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Abstract

Candida albicans is an opportunistic fungal pathogen and a commensal organism that commonly
colonizes mucosal surfaces, including those inside the human mouth. To help control C. albicans,
human saliva contains the antifungal peptide histatin 5 (Hst-5), which has strong antifungal
activity against C. albicans. However, the pathogen produces secreted aspartic proteases (Saps)
that cleave Hst-5 at lysine residues and eliminate its antifungal properties. We designed variants of
Hst-5 with its lysine residues substituted with arginine or leucine to evaluate the effect on
proteolysis by Saps. We found site-, residue-, and Sap-dependent effects from single amino-acid
substitutions. The K17R and K17L modifications led to dramatic results, with over 77% and 100%
intact peptide remaining after incubation with Sap9 and Sap2, respectively, compared to 47% and
61% of Hst-5. This decrease in proteolysis was accompanied by a reduction in cleavage on the C-
terminal side of K17, suggesting the Saps prefer lysine at K17 for cleavage. Incubation with C.
albicans cells and culture supernatant corroborated the results with purified Saps and highlighted
their biological relevance. The modifications to Hst-5 do not diminish the antifungal activity of
Hst-5, and, in fact, the K17R, K17L, and K11R peptides retained significantly more antifungal
activity after treatment with Saps than Hst-5. Our results indicate that single amino-acid
modifications drastically impact both proteolysis at the modification sites and the overall level of
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proteolysis of the peptide, demonstrating the potential of designing peptides for resistance to
proteolysis as a means for improving therapeutic efficacy.
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INTRODUCTION

Candida albicans is a fungal species that is part of the normal human flora. It commonly
colonizes mucosal surfaces, including the oral cavity in over 35% of healthy people [1].
However, C. albicans is also an opportunistic pathogen, and, under conditions of immune
system disruption, such as infection with the human immunodeficiency virus (HIV), it
causes an array of infections, most notably oral candidiasis, which is also called oral thrush.

To help prevent infections by C. albicans and other organisms, the human oral saliva
contains an arsenal of proteins and peptides [2]. One such peptide that fights against C.
albicans is the antimicrobial peptide histatin 5 (Hst-5). It is one of twelve members of the
histatin family of histidine-rich peptides secreted by salivary glands in the human mouth [3],
with the 24-amino-acid Hst-5 having the strongest activity [3, 4]. As part of host innate
immunity, Hst-5 has been proposed to play a crucial role in maintaining C. albicans at
commensal levels in the oral cavity [5]. Reduced levels of Hst-5 have been reported in HIV-
positive patients [6] and may contribute to their high susceptibility to oral thrush. Unlike
some other common antimicrobial peptides, Hst-5 does not act on C. albicans cells by
forming pores on the cell membrane [7]; instead, the peptide acts intracellularly, ultimately
leading to ion imbalance and volume loss that causes cell death [8].

Although Hst-5 has potent activity against C. albicans, the fungal pathogen produces a
family of ten secreted aspartic acids (Saps), some of which can degrade and inactivate Hst-5.
The Saps play a role in a number of cellular processes and attributes, including cell
adhesion, cell integrity, and virulence [9]. While Sap1 to Sap8 are fully secreted to the
extracellular environment, Sap9 and Sap10 remain attached to the cell wall via a
glycosylphosphatidylinositol (GPI) anchor [9, 10]. Each Sap contains the two conserved
aspartic acids characteristic of aspartic proteases, along with four conserved cysteine
residues [11].

Although Sap9 is the most highly expressed Sap in strains isolated from patients with both
oral and vaginal Candidainfections [12], studies on the substrate specificity of the Saps have
focused most extensively on Sap2. Sap2 has a broad specificity that includes immune host
proteins, such as immunoglobulin A and lactoferrin, and antimicrobial peptides like Hst-5
[5, 10, 13, 14]. Recently, the interaction of Sap2 and other Saps with antimicrobial peptides,
including Hst-5, has been more carefully studied [5, 13, 14]. Meiller et al. showed that at
physiological pH Hst-5 is vulnerable to proteolysis by Sap2, Sap9, and, to a lesser extent,
Sap10 [5]. Furthermore, Bochenska et al. showed Hst-5 can also be cleaved by Sapl, Sap3-
4, and Sap7-8 when tested at the optimal pH condition for each Sap [15]. In both studies, a
lysine residue was typically present on at least one side of the sites cleaved by the Saps.
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These results suggest Saps may target the lysine residues in the Hst-5 sequence, which is
supported by previous studies with peptide libraries that indicate Saps prefer hydrophaobic
residues or basic residues [16-19]. It is important to note, however, these previous studies
typically used libraries of random amino acid sequences with no biological relevance [16—
18] and did not consider the effect of cleavage on the functionality of the peptides.
Furthermore, the residue specificity was determined by varying the residue on only one side
of the cleavage site, while fixing the residue on the other side [17, 18]. Thus, they do not
account for the potential roles of residues further way from the cut site.

To improve the understanding of the interaction between Hst-5 and Saps, we designed Hst-5
variants with substitutions made at the lysine residues. While earlier investigations have
elucidated how modifications to the sequence of Hst-5 modulate antifungal activity [20-25],
the effect of modifications on degradation specifically by aspartic proteases has not yet been
explored. The designed variants were evaluated for susceptibility to proteolysis by C.
albicans Saps and for antifungal activity against C. albicans. Our results demonstrate that
even a single amino acid modification is sufficient to significantly modulate the degradation
of Hst-5 by the proteases or C. albicans cells, while maintaining antifungal potency. Based
on these findings, designing peptides for reduced proteolysis could be a viable approach for
engineering antimicrobial peptides with increased resistance to proteolysis and, thus, longer-
lived antimicrobial potency

RESULTS AND DