 4.1. Degradation of Hst5 by purified Sap1, Sap2, Sap3, and Sap9. After incubation for 2 h at 37 
°C, the intact peptide and degradation fragments were separated by gel electrophoresis and quantified 
densitometry. Error bars represent the standard error of the mean (N = 6 for the Hst5 controls with and 
without Sap and N = 3 for the Hst5 variants). Gel images in Appendix Figure B.1. 
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4.3.2. K13 variants generally show a reduction in proteolytic stability 

Unlike K17 variants, K13 variants previously had similar or reduced proteolytic 

stability compared to the parent peptide after incubation with Saps. After incubation 

with Sap1, 36.6% of Hst5 remained fully intact. Only K13R was as stable as the 

parent peptide; all other variants were less stable, with K13A, K13H, K13E, K13Q, 

and K13L all within 9.3% –  24.2% intact. Incubation with Sap2 resulted in 49.2% of 

Hst5 remaining intact, and the only variant with enhanced stability was K13R, with 

60.0% remaining fully intact peptide. All other variants, K13H, K13A, K13L, K13E, 

and K13Q had diminished stability, falling between 10.5% – 26.8%of the peptide 

remaining intact. Degradation by Sap3 left 45.0% of Hst5 fully intact, and K13R was 

as stable as the parent peptide. Only the K13E variants had enhanced proteolytic 

stability, with 59.8% remaining fully intact. Other variants were less stable, with 

K13H, K13Q, K13L, and K13A having less than 5% of the peptide remaining intact. 

Finally, after incubation with Sap9, 41.6% of Hst5 remains fully intact, with K13R 

and K13A being similar. The remaining variants all had reduced proteolytic stability. 

K13L, K13Q, K13E, and K13H were less proteolytically stable than Hst5 with 5.2%, 

8.4%, 14.8%, and 15.0%, remaining intact, respectively. 

 

4.3.3. K17W shows the greatest improvement in proteolytic stability in the 

presence of Saps 

In order for the variants to be viable, they need to be proteolytically stable against a 

range of Saps. To identify the most improved variants, we compare the normalized 
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intact peptide (NIP) of all variants (Equation 4.1). The Nip values were determined by 

summing the average intact peptide for a variants after incubation with each Sap 

individually and normalizing them to the sum of the average intact Hst5 after 

incubation with each Sap individually. Values greater than 1 mean the variants are 

overall more proteolytically stable than the parent Hst5, while values less than 1 mean 

the variants are less proteolytically stable overall (Table 4.3). Of the variants designed 

at the K13 position, only K13R had overall improved proteolytic stability (NIP=1.09), 

while all other variants had NIP values between 0.21– 0.68. This suggests that the 

positively charged amino acid at K13 provides overall stability and protection from 

saps. The opposite is true in the case of K17, as the positive charge residue provided 

the least stability compared to the other variants tested (NIP=1.19). Other properties 

enhance the proteolytic stability (NIP between 1.3 –1.57), with the greatest 

enhancement in proteolytic stability coming from K17W (NIP=1.57). Suggesting the 

importance of positive charge residues in maintaining Hst5 interactions with Saps. 

Table 4.3. Normalized intact peptide values for K17 and K13 variants. 

Peptide  NIPa,b,c 
Hst5 1.00 
K13R 1.09 
K13L 0.21 
K13H 0.41 
K13Q 0.25 
K13A 0.52 
K13E 0.68 
K17R 1.19 
K17L 1.34 
K17W 1.57 
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K17Q 1.52 
K17A 1.42 
K17E 1.40 

a NIP = Normalized average intact peptide 
bRed represents the least overall stable variant. 
cGreen represents the most overall stable variants. 

4.3.4. Substitutions to negatively charged residues reduce the antifungal 

activity of Hst5 

While lysine substitutions often did not impact the antifungal activity of the full-

length peptide similar to what was previously observed In Chapter 2 and prior work 

from our lab [34]; When K13 was previously substituted for a glutamate, the 

antifungal activity of the full-length peptide decreased [35, 74]. To determine the 

impact of different amino acid properties at K13 and K17 on antifungal activity, we 

evaluate the antifungal activity of fully intact peptides against C. albicans (Figure 

4.2). When assessing the antifungal activity, we determined if variants were 

statistically different by analyzing the first measured concentration at which the 

protease-treated Hst5 showed a reduction in viability of over 50%. While the variants 

K13R, K13H, K13Q, K13A, K17Q, and K17A had a statistically significant reduction 

in antifungal activity, and only K17L had statistically enhanced antifungal activity, 

the difference between these variants and the parent Hst5 is marginal as the curves all 

surpass 50% reduction in viability by 2.34 µg/mL. However, when glutamate, a 

negatively charged amino acid, is substituted at K13 or K17, a 95% reduction in 

viability is only surpassed at 75 µg/mL (the highest concentration tested), while other 

variants surpass this value at 18.75 µg/mL. The reduction in activity by K13E is 
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consistent with the literature, showing substituting a positive charge amino acid with 

a negatively charged amino acid reduces the antifungal activity of Hst5 [35, 74].  

 

Figure 4.2. Antifungal activity of intact Hst5 variants. Hst5 variants were serially diluted, mixed with 
C. albicans cells, and incubated for 30 min at 30 °C in 1 mM NaPB. Error bars represent the standard 
error of the mean (N = 12 for Hst5 with and without Sap, while N = 6 for all Hst5 variants). 

4.3.5. K17 variants retain antifungal activity following incubation with Saps 

Hst5 is known to have decreased antifungal activity after degradation by Saps, 

making it essential to assess the antifungal activity of the peptides after incubation 

with Saps. In Chapter 3, we showed that K17L had improved antifungal activity in 

the presence of Sap1, Sap2, and Sap9 and that proteolysis by Sap3 reduced the 

proteolytic stability of leucine variants. Building on these results, in this chapter, we 

evaluated how proteolysis by Saps impacted the antifungal activity of variants with 

different amino acid properties (Figure 4.3). Proteolysis by Sap5, Sap6, and Sap10, 

does not affect the activity of Hst5 or Hst5 variants. Furthermore, all engineered 

variants were unaffected by Sap6 except for K13E, which had increased antifungal 

activity (Appendix Figure B.2.). After degradation by Sap1, the antifungal activity 
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of degraded K17 is similar to degraded Hst5, while all other K17 variants had 

statistically greater antifungal activity than Hst5; however, this increase was moderate 

as all variants surpass 50% reduction in viability at 2.34 µg/mL and surpass 90% at 

4.69 µg/mL. Proteolysis by Sap2 reduces the antifungal activity of Hst5, while K17E 

has similar activity to degraded Hst5. However, other K17 variants all have improved 

antifungal activity compared to the degraded Hst5, having seemingly greater activity 

than undegraded Hst5. After incubation with Sap3, the activity of Hst5 is reduced. 

The K17L variant had lower than undegraded Hst5 antifungal activity, which is 

consistent with what was observed in the previous chapter, and K17W was the only 

variant with enhanced antifungal activity, surpassing 50% 2.34 µg/mL while the 

parent peptide only surpassed 50% at 9.38 µg/mL. Finally, after incubation with Sap9 

all K17 variants had improved antifungal activity compared to degraded Hst5.  

4.3.6. Positive charge residues at K13 have the greatest antifungal activity 

Unlike the K17 variants, which mostly had similar or greater antifungal activity, K13 

variants followed the opposite trend. After proteolysis by Sap1, degraded Hst5 had 

reduced activity compared to undegraded Hst5. However, as explained above, this 

difference was minimal. All K13 variants had lower activity antifungal activity than 

Hst5; however, Hst5 and K13R both surpass 90% reduction in viability at 4.68 

µg/mL. After incubation with Sap2, K13R had similar activity to degraded Hst5. All 

other variants had reduced antifungal activity compared to Hst5. Proteolysis by Sap3 

and Sap9 resulted in a reduction in antifungal activity for Hst5, with all of the K13 

variants having reduced antifungal activity compared to degraded Hst5. Notably, the 
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K13R had the greatest activity compared to the other K13 variants implying the 

importance of the positive charge at K13 on antifungal activity.  
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Figure 4.3. Antifungal activity of Hst5 variants after incubation with Sap1, Sap2, Sap3, or Sap9. After 
incubation for 2 h at 37 °C, Samples were serially diluted in a 96-well plate from 75 μg/mL to 0.14 
μg/mL. Samples were then mixed with C. albicans cells at 5.0 × 105 cells/mL and incubated for 30 min 
at 30 °C in 1 mM NaPB, after which cells were inoculated and cultured. Error bars represent the 
standard error of the mean (N = 12 Hst5 No Saβand Hst5 + Sap, while N = 6 for all other variants).   

4.3.7. K17 variants show minimal improvement in the presence of saliva 

As a salivary peptide, Hst5 interacts with other enzymes in saliva, making it 

important to assess the proteolytic stability in the presence of saliva. To understand 

how proteases found in saliva degraded Hst5 and variants, we incubated each Hst5 

variant with saliva and quantified the gel images using densitometric analysis (Figure 

4.4). In Chapter 2 we identified the K17L and K5R variants to have improved 

proteolytic stability, although the improvement was modest. We assessed additional 

K13 and K17 variants in the presence of saliva. After incubating Hst5 with saliva, 

37.7% of Hst5 remains intact. Except for K13R, the K13 variants are as stable as the 

parent Hst5, while only the K17L and K17W showed improvement in proteolytic 

stability, with 52.9 and 52.8 of the peptides remaining intact. Other K17 were 

degraded similarly to the parent peptide. While both hydrophobic residues introduced 

at K17 may improve the proteolytic stability of the peptide. The improvement was 

modest, showing that engineering proteolytic stability against Saps does not 

substantially protect against other proteases in saliva. However, the variants designed 

will provide a good starting point for engineering more broadly proteolytically stable 

variants. 
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Figure 4.4. Degradation of Hst5 by saliva. After incubation for 2 h at 37 °C. We then used gel 
electrophoresis to separate fragments from fully intact peptides and quantified the gel images using 
densitometric analysis. Error bars represent the standard error of the mean (N = 6 Hst5 No Sap and 
Hst5, while N = 3 for all other variants). 

4.3.8. Hst5 and variants bind to zinc 

Metals such as zinc are essential in the catalytic activity of some enzymes and can 

assist in the folding of proteins [100] Along with other enzymes, saliva can also be 

composed of other dietary metals such as zinc. Zinc has been found to bind to either 

the HEKHH or HARKHH zinc-binding motifs of Hst5 [79, 81, 99]Previous work has 

shown that zinc binding to Hst5 can influence and reduce its activity; however, no 

work has been done to show the impact of zinc on Hst5's proteolytic stability. For 

these experiments, we used K17W (Table 4.4), as these were the variants with the 

greatest proteolytic stability, and K13H, as the introduction of a histidine residue 

should impact zinc binding.  

 

 

 

 



 

 

87 
 

Table 4.4. Designed peptide variants used to assess metal binding. 

Peptide Sequence a 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Hst5 D S H A K R H H G Y K R K F H E K H H S H R G Y 

K13H - - - - - - - - - - - - H - - - - - - - - - - - 

K17W - - - - - - - - - - - - - - - - W - - - - - - - 
a The hyphens represent retained amino acids 

 

To determine if Hst5 and engineering analogs can bind to zinc, we measured Hst5's 

ability to compete for zinc using the indicator dye Zincon (Figure 4.5). Zincon has a 

high absorbance at 621 nm when zinc is bound and low absorbance when zinc is not 

bound. Consistent with the work of Norris et al., we saw that Hst5 binds zinc; 

additionally, K17W and K13H both bind zinc up to a 4:1 peptide-to-zinc ratio, with 

K13H binding the strongest to zinc. 

 

Figure 4.5. Zinc competition between peptide and Zincon. After titrating zinc into an equimolar 
mixture of Zincon and peptide, the absorbance was measured via absorbance at 621nm. Error bars 
represent the standard error of the mean (N = 3). 
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4.3.9. Zinc reduces the antifungal activity of Hst5 at large zinc-to-peptide 

ratios 

Zinc binding to Hst5 has been linked with possibly modulating the antifungal activity 

of Hst5. Norris et al. showed that when Hst5 binds zinc at a 1:2 zinc-to-peptide molar 

ratio, the activity of Hst5 increases. Additionally, Campbell et al. have shown that a 

20:1 zinc-to-Hst5 molar ratio is needed to see a reduction of 50% of Hst5 

activity[81]. To understand the impact of zinc on the antifungal activity of the full-

length Hst5, we performed a candidacidal assay using different molar ratios of zinc-

to-Hst5 (Figure 4.6).  At a 1.25:1 zinc-to-Hst5 ratio, peptide variants are able to 

reduce the viability of C. albicans completely; however, as the ratio-of-zinc increases, 

there was a reduction in activity until 20:1, where all variants antifungal activity was 

completely reduced. Notably, K13H was the least impacted at zinc-to-peptide ratios 

greater than 10:1 strong ability to bind to zinc. This shows that zinc at large zinc 

concentration the antifungal activity of Hst5 and variants can be reduced by zinc. 
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Figure 4.6. Antifungal activity of Hst5 variants in the presence of Zinc. Zinc was serial diluted (1200 
µM to 1.2 µM) and equal volume of 60 μM peptide was added to each well. Samples were then mixed 
with C. albicans cells at 5.0 × 105 cells/mL and incubated for 30 min at 30 °C in 1 mM NaPB, after 
which cells were inoculated and cultured. Error bars represent the standard error of the mean (N = 4). 

 

4.3.10. K17W retains proteolytic stability in the presence of zinc 

C. albicans secrete Saps into the oral microflora, meaning that these Saps may be in 

the presence of zinc. We have shown that Zinc can reduce the activity of Hst5 which 

is in agreement with work from Campbell et al.; however, there is no work on how 

the proteolytic stability of Hst5 can be impacted by zinc. To understand the impact of 

zinc binding on the proteolytic stability of Hst5, we first mixed peptide variants with 

zinc in a 2:1 molar ratio, as this showed the greatest discrepancy between K13H and 

other variants in the Zincon binding assay (Figure 4.6). While incubation with Sap6 

did not impact the proteolytic stability (data not shown), suggesting that if the 

protease did not originally cleave the Hst5 at the tested conditions, zinc could not 
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change that. When these variants were degraded by Sap2 in the presence of zinc the 

proteolytic stability of Hst5 and K13H decreased, showing that zinc can reduce the 

proteolytic stability of Hst5. However, K17W retained its proteolytic stability as it 

does not get degraded by Sap2, even in the presence of zinc (Figure 4.7). 

 

Figure 4.7. Proteolysis of Hst5 variants after incubation with sap2 and with or without zinc. After 
incubation for 2 h at 37 °C, we then used gel electrophoresis to separate fragments from fully intact 
peptides and quantified the gel images using densitometric analysis (N = 2).  

 

4.3.11. K17W retains antifungal activity after incubation with zinc and Sap2 

To determine the impact of proteolysis in the presence of zinc on antifungal activity, 

we mixed peptide, zinc, and protease under the previously mentioned conditions 

(Figure 4.8). As previously observed, full-length K13H and K17W have activity 

similar to Hst5, while, after incubation with Sap2, Hst5 and K13H have reduced 

activity and K17W retains activity. Peptides with zinc alone have reduced antifungal 

activity, although Hst5 and K17W treated with zinc approached 100% reduction in 

viability at the same time as Hst5 without zinc. Finally, when zinc and Saps are 

present, Hst5 and K13H have greatly reduced activity, while K17W activity is 
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reduced but still approaches 100% reduction in viability at the same time as untreated 

Hst5.  

 

 

 
Figure 4.8. Antifungal activity of Hst5, K17W, and K13H after incubation with zinc at a 2:1 zinc-to-
peptide ratio and Sap2. After incubation for 2 hrs at 37 °C, Samples were serially diluted in a 96-well 
plate from 75 μg/mL to .14 μg/mL. Samples were then mixed with C. albicans cells at 5.0 × 105 
cells/mL and incubated for 30 min at 30 °C in 1 mM NaPB, after which cells were inoculated and 
cultured. Error bars represent the standard error of the mean (N = 3).  
 

4.3.12. K17W prevents biofilm formation better than parent Hst5 

The ability of C. albicans to form biofilms results in an 1,000-fold increase in the 

drug resistance of C. albicans  [101-103]. Despite zinc’s ability to modulate the 

activity of Hst5 variants, we have shown that the K17W variant has greater activity 

than Hst5 in the absence and presence of zinc and Saps. We used an 2,3-Bis-(2-
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Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (XTT) -based 

metabolic assay to determine which variants have the greatest reduction in biofilm 

formation (Figure 9A). The Hst5 variants had only a 39.1% reduction in biofilm at 

the highest concentration, and K17W showed an 84.1% reduction in biofilm 

formation (Figure 9B). This shows that variants designed for improved proteolytic 

stability can have both enhanced antifungal activity and antibiofilm activity. 
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Figure 4.9. Prevention of Biofilm formation by of Hst5 variants. Peptide were is serial diluted 2:1 in 
water until from 1500 μM to 1.5 μM. Samples were then mixed with C. albicans cells at 1.0 × 106 
cells/mL and incubated for 24 h at 37 °C in RPMI1640. A) 0.5 g/L of XTT with 1µM menadione was 
then added to wells and absorbance was measured at 621 nm. Error bars represent the standard error of 
the mean (N = 4). B) Images were taken of wells treated with 187.5 µg/mL of peptide using n inverted 
fluorescence microscope (20 × magnification). 
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4.4. Discussion  

This chapter explored the impact of different amino acid properties at the K13 and 

K17 residues of Hst5, as previous work has shown that Hst5 variants with K17 

substitutions have improved proteolytic stability and antifungal activity when 

compared to Hst5, while K13 variants have varied proteolytic stability, but reduced 

activity. We evaluated the proteolytic stability of the peptide in the presence of Saps 

as well as the antifungal activity against C. albicans of full-length peptide and peptide 

after proteolysis by Saps. We further assessed the proteolytic stability in the presence 

of zinc or saliva, as Hst5 is a salivary peptide, which means it is in the presence of 

saliva and dietary metals. 

The positive charge at the K13 residue seems to provide the most protection for Hst5 

regardless of Sap (Table 4.3). This is evident given that of the K13 variants, the 

K13R variants was either as stable or more stable than Hst5 after proteolysis by Sap1, 

Sap2, Sap3, or Sap9, suggesting the charge at K13 may help prevent proteolysis. 

Similar to previous work in our lab, the K13E variants were more prone to proteolysis 

by Sap9 than the parent Hst5 [35], which is believed to be due to the presence of 

negatively charged residues C-terminal to basic amino acids [42]. Notably, K13R has 

improved stability in the presence of Sap2, which could imply the importance of 

greater charged interactions introduced by the guanidino group. After proteolysis by 

Sap3, Hst5 and K13R have similar stability, but K13E is more stable than the parent 

peptide. All other K13 variants were less stable than Hst5. The contrary amino acid 

properties showing the most beneficial effect when it comes to proteolytic stability 
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against Sap3, suggests the importance of electrostatic interactions in preventing 

proteolysis by Sap3. 

In terms of the antifungal activity, except for the K13E variant, full-length K13 

variants could retain their antifungal activity. The reduction in activity by K13E is 

consistent with the literature [35, 74]. This Shows that K13 is important for antifungal 

activity. Furthermore, after proteolysis by Saps, all K13 variants had reduced 

antifungal activity compared to degraded Hst5. Of these variants, the K13R was the 

most similar to the parent Hst5, showing the importance of the positive charge group 

at K13. 

The incubation of Hst5 with proteases leads to interesting results.  Except for K17E 

incubated with Sap6, proteolysis by Sap5, Sap6, and Sap10, does not affect the 

activity of Hst5 or Hst5 variants. In the case of Sap6-treated K17E, the antifungal 

activity becomes similar to that of Hst5, possibly suggesting that while Sap6 does not 

degrade Hst5, it could protect it from other proteases that could be found on the 

surface of C. albicans by binding to the peptide [34-36]. After proteolysis by Sap1, 

Sap2, Sap3, and Sap9, the antifungal activity of K17E is greater than degraded Hst5, 

suggesting that fragments made by the proteolysis of K17E retain more activity than 

the fragments from degraded Hst5. After incubation with Sap3, K17L was the only 

K17 variant with reduced activity against C. albicans. Although K17L and Hst5 

retain similar levels of intact peptide, the fragments formed by the degradation of 

K17L may be less active than those formed by Hst5. Of these variants, the K17W 

variants had the greatest increase in activity after proteolysis by Saps, seemingly 
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matching the fully intact Hst5 when both are degraded by Sap. This shows that the 

large aromatic and hydrophobic residue at K17 improves the antifungal activity after 

incubation with Saps, more than likely resulting from improved proteolytic stability. 

Regarding antifungal activity, except for the K17E variant, the full-length peptides 

for the K17 variants were as active against C. albicans as the parent Hst5. Tsai et al. 

found that K17 was not important for the antifungal activity of Hst5 after substitution 

of K17 to glutamine [74]. However, we showed that introducing glutamate reduces 

the antifungal activity preventing a 100% reduction in the viability of C. albicans. 

While activity is not entirely removed, the reduction is more than likely due to Hst5 

reduced interactions with the negatively charged C. albicans membrane [14]. 

Saliva is a complex mixture containing proteolytic enzymes such as cysteine 

cathepsins, the serine cathepsin A, the aspartic cathepsin D, and metalloproteases [46, 

95]. As a salivary peptide, Hst5 is naturally in the presence of these enzymes, so we 

assessed the proteolytic activity of these variants in the presence of saliva. The 

variants we designed were designed for the purpose of improving proteolytic stability 

to Saps, so while K17W and K17L had improved proteolytic stability and K13R had 

reduced proteolytic stability, the difference in stability is small, showing that 

engineering these peptides to be stable against Saps is not sufficient to make them 

stable against other proteases in saliva.  

Part of the complex mixture of enzymes in saliva are metals that are included in our 

diets, such as zinc [100]. The presence of zinc has been shown to impact the activity 

of Hst5, with lower zinc-to-peptide ratios enhancing its activity and higher ratios 
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hindering its activity[79, 81, 99]. The reduction in anti-fungal activity was theorized 

to be cause by zinc binding to Hst5 and preventing it from internalizing into C. 

albicans[81].  We assessed the K13H variant of Hst5 because McCaslin et al. showed 

the importance of histidine in the zinc-binding properties of Hst5 [82]. As expected 

K13H competed against Zincon greater than most of the variants tested for zinc 

binding. While this variant competed for zinc the most, it also showed the least effect 

on activity from increased titrations of zinc, indicating that enhanced the ability to 

bind to zinc may play a role in enhancing the activity of these variants, or a possible 

shift In metal binding residues. However, when Saps are included, zinc potentially 

catalyzes the degradation of Hst5, resulting in reduced activity. Overall, at higher 

concentrations of zinc, zinc binding seems to prevent reduction of antifungal activity, 

however, in the presence of purified protease, zinc binding reduces proteolytic 

stability of variants that are not resistant to cleavage by Hst5. 

The ability of C. albicans to form biofilms results in an increased resistance to 

antifungal agents. Since the K17W variant was more proteolytically stable and 

retained significant antifungal activity after incubation with Saps—at a level similar 

to that of undegraded Hst5--we assessed its ability to prevent the formation of C. 

albicans biofilms. We found that K17W was more effective at preventing canidadia 

yeast growth and biofilm formation than the parent Hst5. Helmerhorst et al. believed 

that increasing the amphipathicity increased antifungal activity, and designed variants 

with increased activity, by enhancing the amphiphathicity [76]. As the K17 residue is 

in the hydrophobic portion of the Hst5, it is possible that substituting a large 

hydrophobic residue at K17 could increase the amphipathicity (Figure 4.10). 
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Figure 4.10. Helical wheel structure of Hst5 generated at https://clemlab.github.io/helicalwheel/ 

4.5. Conclusion 

In conclusion, completed a detailed investigation into the effects of amino acid 

substitutions at the K13 and K17 residues of Hst5, aiming to understand its 

proteolytic stability and the resulting antifungal activity against Candida albicans. 

Our findings demonstrate that with the exception of K13R, modifications at the K13 

residue significantly increased proteolysis by Saps. On the other hand, the K17 

substitutions showed increased proteolytic stability and antifungal activity. Notably, 

the introduction of bulky hydrophobic residues like tryptophan at the K17 position 

markedly improved the overall proteolytic stability and enhanced the antifungal 

performance, potentially through increased amphipathicity which may prevent 

enzymatic access and degradation. Furthermore, the experimental insights into the 

interactions of these variants with saliva and zinc underscore the complexity of 
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peptide activity in physiological conditions, revealing that while certain variants can 

bind zinc effectively, this might inadvertently catalyze their degradation by Saps. 

These findings provide valuable guidance for the design of more effective antifungal 

peptides, considering the dynamic and challenging environment of the human body. 

Future studies should continue to explore the balance between proteolytic stability 

and antifungal efficacy to develop optimized peptides that can be deployed 

effectively in clinical settings to combat fungal pathogens. 
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5. Chapter 5: Development of a screen for proteolytic 
stability of peptides 

 
 

5.1.  Introduction 

Antifungal peptides are a means of combating fungal pathogens that may cause 

infections. Histatin 5 (Hst5) is an antifungal peptide with activity against Candida 

albicans. However, C. albicans produces a family of 10 secreted aspartyl proteases 

(Sap). Currently, rational design strategies have been utilized to engineer variants of 

Hst5 that are proteolytically stable against Saps [34, 35]. However, this strategy is 

limited by the number of peptides that can be screened, potentially being both time-

consuming and costly. To enhance the likelihood of discovering the most 

advantageous substitution, it is crucial to screen larger peptide libraries. Therefore, 

establishing a high-throughput platform is necessary to identify proteolytically stable 

variants. Directed evolution refers to a protein engineering technique that mimics 

natural selection in that the best variant survives the selection process from a library 

of proteins. Yeast surface display (YSD) is a display technique that can utilize this 

concept for screening protein or peptide libraries. YSD was first demonstrated in 

1997 by Boder & Wittrup, where they generated a library of the 4-4-20 anti-

fluorescein scFv and enriched for mutants that best bound to FITC-dextran using flow 

cytometry [59]. YSD takes advantage of the 725 amino acid protein a-agglutinin 1 

(Aga1) that is anchored onto the cell wall via β-glucan covalent linkage (Figure 5.1) 

[104]. The 69 amino acid protein Aga2 is genetically fused directly to a 

hemagglutinin (HA) epitope tag, which is linked to a protein/peptide of interest (POI). 
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The C-terminus of the POI can be linked to a c-myc epitope tag. The expression of 

the Aga2- POI fusion protein is generally induced through a GAL1/10 promotor, and 

the construct is secreted to the surface of the cell wall where Aga1 and Aga2 are 

bound by disulfide bonds [105, 106]. The inclusion of the HA tag confirms that the 

construct is anchored on the surface of the cell wall, while c-myc allows the usage of 

fluorescent label-based techniques, such as flow cytometry, to identify that the full 

construct is on the surface of the yeast. 

 

Figure 5.1. Schematic of the yeast surface display platform. The YSD construct is anchored on the cell 
wall of S. cerevisiae by disulfide bonds between Aga1p and Aga2p. Aga2p is linked to the HA epitope 
tag with is connected via a short liker to the peptide of interest. The C-terminus of the peptide of 
interest is the c-myc tag which identifies the full construct on the surface of S. cerevisiae. Figure made 
in BioRender.com 

 
Prior work utilizing the YSD platform normally focuses on mutating the protein of 

interest to identify the best binders. The type of proteins that have been engineered 
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for these purposes include growth factors, antibody fragment, and epidermal growth 

factor receptors to identify the best binder [59, 60, 107-109]. Notably, peptides have 

been engineered on the YSD platform, as Huisman et al. reported the use of peptide 

display to develop a library of peptide variants. However, this was again to assess the 

best binder of the peptide library to the major histocompatibility complex [60]. YSD 

has also been used to observe proteolysis of peptides, where Knyphausen et al. 

engineered a library of the Staphylococcus aureus serin-protease-like protease SplB 

to cleave a bait-peptide on the alpha-2-macroglobulins(A2M) to assess the platform's 

ability to identify better cleavers (Figure 5.2) [61]. While this platform provides an 

opportunity to engineer proteases, it does not allow evolution of the peptide. 

 

Figure 5.2. Schematic of engineered a library of the Staphylococcus aureus serin-protease-like 
protease SplB to cleave a bait-peptide on alpha-2-macroglobulins. A) The protease cleaves the bait 
peptide and the buried Cys-Gln thioester covalently traps the protease in A2M. B) The protease of 
interest is displayed on the yeast surface display construct with a fluorescein isothiocyanate (FITC)-
conjugated anti-myc tag antibody, and A2M is linked to biotin, which binds to a Phycoerythrin-
conjugated streptavidin (SA), which s can be recognized by a Phycoerythrin conjugated anti-
streptavidin antibody containing Phycoerythrin. Figure reprinted from open access journal [61] 
licensed under a Creative Commons Attribution 4.0 International License. 
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Our lab previously explored the possibility of using YSD for displaying Hst5 on the 

surface of S. cerevisiae to identify proteolytically stable variants. In this work, Hst5 

was successfully expressed on the surface of S. cerevisiae, the construct was degraded 

while on the yeast surface, and the conditions for display and degradation (expression 

pH and temperature, and degradation temperature) were optimized [110]. However, 

the difference between stable and unstable Hst5 variants must be improved for the 

platform to become a valid screening method [110]. The reason for the lack of 

discrimination between the more proteolytically stable and less proteolytically stable 

peptides was possibly due to the protease not being able to access the peptide on the 

construct. Lown et al. describe the YSD construct as being linked randomly within 

the cell wall β-glucan, with the maximum cell wall thickness being ~115 nm [111], 

and the pCTCon2 fusion construct having a length of ~15nm [108, 112]. In their 

work, they assessed how different linker lengths (40, 80, 641 amino acids) impact the 

ability to identify better binders. Their work shows that greater linker lengths, enabled 

enrichment of a μM-affinity binder and improved enrichment of nM-affinity binders. 

Increasing the length of the linker in the Hst5 constructed displayed on yeast cells 

could allow proteases better access to the peptide and improve our ability to 

discriminate between Hst5 variants with different levels of proteolytic stability.  

In this chapter, we studied the induction media conditions to improve the surface 

display of the antimicrobial peptide Hst5, assessed the impact of longer linkers on the 

expression of the yeast surface display construct, optimized the degradation 

conditions for the proteases Sap2 and Sap9, Our improved system allowed us to 

differentiate between the proteolytically unstable variants K13L and the 
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proteolytically stable variant K11RK17R resulting in a YSD system that can 

potentially be used to screen for proteolytically stable peptide variants. 

5.2. Methods 

5.2.1. Strains, proteases, and plasmids 

Purified Sap1, Sap2, Sap3, Sap5, Sap6, Sap9, and Sap10 were provided by B. Hube at 

Friedrich Schiller University Jena, Germany). Sap1, Sap2, and Sap3, were purified by 

ion exchange chromatography and desalted into 0.1 M sodium citrate buffer, while 

Sap9 was produced without its GPI anchor, purified by ion exchange 

chromatography, and desalted into 0.1 M sodium citrate buffer [42]. The S. cerevisiae 

strain EBY100 was provided by Zvi Kelman at the Institute for Bioscience & 

Biotechnology Research (Rockville, MD).  

5.2.2. Plasmid construction 

The pCTCon2-Hst5 (control plasmid) was previously designed in our lab for 

displaying Hst5 using YSD [110], and the pCT40 and pCT641 plasmids were 

provided by Benjamin Hackel at the University of Minnesota [108, 113]. YSD 

plasmids generally have an ampicillin resistance (AmpR) gene, The auxotrophic 

marker Trp1, and a galactose inducible (Gal1/10) promoter (Figure 5.3). The AmpR 

gene provides selective pressure during plasmid replication in Escherichia coli, as 

media containing ampicillin only allows the growth of cells that have AmpR. 

Similarly, the Trp1 gene provides selective pressure in S. cerevisiae, as only cells that 

can produce their own tryptophan can grow in tryptophan-deficient media. The 

galactose-inducible promoter enhances the expression of the yeast surface display 
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construct. pCT40 and pCT641 additionally encode linkers containing 40 and 641 

amino acids, respectively, that are expressed between the HA tag and Hst5 (Figure 

5.3). The linkers contain proline, alanine, and serine in a nearly random order.  

 

Figure 5.3. Plasmid map for the pCT40-Hst5 plasmid. This contains the Gal1/10 promoter, the yeast 
surface display construct containing an HA tag, 40 amino acid linker containing, Hst5, and the c-myc 
tag. 

 
To prepare the backbone of pCT40 and pCT641 for inserting Hst5 variants, the 

restriction enzymes BamHI and NheI were used to cut the plasmid, leaving sticky 

ends on the plasmid backbone. The oligonucleotides coding for Hst5 consisted of the 

two oligonucleotide pairs NheI-Hst5-Top1 and NheI-Hst5-Bot1, and BamHI-Hst5-

Top2 and BamHI-Hst5-Bot2(Table 5.1). Each oligonucleotide was phosphorylated 

individually before annealing to its respective partner. After annealing each pair 

separately, the sticky ends were present, allowing the pairs to ligate together and into 

the backbone (Figure 5.4). After ligating both pairs into the backbone, the plasmids 
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were desalted and separately transformed into E. coli DH5α for plasmid propagation. 

After replicating the plasmid DNA in E. coli, the DNA for each construct was 

isolated and purified, and the sequences of pCT40-Hst5 and pCT641-Hst5 were 

confirmed by Sanger sequencing (Genewiz; Frederick, MD). The plasmids were then 

transformed into Saccharomyces cerevisiae strain EBY100. This plasmid 

construction process was repeated to also obtain plasmids encoding for the K13L and 

K11RK17R peptides in place of Hst5(Table 5.1). 

 

Table 5.1. Sequence of oligonucleotides used to construct pCT40 and pCT641 plasmids.  
 

 
aRed letters represent overhangs where the 2 pairs will anneal. 
bLower case letter represent sticky ends for NdehI and BamHI restriction enzymes. 
 

Oligonucleotide
NheI-Hst5-Top1 
NheI-Hst5-Bot1
BamHI-Hst5-Top2
BamHI-Hst5-Bot2
NheI-K13L-Top1 
NheI-K13L-Bot1
BamHI-Hst5-Top2
BamHI-Hst5-Bot2
NheI-K11R-Top1 5 ' - c t a gc GATTCCCACGCGAAGCGTCATCATGGGTATCGTCGTAAG- 3 '
NheI-K11R-Bot1
BamHI-K17R-Top2
BamHI-K17R-Bot2

Peptide Sequencea,b

Hst5
Pair 1 5ʹ - c t a gc GATTCTCATGCAAAACGCCATCACGGGTATAAGCGCAAG- 3ʹ

    3 ʹ - gCTAAGAGTACGTTTTGCGGTAGTGCCCATATTCGCGTTCAAG- 5ʹ

Pair 2 5ʹ - TTCCACGAAAAGCACCACAGTCATCGCGGGTACg- 3 ʹ
   3- ʹ GTGCTTTTCGTGGTGTCAGTAGCGCCCATGc c t a g- 5 ʹ

K13L
Pair 1 5 ' - c t a gc GATTCTCACGCAAAGCGTCATCACGGGTATAAAAGATTG- 3 '

    3 ' - gCTAAGAGTGCGTTTCGCAGTAGTGCCCATATTTTCTAACAAG- 5 '

Pair 2 5 ' - TTCCACGAAAAGCACCACAGTCATCGCGGGTACg- 3 '
   3 ' - GTGCTTTTCGTGGTGTCAGTAGCGCCCATGc c t a g- 5    3 '

K11RK17R
Pair 1     3 ' - gCTAAGGGTGCGCTTCGCAGTAGTACCCATAGCAGCATTCAAG- 5 '

Pair 2 5 ' - TTCCACGAGAGGCATCACAGTCATCGTGGATACg- 3 '
   3 ' - GTGCTCTCCGTAGTGTCAGTAGCACCTATGc c t a g- 5 '
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Figure 5.4. Schematic for inserting Hst5 oligonucleotides into the pCT40 plasmid. A) Hst5 two pairs of Hst5 
oligonucleotides are annealed separately. B) The backbone for the pCT40 plasmid is prepared by cleaving the 
previous insert out using the NhedI and BamHI restriction enzymes. The pCT40 backbone is then purified. C) The 
two annealed oligo pairs and the backbone are ligated together. 

5.2.3. Culture conditions 

After transforming the plasmids into S. cerevisiae, cells were plated onto a synthetic 

dextrose casamino acids (SD-CAA) yeast minimal media agar plate (Table 5.2). 

Cells were then inoculated into 10 mL of SD-CAA growth media (Table 5.2) and 

grown overnight in a 30 °C incubator shaker for 30 – 36 h to an OD between (2 – 4). 

After overnight growth, the cell culture was centrifuged at 3,900 ×g for 5 minutes at 

4 °C, and the supernatant was discarded. The pellet was then suspended in 1 mL of 
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synthetic galactose casamino acids (SG-CAA) synthetic yeast minimal expression 

media (Table 5.2), transferred to a 125 mL shake flask containing 49 mL of the SG-

CAA, and incubated in a 30 °C incubator shaker for 24 h to an OD between 5 – 6, 

after which either 50 mL was transferred to a 50 mL centrifuged tube for Western 

blotting or 2.4 × 107 cells were aliquoted into 1.7 mL centrifuge tubes for flow 

cytometry or proteolysis. (For example, if OD600 = 6, the cell density was 

approximately 6.00 × 107 cells/mL, so aliquots were 400 µL per tube) [114]. 

Table 5.2. Components for growth media and protein induction media. 

Component 
property Component SD-CAA 

agar
SD-CAA 

growth media
SG-CAA 

induction media

Nitrogen 
source

Yeast nitrogen base 
(w/o amino acids and 
ammonium sulfate)

6.7 6.7 6.7

Amino acid 
source Casamino acids 5 5 5

Sodium citrate - 10.4 -
Citric acid 

Monohydrate - 7.4 -

Na2HPO4 5.4 - 5.4
NaH2PO4 8.56 - 8.56
Galactose - - 20
Dextrose 20 20 2
Sorbital 182 - -

Agar 25 - -
pH 4.5 4.5 4.5

Sugar

Agar

Buffer

 

5.2.4. Western blotting 

Western blots were performed by harvesting induction media containing EBY100 

cells with the appropriate plasmids. Cells were transferred to a tared 50 mL 

centrifuged tube and centrifuged at 3,900 ×g for 5 minutes at 4 °C, and the 

supernatant was discarded. The mass of the cells in the tube was then determined, and 
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the pellet was resuspended in an appropriate volume of yeast protein extraction 

reagent (Y-PER, Thermo Scientific) as described by the manufacturer protocol. The 

mixture was placed on a tube rotator for 20 minutes at room temperature. Afterward, 

the mixture was centrifuged at 16,000 ×g for 10 min, and the supernatant was 

transferred to a separate container. The samples were aliquoted into tubes (20 µL per 

tube) and mixed with 5× Sodium dodecyl sulfate (SDS) page loading dye containing 

dithiothreitol 4:1 sample to dye. The samples were boiled at 95-100 °C for 10 

minutes, after which they were quickly centrifuged and loaded on a mini-

PROTEAN® TGX precast gel (Bio-Rad) for 35 min at 200 V.  

The gel containing the separated proteins was then transferred onto a polyvinylidene 

fluoride (PVDF) transfer membrane using the Trans-Blot Turbo Transfer System 

(Bio-Rad) at 1 A and 25 V for 30 min. Afterward, the membrane was blocked using 

Tris-buffered-saline (TBS) with Tween20 (TBST) and 5% (w/v) powdered milk and 

incubated overnight at 4 °C. The membrane was then washed 3 times for 10 minutes 

with TBST on a microplate shaker at 230 RPM and stained for 1 h with 14 mL of 

anti-myc tag antibody conjugated to horseradish peroxidase (HRP) (Abcam: ab1326) 

diluted 1:3000 in TBST (applied directly on top of the membrane). The membrane 

was then washed 6 times for 10 minutes with TBST and once for 5 minutes with 

TBS. 1 mL of Clarity Western ECL substrate (Bio-Rad) was added to the membrane, 

and the gels were then imaged using a ChemiDoc (Bio-Rad) and the Image Lab 

software (Bio-Rad). 
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5.2.5. Proteolysis of yeast surface display construct 

After inducing protein expression in SG-CAA, cells were prepared for proteolysis by 

washing them 3 times in 2 mM NaPB after which the supernatant was discarded and 

the pellet was resuspended in 100 µL of 0.75 µg/mL Sap2. The samples were then 

incubated at 37 °C for 30 min and then centrifuged to separate the construct that 

remained attached to the cell wall from the solubilized portion. The supernatant (100 

µL) was then transferred to a separate tube for analysis by mass spectrometry, while 

the pellet was thoroughly decanted and prepared for flow cytometry. 

5.2.6. Flow cytometry 

Cells immediately after protein induction or proteolysis were washed 3 times in ice-

cold 1× PBS, and resuspended in 100 µL of 1× PBS containing 1:100 diluted chicken 

anti-c-myc antibody (Exalpha: ACMYC) and anti-HA tag antibody [HA.C5] (Abcam: 

ab18181). The mixture was placed on a tube rotator at 4 °C for 30 minutes after 

which the samples was washed 3 times in ice-cold 1× PBS and in the dark, 

resuspended in 100 µL of 1× PBS containing 1:50 diluted Alexa Fluor 647 goat anti-

chicken IgG (H+L) (Thermofisher: A21449) and Alexa Fluor 488 goat anti-mouse 

IgG (H+L) (Thermofisher: A11029). The mixture was placed on a tube rotator at 4 °C 

for 45 min, after which the sample was washed 2 times and resuspended in ice-cold 

1× PBS. The samples were then transferred to 10 mL centrifuge tubes and prepared 

for analysis. 

Samples were assessed using the FACSCanto II ( BD; Franklin Lakes, NJ). Data was 

collected on the BD FACSDiva software and analyzed using Floreada.IO, a free 
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website analysis tool. For analysis, S. cerevisiae strain EBY100 without plasmid was 

used to establish the gates. Establishing the gates involved screening 30,000 cells 

(events) and isolating events during detection. Live cells were isolated using forward 

and side scatter filters, while single cells were isolated using only forward scatter. 

Events were plotted on a bivariate log-log plot with signals corresponding to Alexa-

Flour 488 (x-axis, HA tag) and Alexa-Flour 647 (y-axis, c-myc tag). As EBY100 

cells do not contain the c-myc and HA tag, gates were design to contain EBY100 in 

Q3. 

5.2.7. Mass spectrometry 

Mass spectrometry was used to determine the Saps cleaved the peptides and compare 

the abundance of the fragments produced. After incubating the peptides with Saps or 

saliva as described for the proteolytic degradation assays, 30 μL of each sample was 

desalted using a Glygen C-18 TopTip microspin column (Glygen), following the 

manufacturer's protocol. The binding solution for each peptide was 0.1% formic acid, 

and the release solution was 0.1% formic acid and 80% acetonitrile. Each sample (19 

μL) was spiked with 1 μL of the peptide MFRA (0.01 µg/mL in 0.1% formic acid and 

80% acetonitrile) to facilitate comparison between samples. Samples were analyzed 

on a Bruker Maxis II mass spectrometer (in the University of Maryland Mass 

Spectrometry Facility) with an electron spray ionization source and quadrupole-time 

of flight analyzer. Samples were directly injected into the Maxis II, and data were 

acquired between m/z 400 – 4000 with full sensitivity resolution (FSR) of > 50,000.  
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After acquiring the data, the mass spectra for each sample were analyzed using the 

Bruker Compass DataAnalysis software, using BioTools in tandem with Sequence 

Editor to identify each peak. In the Bruker Compass Software, each mass spectrum 

was individually deconvoluted to consolidate the m/z values for peptides with varying 

charges. The deconvoluted mass spectra were then transfer to BioTools and Sequence 

editor where the molecular weights of the peptides and their fragments were 

calculated and compared to the mass spectra peaks with a tolerance of ± m/z = 0.2.  

5.3. Results 

We incorporated Hst5 and variants into the YSD platform to assess its suitability for 

identifying peptide variants with enhanced proteolytic stability. The c-myc and HA 

tag were incorporated to confirm that the construct is on the surface of S. cerevisiae. 

If degradation occurs, only the HA tag of the protein will be detected and a majority 

of cells should be detected in Q3. Otherwise, both HA and c-myc tags should be 

detected, and most events should be in Q2 (Figure 5.5). We investigated the role of 

linker lengths (0, 40, and 641 amino acids), inoculation media (pH, temperature, time, 

and composition), and degradation conditions (pH, temperature, time, and protease 

concentration). 
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Figure 5.5. Schematic of the degradation of the Hst5 on the surface of S. cerevisiae. Before the 
protease cleaves the peptide of interest, both HA and c-myc tags are present, and a majority of the 
events in the bivariate plot are in Q2. After the protease cleaves the peptide of interest, a majority of 
cell should contain only the HA tag and remain in Q3. Figure made in BioRender.com 

 

5.3.1. Peptide variants can be expressed on the YSD construct 

To determine if all YSD constructs generated by pCTcon2-Hst5, pCT40-Hst5, 

pCT641-Hst5, pCT40-K11RK17R, and pCT40-K13L were fully expressed, we 
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utilized Western blotting. Validation was performed using c-myc epitope tags, as only 

fully expressed constructs would contain the c-myc tag. Cells containing the 

pCTcon2-Hst5 plasmid were used as our control, as this was previously found to 

express Hst5 on its surface. Bands were observed for the pCTcon2-Hst5, pCT40-

Hst5, and pCT641-Hst5 at approximately 30, 40, and 97 kDa respectively (Figure 

5.6). Each construct has bands below the noted molecular weight bands, which are 

potentially degradation products from our YSD construct. From the results, the 

protein's expression was enhanced after 3 days of protein induction at 20 °C, and both 

pCT40 and pCT641 improved the expression after 1 day in induction media 

compared to pCT40.  

 

 

Figure 5.6. Western blot of Aga2-Hst5 in the pCTcon2, pCT40, and pCT641 plasmids. Protein 
expression was induced at 20 °C for 1 day for all linkers and 3 days for pCT40-Hst5 to determine if 
experience improves.  Detection of the c-myc epitope tag. S and P represent samples collected from the 
supernatant and the pellet of the cells, respectively.  
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Bands were also observed for the pCT40-Hst5, pCT40-K11RK17R, and pCT40-

K13L with molecular weights of 48 kDa (Figure 5.7). Similarly to the different 

linkers, degradation products for each construct can be found below the peptide band, 

with pCT40-Hst5 having less noticeable degradation products. This confirms the 

expression of all tested constructs.  

 

Figure 5.7. Western blot of Aga2-K13L, Aga2-K11RK17R, and Aga2-Hst5 the pCT40 plasmids. 
Detection of the c-myc epitope tag is shown with the Bio-Rad all-blue molecular weight ladder. 
Protein expression is enhanced at higher temperature and lower pH. 

 
To identify the optimal conditions for the expression and display of YSD constructs, 

Western blotting and flow cytometry were used respectively. In flow cytometry, 

constructs were identified using both HA and c-myc epitope tags (Figure 5.5). 

EBY100 cells without the plasmids were used to calibrate the location of quadrant 

gates, and the percentage of cells in each gate was quantified. The conditions with the 

most cells having the c-myc tag and HA tag are deemed to be the best conditions. 
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Conditions tested include incubation duration, incubation temperature, media pH, and 

media composition. 

Initial optimization was done on the duration of protein expression in induction media 

at 20 °C. After 1 day of incubation, 14.17% of cells have both the c-myc and HA Tag, 

while after 3 days, 44.89% of cells retain both tags (Figure 5.8). Therefore, 3 days 

were the best conditions for improving the display as most cells with both the c-myc 

and HA tag were observed. 

 

 

 

Figure 5.8. Expression time optimization for pCTCon2-Hst5 at 20 °C. The percentage of cells with 
both the HA and c-myc epitope tag, as well as only the HA tag is plotted from 1 day and 3 days. A 
bivariate plot of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 
antibody) used to generate this bar graph is in Appendix Figure C.1. 

 
We assessed the impacts of reducing the induction time from 3 days to 1 day and 

increasing the induction temperature from 20 °C to 30 °C. After 3 days of incubation 

at 20 °C, 48.83% of cells have both the c-myc tag and HA tag, while after 1 day at 
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30 °C, 56.05% of cells have the c-myc and HA Tags (Figure 5.9). This confirmed 

that induction time can be reduced by increasing the incubation temperatures.  

 

Figure 5.9. Expression temperature and time optimization for pCTCon2-Hst5. The percentage of cells 
with both the HA and c-myc epitope tag, as well as only the HA tag is plotted from 1 day and 3 days. 
A bivariate plot of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 
antibody) used to generate this bar graph is in Appendix Figure C.2. 

 
To understand the impact of temperatures on protein expression after 1 day of 

incubation, we utilized a Western blot. The blot shows the band for the pCT40-Hst5 

YSD construct at 42 kDa. An optimal expression is observed at 30 °C; furthermore, 

as temperature increases, there are more degradation products (Figure 5.10). Based 

on the results, 30 °C was determined to be the optimal temperature for protein 

expression and reducing the amount of degradation products. 
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Figure 5.10. Western Blot of Aga2-Hst5 in the pCT40 plasmids. Protein expression was induced at 
20 °C, 30 °C, and 37 °C. Detection of c-myc epitope tag is shown with the Bio-Rad all blue molecular 
weight ladder.  

 
We studied increasing the linker length to improve the display of our construct. We 

evaluated the display of different linker lengths at the tested conditions using flow 

cytometry. Notably, the optimized temperature and time increased the number of cells 

with both c-myc tag and HA tag for each construct. pCTCon2-Hst5 had 62.18% of 

cells with both c-myc and HA tag, while pCT40-Hst5 and pCT641-Hst5 had 56.05% 

and 32.67%, respectively (Figure 5.11). pCT641-Hst5 consistently had the fewest 

events in Q2. The results show that the longer linker length reduces the overall 

display of proteins on the surface of the S. cerevisiae. 
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Figure 5.11. Linker length optimization profiles for pCTcon2-Hst5, pCT40-Hst5, pCT641-Hst5. 
Protein expression was induced at 30 °C for 24 hours. The percentage of cells with both the HA and c-
myc epitope tag, as well as only the HA tag is plotted. A bivariate plot of the intensity for both HA 
(Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 antibody) used to generate this bar graph is in 
Appendix Figure C.3. 

 
To assess how protein display is impacted by a single round of freeze-thaw, we used 

flow cytometry. After 24 h incubation in induction media, cells were stored at -20 °C. 

According to the data, the display of both constructs was not affected by a single 

freeze-thaw process, and cells that display the protein can be stored for analysis up to 

24 hours later (Figure 5.12). During this optimization process, we noticed that 

improvements in the media resulted in better display for all constructs. For this 

reason, we continued to use pCT40 instead of optimizing all constructs. 
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Figure 5.12. Differentiation between harvested cell and cells that were not harvested for pCTcon2-
Hst5 and pCT40-Hst5. Protein expression was induced at 30 °C for 24 hours, following which cells 
were pelleted, decanted, and stored at -20 °C. Cells that were not stored were prepared, and the results 
were compared. The percentage of cells with both the HA and c-myc epitope tag, as well as only the 
HA tag is plotted. A bivariate plot of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc 
(Alexa-Flour 647 antibody) used to generate this bar graph is in Appendix Figure C.4. 
 

To determine the impact of media pH on protein expression, we optimized the 

induction media pH utilizing a Western blot. The blot shows a band for the pCT40-

Hst5 construct at 40 kDa. The lowest pH tested (pH 3.5) showed the optimal 

expression; additionally, as pH decreased, the expression of the full construct 

increased; however, there was also an increase in the amount of degradation product 

(Figure 5.13). Based on the results, pH 3.5 was determined to be the optimal 

temperature for protein expression as the degradation products observed were 

minimal compared to the amount of expressed protein. 
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Figure 5.13. Western Blot of Aga2-Hst5 in the pCT40 plasmids. Protein expression was induced in 
SG-CAA media previously described at pH 3.5, pH 4.5, pH 5.5, and pH 6.0 and at 30 °C. Detection of 
the c-myc epitope tag is shown with the Bio-Rad all-blue molecular weight ladder.  

 
Optimization of the induction media was concluded by assessing the impacts of 

different glucose levels on the expression of the protein. The induction media 

contained galactose, which is used to promote the induction of the construct, and 

glucose, which promotes cell growth. We determined how varying glucose 

concentrations impacted the expression of the full protein construct; we also tested 

rich media induction (yeast extract, peptone, and galactose; YEP-gal) vs minimal 

media (SG-CAA) induction. The blot shows a band a 47.1 kDa for the pCT40-Hst5 

construct, with the optimal glucose levels being no glucose. As glucose levels 

decreased, the expression increased for the full protein construct, and a similar 

increase in the amount of degradation products. Interestingly, the rich media 

expression showed the least degradation product, but similar expression levels to 1.0× 

glucose levels (our baseline glucose levels of 0.2% w/v) (Figure 5.14). After 

analyzing the results, we concluded that the absence of glucose in the induction media 

enhanced the expression of our protein construct. Additionally, the increase in 

degradation products was proportional to those in other lanes, making no glucose the 

most suitable. 
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Figure 5.14. Western Blot of Aga2-Hst5 in the pCT40 plasmids. Protein expression was induced in 
SG-CAA media with varying dextrose levels: No glucose, 1× glucose, and 2× glucose at pH 3.5 and 30 
°C. We also tested the rich media Yeast extract peptone galactose at 30 °C. Detection of the c-myc 
epitope tag is shown with the Bio-Rad all-blue molecular weight ladder. Optimization of degradation 
conditions. 

5.3.2. Degradation can be observed on the surface of S. cerevisiae 

 
Prior to screening a library of variants, it is essential to determine that the platform 

allows us to observe degradation and that peptides of enhanced and reduced stability 

can be discriminated between and selected. After expressing the full protein construct 

in expression media, degradation was evaluated by incubating cells with Sap9 at 220 

µg/mL and 22.0 µg/mL in 2 mM NaPB for 24 hours. Samples were labeled with the 

appropriate HA and c-myc epitope tag antibodies and analyzed using flow cytometry 

(Figure 5.15). No degradation was observed after incubating parent construct pCT40-

Hst5 with protease at 30 °C temp and pH 7.4; therefore, optimization began by 

adjusting the temperature to 37 °C and testing degradation at different pH. 
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Figure 5.15. Initial degradation profile for pCT40-Hst5 at varying concentrations. Protein expression 
was induced at 30 °C for 24 hours. Cells were then pelleted, washed, and suspended in Sap9 at varying 
concentrations in 2 mM NaPB. Samples were incubated at 30 °C for 24 hours. The percentage of cells 
with both the HA and c-myc epitope tag, as well as only the HA tag is plotted from 1 day and 3 days. 
A bivariate plot of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 
antibody) used to generate this bar graph is in Appendix Figure C.5. 

 
The pH optimization was conducted using flow cytometry to determine the ideal 

degradation pH. The results showed that at 37 °C, the protease exhibited activity 

against the YSD construct and caused degradation at all pH levels, except at pH 8.5. 

At pH 8.5, the construct remained undegraded (Figure 5.16), indicating that the 

protease was inactive against the peptide under these conditions. This finding helped 

us identify a range of pH at which protease can degrade the protein construct 

effectively. As the physiological condition of interest is a pH of 7.4, as is the pH of 

saliva, optimization is continued at this pH. 
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Figure 5.16. Degradation profile for pCT40-Hst5 with Sap9 at varying pH. Protein expression was 
induced at 30 °C for 24 hours. Cells were then pelleted, washed, and suspended in 100 µL of 100 
µg/mL Sap9 in 2 mM NaPB at various pH. Samples were incubated at 37 °C for 24 hours. The 
percentage of cells with both the HA and c-myc epitope tag, as well as only the HA tag is plotted. A 
bivariate plot of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 
antibody) used to generate this bar graph is in Appendix Figure C.6. 

 
Next, we tested degradation for previously tested proteases(Sap1, Sap2, Sap3, and 

Sap9). While evaluating the additional proteases, we also evaluated whether the 

degradation time could be reduced to 30 min. Cells were incubated with each Sap at 

100 µg/mL and, as expected, at the tested conditions, proteolysis was observed for 

Sap1, Sap2, and Sap9; however, degradation was not observed at for Sap3, showing 

that for future work involving Sap3 (Figure 5.17), these conditions need to be further 

optimized.  
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Figure 5.17. Degradation profile for pCT40-Hst5 with No Sap, Sap1, Sap2, Sap3, and Sap9. Protein 
expression was induced at 30 °C for 24 hours. Cells were then pelleted, washed, and suspended in 100 
µL of 100 µg/mL Sap9 in 2 mM NaPB at pH 7.4. Samples were incubated at 37 °C for 24 hours. The 
percentage of cells with both the HA and c-myc epitope tag, as well as only the HA tag is plotted. A 
bivariate plot of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 
antibody) used to generate this bar graph is in Appendix Figure C.7. 

 

Next, we assessed the incubation time with Sap2 to determine the minimal time 

needed to observe degradation (Figure 5.18). From this data, 30 min was enough to 

observe complete removal of the c-myc tag from most constructs. However, as time 

continued degradation of the entire yeast surface display construct was observed as 

observed by the HA tag signal decreasing (Appendix Figure C.8), showing that the 

HA tag and potentially the pCT40 linker were being degraded. This result suggested 

that in the presence of Sap2, Incubation times longer than 30 min can be inimical, as 

shown by an intense decrease in constructs with the after 30 min c-myc tag.    
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Figure 5.18. Degradation of pCT40-Hst5 after incubation with Sap2 at varying times. Protein 
expression was induced at 30 °C for 24 hours. Cells were then pelleted, washed, and suspended in 100 
µL of 100 µg/mL Sap2 in 2 mM NaPB at pH 7.4. Samples were incubated at 37 °C for 24 hours. The 
percentage of cells with both the HA and c-myc epitope tag, as well as only the HA tag is plotted. A 
bivariate plot of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 
antibody) used to generate this bar graph is in Appendix Figure C.8. 

 

Ikonomova et al. previously determined that Sap2 degrades Hst5 variants [34, 35]; 

therefore, it was essential to optimize the concentration so that we can differentiate 

between variants that are more or less stable than the parent Hst5. In this experiment, 

it was found that the peptide which was not degraded had 36.32% of cells with both 

the c-myc and HA tag. As expected, the lowest protease concentration of 0.78 µg/mL 

gave the next highest result, with 8.83% of cells displaying both the c-myc and HA 

tag. (Figure 5.19). This result indicates that proteolysis of the YSD construct can be 

observed at relatively low Sap2 concentrations nearly similar to those in chapter 2 

and 3, in this case only 0.78 µg/mL was necessary.  
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Figure 5.19. Degradation profile for pCT40-Hst5 after incubation with Sap2 at varying concentrations. 
Protein expression was induced at 30 °C for 24 hours. Cells were then pelleted, washed, and suspended 
in 100 µL of Sap2 (at concentrations listed in the figure) in 2 mM NaPB at pH 7.4. Samples were 
incubated at 37 °C for 30 min. The percentage of cells with both the HA and c-myc epitope tag, as well 
as only the HA tag is plotted. A bivariate plot of the intensity for both HA (Alexa-Flour 488 antibody) 
and c-myc (Alexa-Flour 647 antibody) used to generate this paragraph is in Appendix Figure C.9. 

 

Degradation by Saps has been observed at hydrophobic residues; however, proline 

and serine are unlikely to be cleaved by Sap2, while there may be cleavage at alanine 

[89]. Therefore, a linker made of these residues would be likely to be stable against 

proteases. In this work, after degrading the protein construct and pellet and collecting 

the supernatant of the sample, we then analyze the degradation fragments in the 

supernatant with mass spectrometry. Fragments identified from the undegraded 

construct were considered the background signal, as these may have resulted from 

proteases secreted by S. cerevisiae. The results show cleavage at the (G4S)3 and 40 

amino acid linkers; however, more cleavage was observed at the peptide of interest at 

lower concentrations (Figure 5.20). This is probably because at higher 

concentrations, the construct was entirely degraded, showing fewer fragments, while 
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at low concentrations, the degraded fragments were less processed and could be 

detected in the solution.  

 

Figure 5.20. Fragments identified from degradation of YSD construct by Sap2 at varying 
concentrations. Protein expression was induced at 30 °C for 24 hours. Cells were then pelleted, 
washed, and suspended in 100 µL of Sap2 (at concentrations listed in the figure) in 2 mM NaPB at pH 
7.4. Samples were incubated at 37 °C for 30 min, after which cells were pelleted and the supernatant 
was collected, and fragments were identified using mass spectrometry. Undegraded pCT40 was also 
analyzed to identify fragments formed before adding proteases, these fragments are 4-35, 51-83, and 
40-72. Figure made in BioRender.com. 

5.3.3. Differences in proteolytic stability can be observed 

After incorporating our optimized degradation conditions, we assessed the impact of 

linker lengths on the degradation of Hst5. Of the constructs, pCTcon2-Hst5 had 
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47.65% of cells with both c-myc and HA tag, seemingly have greater display than 

pCT40-Hst5 (37.06%) and pCT641-Hst5(41.75%). However, after proteolysis, 

pCT40-Hst5 and pCT641-Hst5 have an 86.7% and 73.4% reduction of cells with a c-

myc tag, respectively, while pCTcon2-Hst5 only has a 65.1% reduction (Figure 

5.21). This could mean that the longer linkers are more accessible to Sap2 at these 

concentrations. In this case, the more accessible display system would increase. 

 

 
Figure 5.21. Degradation profile for pCTCon2-st5, pCT40-Hst5, and pCT641-Hst5 after incubation 
with Sap2. Protein expression was induced at 30 °C for 24 hours. Cells were then pelleted, washed, 
and suspended in 100 µL of 0.39 µg/mL Sap2 in 2 mM NaPB at pH 7.4. Samples were incubated at 37 
°C for 30 min. The percentage of cells with both the HA and c-myc epitope tag, as well as only the HA 
tag is plotted. A bivariate plot of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc 
(Alexa-Flour 647 antibody) used to generate this bar graph is in Appendix Figure C.10. 
 

For the YSD proteolysis screen to be effective, we must differentiate between stable 

and unstable variants of Hst5. We made constructs containing K11RK17R (more 

stable than Hst5) and K13L (less stable than Hst5). As expected, pCT40-K11RK17R 

had a 30.4% reduction of cells with c-myc and HA tag, while Hst5 had a 86.7% 

reduction for K11RK17R, making K11RK17R more stable than the parent Hst5. 
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While K13L seems to express less of the full construct than the other two variants, 

which is more than likely due to proteolysis by the proteases from S. cerevisiae, 

pCT40-Hst5 and pCT40-K11RK17R express fully and show that pCT40-K11RK17R 

is more stable than the former two (Figure 5.22). Therefore, proteolytic stability is 

conserved in the full-length construct. Showing that differences in proteolytic 

stability can be observed after proteolysis at the optimized conditions. 

 

Figure 5.22. Degradation profile for pCT40-Hst5, pCT40-K11RK17R, and pCT40-K13L after 
incubation with Sap2. Protein expression was induced at 30 °C for 24 hours. Cells were then pelleted, 
washed, and suspended in 100 µL of 0.39 µg/mL Sap2 in 2 mM NaPB at pH 7.4. Samples were 
incubated at 37 °C for 30 min. The percentage of cells with both the HA and c-myc epitope tag, as well 
as only the HA tag is plotted. A bivariate plot of the intensity for both HA (Alexa-Flour 488 antibody) 
and c-myc (Alexa-Flour 647 antibody) used to generate this bar graph is in Appendix Figure C.11. 

5.4. Discussion 

In study, we optimized conditions to improve the expression and display of the Hst5 

construct on the surface of S. cerevisiae and identified conditions that would allow 

degradation to occur (Table 5.5). From the conditions tested, the optimal expression 

conditions identified were incubation in SG-CAA without glucose at 30 °C and at pH 
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4.5 for 24 h; the best degradation conditions for Sap2 were 0.39 µg/mL of Sap2 in 2 

mM NaPB, at 37 °C at pH below 7.4.  

Table 5.3.Optimized conditions for protein expression and construct degradation. 

Tested variables Protein expression Degradation 
Temperature 30 °C 37 °C 
pH 3.5 7.4 
Glucose levels 0 × - 
Concentration - 0.78 (µg/mL) 
Time  24 h 30 min 
Linker length 40 amino acids 

 

Notably, while we could express all constructs, there are a few limitations. While 

K13L was expressed (Figure 5.7), there was little to no display on the cells' surface. 

This could be because S. cerevisiae has proteases that degrade the construct. This 

could also be why there are differences between Hst5 and K11RK17R before 

degradation (Figure 5.22). Prior work also shows that incubating Hst5 with C. 

albicans can result in degradation[34-36], so potentially during the degradation 

process S. cerevisiae cells may be interacting with the construct and degrading them. 

Furthermore, while increasing the linker length increased the expression of the 

construct (Figure 5.6), the display seen via flow cytometry decreases, which is the 

opposite trend observed by Lown et al. [108]. However, after proteolysis of the 

pCTCon2-Hst5 and pCT40-Hst5 constructs we notice that more of the pCT40 

constructs are degraded. The longer linker allowed Lown et al. to get more reliable 

interactions between their ligand and binder, which could mean in our case while the 

longer linker does not display as well as the pCTCon2 construct, but it could help get 

more consistent proteolysis of our peptide. However, according to the mass 



 

 

132 
 

spectrometry results, cleavage is also happening at the pCT40-Hst5 linkers (Figure 

5.21), so a longer linker that extends the peptide beyond the cell's surface may not be 

favorable if the linker sequence cannot be optimized to prevent proteolysis. 

Through the optimization of growth, protein expression, and degradation conditions, 

we have shown that we are able to differentiate between stable and unstable peptide 

variants. To optimize this system, we must increase the proteolytic stability of the 

linker. Koelsch et al. found that Saps do not cleave near proline but can cleave near 

alanine [89]. The linkers used in this case are proline, alanine, and serine 

combinations. Lown et al. used a Gaussian chain model to identify an all-proline 

linker that would extend beyond the cell wall and more than likely not be degraded by 

Saps [89, 108]. Ultimately, the use of an all-proline linker is a critical step towards 

engineering more robust and effective peptide-based systems. This approach may not 

only enhance the stability of the peptides but also improve the overall efficiency of 

the screening process. 

5.5.  Conclusion 

In this study, we optimized the conditions for expressing and displaying the Hst5 

construct on the surface of S. cerevisiae, with optimal expression achieved at 30 °C 

and pH 4.5 in SG-CAA media without glucose. Despite effective expression, 

challenges in surface display, particularly for K13L suggest proteolysis by yeast 

proteases. Notably, the largest linker length, contrary to the findings of Lown et al., 

led to decreased surface display as observed through flow cytometry. Moreover, the 

degradation studies revealed that constructs with longer linkers, although providing 
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consistent proteolysis, also experienced significant cleavage, especially in pCT40-

Hst5 constructs. This indicates that while longer linkers may facilitate more 

consistent interactions, they may also increase susceptibility to proteolytic cleavage. 

Mass spectrometry confirmed cleavage at these longer linkers, suggesting that 

optimization of linker sequences to enhance proteolytic resistance is crucial. Our 

findings underscore the importance of linker optimization to prevent degradation, 

aiming to improve the efficiency of screening processes and the development of 

stable, effective peptide therapeutics. 
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6. Chapter 6: Summary and recommendation for future 
work 

 
 

In this dissertation, we demonstrated that protein engineering approaches can be 

implemented to understand the interactions between Hst5 and proteases. In Chapters 

3 and 4, variants of Hst5 were designed using rational design to understand the 

impact of modifications at the lysine residues of Hst5 on the proteolytic stability of 

Hst5. Chapter 3 showed that after incubation with Sap1, Sap2, and Sap3 proteases, 

K17L had enhanced proteolytic stability and maintained its antifungal activity. We 

assessed the novel variant K11RK17L and expanded the repertoire of tested Saps to 

improve Hst5’s proteolytic stability. Chapter 4 showed the impact of different amino 

acid properties at the K13 and K17 residues on the proteolytic stability of Hst5 

variants in the presence of zinc and Saps. This resulted in identifying the K17W 

proteolytically stable variant, which retain the most activity of the tested variants in 

the presence of Saps and zinc. Both chapters also show a potential link of proteolytic 

stability to antifungal activity; however, further engineering is needed as 

improvements in proteolytic stability in the presence of saliva are marginal. Chapter 5 

described initial work on a novel screening method for proteolytic stability utilizing 

yeast surface display. The work shown in this chapter indicates that differences in 

proteolytic stability between the peptide variants can be seen, showing great potential 

for screening larger libraries. 
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Building on the work in this dissertation, we recommend further experiments. These 

experiments strive to enhance our understanding of the interactions between Hst5, 

Saps, and saliva to improve the therapeutic potential of Hst5. 

6.1.  Screening a library of peptides using the yeast surface display system and 
potential further improvements 

In Chapter 5, strides were made to utilize yeast surface display as a screening method 

for a library of peptides. Utilizing flow cytometry, we showed that K11RK17R was 

more proteolytically stable than the wild-type Hst5 in the presence of Sap9 and Sap2. 

However, further work must be done to enhance this system if it is to be used to 

screen a library of peptides. The yeast surface display construct containing the 

K11RK17R variants of Hst5 was prepared. I propose a mock screen where these 

variants are mixed at a varying ratio and K11RK17R to Hst5 1:1, 1:10, 1:100, and 

1:1000, followed by treating the S. cerevisiae cells with Saps and screening the 

resulting cell suspension through flow cytometry and collecting cells that retain both 

the c-myc and HA tag. If 95% of the cells collected are the constructs for 

K11RK17R, peptide libraries can be generated using error-prone polymerase chain 

reaction (ep-PCR). In using ep-PCR, the Hst5 gene will be amplified using ep-PCR 

with different ratios of dNTP or increased concentration of MgCl2.These methods 

have been shown to increase the error rate of Taq polymerase [115]. The generated 

library of variants can then be screened and sorted repeatedly to improve the 

enrichment of proteolytically stable peptides (Figure 6.1).  

 



 

 

136 
 

 

 

Figure 6.1. Schematic library design and screening portions. First, lyse the bacteria strain with the 
plasmid of interest. Next, use ep-PCR to build a diverse library. Finally, transform S. cerevisiae with 
the plasmid to finish the library design portion. Next, screen using FACS, collecting c-myc and HA 
positive samples and repeat the analysis on the collection for enrichment. Samples are plated and 
inoculated, after which steps 1-6 are repeated. After the final inoculation, plasmids from the isolated 
cells can be sequenced to identify the stable mutants. Figure made in BioRender.com. 

One improvement that can be made to the current system is the linker. In Chapter 5, 

we determined the optimal linker to be the 40 amino acid linker (PAS)40. However, 

we also showed that this linker is cleaved by the Sap2. This is in agreement with 

work by Schilds et al., which showed that Saps cleave near alanine [89], making the 

(PAS)40 linker prone to proteolysis. However, in their work, Schilds et al. showed that 

Saps do not cleave near proline. The potential of using a linker with only proline is 

shown in the work by Lown et al., where they hypothesize that a linker containing 

only proline would improve display on the surface of yeast [108]. If these 
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experiments are to be continued, substituting the linker for one purely made of 

prolines could enhance our results. 

6.2. Yeast extracellular reticulum sequestration screening  

While YSD has been used to engineer peptides for binding and larger proteins for 

proteolytic stability, it has not been used for engineering peptides for proteolytic 

stability. Yeast endoplasmic reticulum sequestration screening (YESS) is a powerful 

tool that has currently been used to engineer proteases for enhanced activity (Figure 

6.2). However, given that both the peptide and protease are encoded into the plasmid, 

we propose that YESS can be used to engineer both protease and peptide. In this 

method, a fusion construct is generated with the peptide of interest and a counter 

sequence coding for the protease. At the C-terminus of both sequences, there is an 

endoplasmic reticulum retention peptide sequence, FEHDEL. When the peptide 

construct and protease are expressed, FEHDEL signals both to be sent to the 

endoplasmic reticulum rather than the surface of the cell. The protease cleaves the 

peptide construct while in the ER, and, due to the linkage of the peptide to Aga2, the 

sequence can express on the surface of the cell and be observed using flow cytometry 

[116]. While this system may be complex, it introduces the potential for engineering 

both protease and peptide and improving our understanding of the interactions 

between human salivary peptide Hst5 and pathogen C. albicans Saps. 
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Figure 6.2. Schematic of the yeast endoplasmic reticulum sequestration screening. The peptide 
construct and protease are signaled for the endoplasmic reticulum, where proteolysis occurs. The 
peptide construct is then displayed on the surface of the yeast to be screened by flow cytometry. The 
figure is taken from [117]. 

6.3.  Production and purification of Saps 

In this dissertation, Saps have been graciously produced by B. Hube from Friedrich 

Schiller University, Germany [42], in their native sequence; however studying Sap 

mutations could further enhance our understanding of the interactions between Saps 

and  Hst5. Saps are normally produced in Pichia pastoris and purified using either ion 

exchange chromatography or ultrafiltration. In order to understand what residues in 
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the Saps are playing an important role in the interaction between Saps and Hst5, 

protein engineering techniques could be utilized to screen Sap variants for enhanced 

proteolysis. Furthermore, Sap2 plays a role in the pathogenicity of C. albicans; 

however, its variant V273L is shown to be more pathogenic by degrading 

complement molecules that are essential for the human immune response. Generating 

variants of the Sap to assess proteolytic stability against C. albicans would further 

enhance our ability to engineer proteolytically stable variants of Hst5. 

6.4.  Designing variants with improved proteolytic stability in the presence of Hst5 
and proteases in saliva 

Chapters 3 and 4 showed that protein engineering techniques can successfully 

generate variants that are proteolytically stable against Saps. However, engineering 

resistance to Saps led to only marginal improvements in stability in the presence of 

saliva. The K5R, K17L, or K17W variants provide a great starting point for 

engineering proteolytic stability against saliva and must be included in future designs. 

Based on Chapters 3 and 4, proteolysis by saliva formed fragments near K5, E16, 

K17, and H18, among others. Additional variants should be assessed for improved 

proteolytic stability in the presence of saliva (Table 6.1). The K5RK17W variant was 

designed because these substitutions were found to be favorable in the presence of 

saliva. K13HK17W was designed to determine how improving zinc binding and 

proteolytic stability impacts antifungal activity. Glutamate was found to reduce the 

antifungal activity when substituted into the K13 and K17 residues of Hst5. 

E16LK17W and E16delK17W were designed to determine how removing the 

negative charge would impact proteolytic stability and antifungal activity. 
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R6WK13WK17W variants were designed to increase the amphiphilicity of the 

peptide, as strengthening secondary structure properties may increase the proteolytic 

stability. 

Table 6.1. Recommendation for Hst5 variants with improved properties. 

Peptide  
Sequence a,b 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Hst5 D S H A K R H H G Y K R K F H E K H H S H R G Y 
K17W - - - - - - - - - - - - - - - - W - - - - - - - 
K5RK17W - - - - R - - - - - - - - - - - W - - - - - - - 
K13HK17W - - - - - - - - - - - - H - - - W - - - - - - - 
E16LK17W - - - - - - - - - - - - - - - L W - - - - - - - 
K5W - - - - W - - - - - - - - - - - - - - - - - - - 
E16delK17W - - - - - - - - - - - - - - - * - W - - - - - - 
R6WK13WK17W - - - - - W - - - - - - W - - - W - - - - - - - 
a The asterisk represents a deletion of amino acid residues. 
b The hyphens represent retained amino acids.  

6.5.  Assessing the activity of Hst5 variants in the presence of metals 

In Chapter 4, we explored how the presence of zinc can impact the proteolytic 

stability of the peptide and the antifungal activity of the peptide. Human diets consist 

of variants of divalent metals, not just zinc. Prior work has shown that in the presence 

of iron, the proteolytic stability of Hst5 against trypsin is increased. However, in the 

same publication, zinc enhanced the proteolytic stability of Hst5 [118], contrary to the 

findings of this dissertation. Trypsin is a serine protease, while Saps are aspartyl 

proteases, and the differing results for trypsin and Saps suggest that divalent metals 

have different roles for the different classes of proteases. Furthering our 

understanding of how these metals impact the proteolytic stability of Hst5 will not 

only bring light to the interactions of Hst5 and saliva but will also increase the 

potential for the peptides as oral therapeutics.  
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6.6.  Creating coatings with antifungal peptides 

Hst5’s K11RK17R variant was previously coated onto the surface of polyelectrolyte 

multilayers and reduced biofilm formation on these surfaces, showing great potential 

as a coating for medical devices [102]. Healthcare-associated fungal infections 

(HAFI) are becoming recognized as a major threat in immunocompromised patients, 

costing the US healthcare system >$7.2 billion annually [119]. With the advancement 

of medical technology, more aggressive and invasive treatments and transplantations 

have increased the risk of infections in patients [120]. The most commonly isolated 

species in these infections are Candida spp., Cryptococcus spp., Aspergillus spp., and 

Trichosporon spp [119, 121, 122]. Treatment of HAFI is complicated by these yeast 

species’ ability to form biofilms and adhere to the surface of biomedical devices [123, 

124]. Surface coatings that contain antifungal agents have been previously tested  

[125, 126]. However, there is a concern that fungal pathogens may become resistant 

to these drugs. To address this concern, I suggest evaluating the practical effects of 

using Hst5 variants as a surface coating for stents and catheters. 

To utilize Hst5 variants as surface coating, a few steps need to be considered. First, a 

compatible polymer needs to be identified; prior work has shown that poly-L-lysine 

and poly-L-glutamic acid can be compatible as a coating for antimicrobial peptides 

and that biofilm formation has been hindered in the presence of antimicrobial 

peptides [127, 128]. In order to ensure the safety and effectiveness of medical devices 

that are intended for long-term use, it is crucial to assess the degradation profile of 

polymers used in these devices. One way to do this is by testing the duration of the 
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drug, which involves assessing the biofilm formation and degradation of the polymer 

over time using RPMI 1640 media and mass spectrometry. Additionally, it is 

important to evaluate biofilm reduction and toxicity to ensure that the antifungal 

properties of the device are retained and that the polymer is compatible with the body. 

Finally, in vivo experimentation using a mouse model could be conducted to 

determine the practicality of these experiments. By following these steps, we could 

make progress in using the Hst5 peptide as an antifungal surface coating to prevent 

infections. 
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A. Appendix A 
 

Appendix Table A.1. P-values for proteolysis of Hst5 and variants by Saps and saliva. Two-way 
ANOVA tests with α = .05 and Dunnett's multiple comparison tests (degraded Hst5 as the control) 
were performed for statistical analysis. 
 

P-values (Proteolysis assay) 
  Sap1 Sap2 Sap3 Sap5 Sap6 Sap9 Sap10 Saliva 

K5R < 0.0001 0.789 0.970 > 0.9999 > 0.9999 0.863 > 0.9999 > 0.9999 

K11R < 0.0001 < 0.0001 0.109 > 0.9999 > 0.9999 0.401 > 0.9999 0.000 

K13R 0.954 0.107 1.000 > 0.9999 > 0.9999 0.991 > 0.9999 0.993 

K17R 0.146 0.002 0.960 > 0.9999 > 0.9999 < 0.0001 > 0.9999 0.857 

K11RK17R 0.001 0.179 0.055 > 0.9999 > 0.9999 < 0.0001 > 0.9999 1.000 

                  

K5L < 0.0001 < 0.0001 < 0.0001 > 0.9999 > 0.9999 0.321 > 0.9999 0.002 

K11L < 0.0001 < 0.0001 < 0.0001 > 0.9999 > 0.9999 < 0.0001 > 0.9999 > 0.9999 

K13L < 0.0001 < 0.0001 < 0.0001 > 0.9999 > 0.9999 < 0.0001 > 0.9999 0.820 

K17L 0.016 < 0.0001 0.630 > 0.9999 > 0.9999 < 0.0001 > 0.9999 0.001 

K11RK17L 0.012 < 0.0001 0.000 > 0.9999 > 0.9999 < 0.0001 > 0.9999 1.000 

 
 
Appendix Table A.2. P-values for proteolysis of Hst5 and variants by Saps and saliva. Two-way 
ANOVA tests with α = .05 and Dunnett's multiple comparison tests (degraded Hst5 as the control for 
Samples treated with Saps and undegraded Hst5 as the control for untreated sample) were performed 
for statistical analysis. 
 

P-values (Antifungal assay) 
  Sap1 Sap2 Sap3 Sap5 Sap6 Sap9 Sap10 No Sap 

K5R 0.600 < 0.0001 0.404 0.866 0.000 0.004 < 0.0001 0.031 
K11R < 0.0001 0.966 0.390 1.000 0.559 0.250 0.395 0.000 
K13R < 0.0001 < 0.0001 0.998 0.984 0.228 0.018 0.297 < 0.0001 
K17R 0.000 < 0.0001 0.028 0.992 0.024 < 0.0001 0.829 0.098 
K11RK17R 0.146 < 0.0001 < 0.0001 0.781 0.069 < 0.0001 0.382 0.043 
                  
K5L < 0.0001 < 0.0001 < 0.0001 0.320 0.755 0.029 < 0.0001 < 0.0001 
K11L < 0.0001 < 0.0001 < 0.0001 0.159 0.102 < 0.0001 1.000 0.798 
K13L < 0.0001 < 0.0001 < 0.0001 1.000 0.732 < 0.0001 0.846 0.993 
K17L 0.248 0.002 0.001 0.955 0.987 < 0.0001 0.342 0.012 
K11RK17L 0.049 0.005 < 0.0001 0.998 0.004 < 0.0001 0.308 0.234 
Concentration 
(µg/mL) 4.69 9.38 18.75 4.69 2.34 9.38 4.69 4.69 
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Appendix Figure A.1. Gel images for proteolysis of Hst5 variants by Sap1, Sap2, Sap3, and Sap9. 
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Appendix Figure A.2. Degradation of Hst5 by purified Sap5, Sap6, or  Sap10. After incubation for 2 h 
at 37 °C, we used gel electrophoresis to separate fragments from fully intact peptides and quantified 
the gel images using densitometric analysis. Error bars represent the standard error of the mean (N = 9 
Hst5 No Sap and Hst5 + Sap, while N = 3 for all other variants). The number of asterisks indicates the 
level of statistical significance against parent Hst-5 incubated with cells: NS for P > 0.05, * for P ≤ 
0.05, ** for P ≤ 0.01, and **** for P ≤ 0.0001. 
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Appendix Figure A.3. Gel images for proteolysis of Hst5 variants by Sap1, Sap2, Sap3, and Sap9. 
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Appendix Figure A.4. Mass spectra for the degradation of Hst5, by Sap5, Sap6, and Sap10. 
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Appendix Figure A.5. Antifungal activity of Hst5 variants after incubation with Sap5, Sap6, or Sap10. 
After incubation for 2 hrs at 37 °C, Samples were serially diluted in a 96-well plate from 75 μg/mL to 
.14 μg/mL. Samples were then mixed with C. albicans cells at 5.0 × 105 cells/mL and incubated for 30 
min at 30 °C in 1 mM NaPB, after which cells were inoculated and cultured. Error bars represent the 
standard error of the mean (N = 18 Hst5 No Sap and Hst5 + Sap, while N = 6 for all other variants). 
Two-way ANOVA tests with α = .05 and Dunnett's multiple comparison tests (degraded Hst5 as the 
control) were performed for statistical analysis. P < .05 was deemed as significant. 
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Appendix Figure A.6. Gel images for proteolysis of Hst5 variants by saliva. 
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B. Appendix B 

 

Appendix Figure B.1. Gel images for proteolysis of Hst5 variants by Sap1, Sap2, Sap3, and Sap9. 

 
 
 
Appendix Table B.1. P-values for proteolysis of Hst5 and variants by Saps and saliva. Two-way 
ANOVA tests with α = .05 and Dunnett's multiple comparison tests (degraded Hst5 as the control) 
were performed for statistical analysis. 
 

P-values (Proteolysis assay) 
  Sap1 Sap2 Sap3 Sap5 Sap6 Sap9 Sap10 Saliva 
K13R 0.9145 0.0286 0.9998 > 0.9999 > 0.9999 0.9877 > 0.9999 0.0122 
K13L < 0.0001 < 0.0001 < 0.0001 > 0.9999 > 0.9999 < 0.0001 > 0.9999 0.4414 
K13H 0.0016 < 0.0001 < 0.0001 > 0.9999 > 0.9999 < 0.0001 > 0.9999 0.8503 
K13Q 0.0001 < 0.0001 < 0.0001 > 0.9999 > 0.9999 < 0.0001 > 0.9999 0.9854 
K13A 0.0079 < 0.0001 < 0.0001 > 0.9999 > 0.9999 0.946 > 0.9999 0.0507 
K13E 0.0013 < 0.0001 0.0008 > 0.9999 > 0.9999 < 0.0001 > 0.9999 0.9614 
                  
K17R 0.059 0.010 1.000 > 0.9999 > 0.9999 < 0.0001 > 0.9999 1.000 
K17L 0.160 < 0.0001 0.940 > 0.9999 > 0.9999 < 0.0001 > 0.9999 0.047 
K17W 0.082 < 0.0001 < 0.0001 > 0.9999 > 0.9999 < 0.0001 > 0.9999 0.049 
K17Q 0.006 < 0.0001 0.003 > 0.9999 > 0.9999 < 0.0001 > 0.9999 1.000 
K17A 0.267 < 0.0001 0.033 > 0.9999 > 0.9999 < 0.0001 > 0.9999 1.000 
K17E 0.022 0.189 0.007 > 0.9999 > 0.9999 < 0.0001 > 0.9999 0.412 
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Appendix Figure B.2. Antifungal activity of Hst5 variants after incubation with Sap5, Sap6, or Sap10. 
After incubation for 2 hrs at 37 °C, Samples were serially diluted in a 96-well plate from 75 μg/mL to 
.14 μg/mL. Samples were then mixed with C. albicans cells at 5.0 × 105 cells/mL and incubated for 30 
min at 30 °C in 1 mM NaPB, after which cells were inoculated and cultured. Error bars represent the 
standard error of the mean (N= 18 Hst5 No Sap and Hst5 + Sap, while N = 6 for all other variants). 
Two-way ANOVA tests with α = .05 and Dunnett's multiple comparison tests (degraded Hst5 as the 
control) were performed for statistical analysis. P < .05 was deemed as significant. 
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Appendix Table B.B.2. P-values for proteolysis of Hst5 and variants by Saps and saliva. Two-way 
ANOVA tests with α =.05 and Dunnett's multiple comparison tests (degraded Hst5 as the control for 
Samples treated with Saps and undegraded Hst5 as the control for untreated sample) were performed 
for statistical analysis. 
 

P-values (Antifungal assay) 
  Sap1 Sap2 Sap3 Sap5 Sap6 Sap9 Sap10 No Sap 

K13R < 0.0001 0.9921 < 0.0001 0.8816 0.9935 0.0447 0.2697 < 0.0001 
K13L < 0.0001 < 0.0001 < 0.0001 0.9919 0.9996 < 0.0001 0.7241 0.9982 
K13H < 0.0001 < 0.0001 < 0.0001 0.0265 0.6279 < 0.0001 0.2496 0.049 
K13Q < 0.0001 < 0.0001 < 0.0001 0.0002 0.0429 < 0.0001 0.0004 < 0.0001 
K13A < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.4761 < 0.0001 0.0018 0.0003 
K13E < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
                  
K17R < 0.0001 0.002 0.914 > 0.9999 0.994 < 0.0001 0.592 < 0.0001 
K17L 0.110 0.001 < 0.0001 0.997 1.000 < 0.0001 0.721 < 0.0001 
K17W < 0.0001 0.001 0.002 0.997 0.628 < 0.0001 0.584 < 0.0001 
K17Q < 0.0001 0.000 0.887 0.285 0.043 < 0.0001 0.355 < 0.0001 
K17A < 0.0001 0.000 0.971 0.033 0.476 < 0.0001 0.037 < 0.0001 
K17E 0.002 0.242 0.997 < 0.0001 < 0.0001 0.012 < 0.0001 < 0.0001 
Concentration 
(µg/mL) 4.69 9.38 18.75 4.69 4.69 18.75 4.69 4.69 
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Appendix Figure B.3. Gel images for proteolysis of Hst5 variants by Sap1, Sap2, Sap3, and Sap9. 
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Appendix Figure B.4. Gel images for proteolysis of Hst5 variants by saliva. 

 
 
Appendix Table B.3. P-values for zinc competition of Hst5 and variants against Zincon. Two-way 
ANOVA tests with α = .05 and Dunnett's multiple comparison tests (Hst5 as the control) were 
performed for statistical analysis. 
 

P-values (Zincon competition) 

K17W > 0.9999 0.9397 0.1607 0.0264 0.1165 0.7346 
K13H 0.9998 0.9998 0.9998 0.9996 0.9974 0.0828 
Zinc: peptide  0:1  1:2  1:1  2:1  4:1  4:1 

 
 
 
Appendix Table B.4. P-values for Hst5 and variants antifungal activity against C. albicans in the 
presence of different titrations of zinc. Two-way ANOVA tests with α = .05 and Dunnett's multiple 
comparison tests (Hst5 as the control) were performed for statistical analysis. 
 

P-values (Antifungal assay with zinc) 

K17W > 0.9999 0.267 0.8025 0.0218 0.9964 
K13H > 0.9999 0.0051 < 0.0001 0.001 0.9954 
Zinc: peptide  20:1  10:1  5:1  2.5:1  1.25:1 

 
 
 



 

 

155 
 

Appendix Table B.5. P-values for Hst5 biofilm formation in the presence and absence of zinc and 
Sap2. Two-way ANOVA tests with α = .05 and Dunnett's multiple comparison tests (Hst5 as the 
control) were performed for statistical analysis. 

 
 
 
 
Appendix Table B.6. P-values for Hst5 biofilm formation prevention activity against C. albicans. 
Two-way ANOVA tests with α = .05 and Dunnett's multiple comparison tests (Hst5 as the control) 
were performed for statistical analysis. 
 

P-values (Biofilm prevention assay) 

K17W 0.0292 0.0004 0.2173 0.746 
K13H 0.8346 0.1504 0.5463 0.7504 

Concentration 
(µg/mL) 750 187.5 46.9 11.7 

 

  

Concentration 
(µM) Hst5 K17W K13H Hst5 K17W K13H Hst5 K17W K13H Hst5 K17W K13H
25.00 > 0.9999 0.9997 0.9996 0.9997 0.9997 0.9999 > 0.9999 0.9997 0.9994 < 0.0001 0.9997 < 0.0001
12.50 > 0.9999 > 0.9999 0.9994 0.9999 > 0.9999 0.9998 0.9999 > 0.9999 0.999 < 0.0001 > 0.9999 < 0.0001
6.25 > 0.9999 0.9998 0.996 0.9998 0.9998 0.9991 > 0.9999 0.9998 0.1101 < 0.0001 0.9998 < 0.0001
3.13 > 0.9999 0.9999 0.7331 0.9995 0.9999 0.0347 0.4058 > 0.9999 < 0.0001 < 0.0001 > 0.9999 < 0.0001
1.56 > 0.9999 0.0561 0.0023 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.8464 < 0.0001 < 0.0001 0.0223 < 0.0001
0.78 > 0.9999 0.252 0.0047 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.3252 < 0.0001 < 0.0001 0.0011 < 0.0001
0.39 > 0.9999 0.8611 0.3858 0.9999 0.999 0.6325 0.9994 0.2204 0.9952 0.9999 0.018 0.9952
0.20 > 0.9999 0.7988 0.2723 0.9577 0.9996 0.8855 0.9998 0.9996 0.999 0.9997 0.9999 0.8
0.10 > 0.9999 0.9997 0.9741 0.7248 0.9993 > 0.9999 0.6484 0.9997 0.992 0.9544 0.9772 0.9992
0.05 > 0.9999 0.9854 0.7094 0.9959 0.7966 0.896 > 0.9999 0.8942 0.9705 0.9908 0.385 0.9996

Sap/Zinc
P -values (Antifungal assay Sap and zinc)

No Sap/No Zinc No Sap/Zinc Sap/No Zinc
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C. Appendix C 

 

Appendix Figure C.1. Expression time optimization profiles for pCTCon2-Hst5 at 20 °C. Bivariate 
plots of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 antibody) 
were plotted with quadrants based the Saccharomyces cerevisiae EBY100 strain without plasmids. 
Each dot corresponds to a single cell and heatmaps indicate the number of cells in an area. Percentages 
represent the percent of total events (cell count) in each quadrant. Q1 represents cells with the c-myc 
tag but without the HA tag (not expected as the construct starts with the HA tag, possible degradation 
products), Q2 represents cells with both the c-myc and HA tag (fully expressed construct), Q3 
represents cells without both c-myc and HA tag (none of the construct expressed), and Q4 represent 
represents cells without the c-myc tag but with the HA tag (partially expressed construct). 
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Appendix Figure C.2. Expression temperature and time optimization profiles for pCTCon2-Hst5. 
Bivariate plots of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 
antibody) were plotted with quadrants based the Saccharomyces cerevisiae EBY100 strain without 
plasmids. Each dot corresponds to a single cell and heatmaps indicate the number of cells in an area. 
Percentages represent the percent of total events (cell count) in each quadrant. Q1 represents cells with 
the c-myc tag but without the HA tag (not expected as the construct starts with the HA tag, possible 
degradation products), Q2 represents cells with both the c-myc and HA tag (fully expressed construct), 
Q3 represents cells without both c-myc and HA tag (none of the construct expressed), and Q4 
represent represents cells without the c-myc tag but with the HA tag (partially expressed construct). 
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Appendix Figure C.3. Linker length optimization profiles for pCTcon2-Hst5, pCT40-Hst5, pCT641-
Hst5. Protein expression was induced at 30 °C for 24 hours. Bivariate plots of the intensity for both 
HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 antibody) were plotted with quadrants 
based the Saccharomyces cerevisiae EBY100 strain without plasmids. Each dot corresponds to a single 
cell and heatmaps indicate the number of cells in an area. Percentages represent the percent of total 
events (cell count) in each quadrant. Q1 represents cells with the c-myc tag but without the HA tag 
(not expected as the construct starts with the HA tag, possible degradation products), Q2 represents 
cells with both the c-myc and HA tag (fully expressed construct), Q3 represents cells without both c-
myc and HA tag (none of the construct expressed), and Q4 represent represents cells without the c-myc 
tag but with the HA tag (partially expressed construct). 
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Appendix Figure C.4. Differentiation between harvested cell and cells that were not harvested for 
pCTcon2-Hst5 and pCT40-Hst5. Protein expression was induced at 30 °C for 24 hours, harvested cells 
were pelleted, decanted, and stored at 20 °C, unharvested cells were prepared and the results were 
compared. Bivariate plots of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-
Flour 647 antibody) were plotted with quadrants based the Saccharomyces cerevisiae EBY100 strain 
without plasmids. Each dot corresponds to a single cell and heatmaps indicate the number of cells in an 
area. Percentages represent the percent of total events (cell count) in each quadrant. Q1 represents cells 
with the c-myc tag but without the HA tag (not expected as the construct starts with the HA tag, 
possible degradation products), Q2 represents cells with both the c-myc and HA tag (fully expressed 
construct), Q3 represents cells without both c-myc and HA tag (none of the construct expressed), and 
Q4 represent represents cells without the c-myc tag but with the HA tag (partially expressed construct). 
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Appendix Figure C.5. Initial degradation profile for pCT40-Hst5 at varying concentrations. Protein 
expression was induced at 30 °C for 24 hours. Cells were then pelleted, washed, and suspended in 
Sap9 at varying concentrations in 2 mM NaPB. Samples were incubated at 30 °C for 24 hours. 
Bivariate plots of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 
antibody) were plotted with quadrants based the Saccharomyces cerevisiae EBY100 strain without 
plasmids. Each dot corresponds to a single cell and heatmaps indicate the number of cells in an area. 
Percentages represent the percent of total events (cell count) in each quadrant. Q1 represents cells with 
the c-myc tag but without the HA tag (not expected as the construct starts with the HA tag, possible 
degradation products), Q2 represents cells with both the c-myc and HA tag (fully expressed construct), 
Q3 represents cells without both c-myc and HA tag (none of the construct expressed), and Q4 
represent represents cells without the c-myc tag but with the HA tag (partially expressed construct). 
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Appendix Figure C.6. Degradation profile for pCT40-Hst5 with Sap9 at varying pH. Protein 
expression was induced at 30 °C for 24 hours. Cells were then pelleted, washed, and suspended in 100 
µL of 100 µg/mL Sap9 in 2 mM NaPB at various pH. Samples were incubated at 37 °C for 24 hours. 
Bivariate plots of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 647 
antibody) were plotted with quadrants based the Saccharomyces cerevisiae EBY100 strain without 
plasmids. Each dot corresponds to a single cell and heatmaps indicate the number of cells in an area. 
Percentages represent the percent of total events (cell count) in each quadrant. Q1 represents cells with 
the c-myc tag but without the HA tag (not expected as the construct starts with the HA tag, possible 
degradation products), Q2 represents cells with both the c-myc and HA tag (fully expressed construct), 
Q3 represents cells without both c-myc and HA tag (none of the construct expressed), and Q4 
represent represents cells without the c-myc tag but with the HA tag (partially expressed construct). 
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Appendix Figure C.7. Degradation profile for pCT40-Hst5 with No Sap, Sap1, Sap2, Sap3, and Sap9. 
Protein expression was induced at 30 °C for 24 hours. Cells were then pelleted, washed, and suspended 
in 100 µL of 100 µg/mL Sap9 in 2 mM NaPB at pH 7.4. Samples were incubated at 37 °C for 24 
hours. Bivariate plots of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc (Alexa-Flour 
647 antibody) were plotted with quadrants based the Saccharomyces cerevisiae EBY100 strain without 
plasmids. Each dot corresponds to a single cell and heatmaps indicate the number of cells in an area. 
Percentages represent the percent of total events (cell count) in each quadrant. Q1 represents cells with 
the c-myc tag but without the HA tag (not expected as the construct starts with the HA tag, possible 
degradation products), Q2 represents cells with both the c-myc and HA tag (fully expressed construct), 
Q3 represents cells without both c-myc and HA tag (none of the construct expressed), and Q4 
represent represents cells without the c-myc tag but with the HA tag (partially expressed construct). 
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Appendix Figure C.8. Degradation profile for pCT40-Hst5 after incubation with Sap2 at varying 
times. Protein expression was induced at 30 °C for 24 hours. Cells were then pelleted, washed, and 
suspended in 100 µL of 100 µg/mL Sap2 in 2 mM NaPB at pH 7.4. Samples were incubated at 37 °C 
for 24 hours. Bivariate plots of the intensity for both HA (Alexa-Flour 488 antibody) and c-myc 
(Alexa-Flour 647 antibody) were plotted with quadrants based the Saccharomyces cerevisiae EBY100 
strain without plasmids. Each dot corresponds to a single cell and heatmaps indicate the number of 
cells in an area. Percentages represent the percent of total events (cell count) in each quadrant. Q1 
represents cells with the c-myc tag but without the HA tag (not expected as the construct starts with the 
HA tag, possible degradation products), Q2 represents cells with both the c-myc and HA tag (fully 
expressed construct), Q3 represents cells without both c-myc and HA tag (none of the construct 
expressed), and Q4 represent represents cells without the c-myc tag but with the HA tag (partially 
expressed construct). 
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Appendix Figure C.9. Degradation profile for pCT40-Hst5 after incubation with Sap2 at varying 
concentrations. Protein expression was induced at 30 °C for 24 hours. Cells were then pelleted, 
washed, and suspended in 100 µL of Sap2 (at concentrations listed in the figure) in 2 mM NaPB at pH 
7.4. Samples were incubated at 37 °C for 30 min. Bivariate plots of the intensity for both HA (Alexa-
Flour 488 antibody) and c-myc (Alexa-Flour 647 antibody) were plotted with quadrants based the 
Saccharomyces cerevisiae EBY100 strain without plasmids. Each dot corresponds to a single cell and 
heatmaps indicate the number of cells in an area. Percentages represent the percent of total events (cell 
count) in each quadrant. Q1 represents cells with the c-myc tag but without the HA tag (not expected 
as the construct starts with the HA tag, possible degradation products), Q2 represents cells with both 
the c-myc and HA tag (fully expressed construct), Q3 represents cells without both c-myc and HA tag 
(none of the construct expressed), and Q4 represent represents cells without the c-myc tag but with the 
HA tag (partially expressed construct). 
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Appendix Figure C.10. Degradation profile for pCTCon2-st5, pCT40-Hst5, and pCT641-Hst5 after 
incubation with Sap2. Protein expression was induced at 30 °C for 24 hours. Cells were then pelleted, 
washed, and suspended in 100 µL of 0.39 µg/mL Sap2 in 2 mM NaPB at pH 7.4. Samples were 
incubated at 37 °C for 30 min. Bivariate plots of the intensity for both HA (Alexa-Flour 488 antibody) 
and c-myc (Alexa-Flour 647 antibody) were plotted with quadrants based the Saccharomyces 
cerevisiae EBY100 strain without plasmids. Each dot corresponds to a single cell and heatmaps 
indicate the number of cells in an area. Percentages represent the percent of total events (cell count) in 
each quadrant. Q1 represents cells with the c-myc tag but without the HA tag (not expected as the 
construct starts with the HA tag, possible degradation products), Q2 represents cells with both the c-
myc and HA tag (fully expressed construct), Q3 represents cells without both c-myc and HA tag (none 
of the construct expressed), and Q4 represent represents cells without the c-myc tag but with the HA 
tag (partially expressed construct). 
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Appendix Figure C.11. Degradation profile for pCT40-Hst5, pCT40-K11RK17R, and pCT40-K13L 
after incubation with Sap2. Protein expression was induced at 30 °C for 24 hours. Cells were then 
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pelleted, washed, and suspended in 100 µL of 0.39 µg/mL Sap2 in 2 mM NaPB at pH 7.4. Samples 
were incubated at 37 °C for 30 min. Bivariate plots of the intensity for both HA (Alexa-Flour 488 
antibody) and c-myc (Alexa-Flour 647 antibody) were plotted with quadrants based the 
Saccharomyces cerevisiae EBY100 strain without plasmids. Each dot corresponds to a single cell and 
heatmaps indicate the number of cells in an area. Percentages represent the percent of total events (cell 
count) in each quadrant. Q1 represents cells with the c-myc tag but without the HA tag (not expected 
as the construct starts with the HA tag, possible degradation products), Q2 represents cells with both 
the c-myc and HA tag (fully expressed construct), Q3 represents cells without both c-myc and HA tag 
(none of the construct expressed), and Q4 represent represents cells without the c-myc tag but with the 
HA tag (partially expressed construct). 
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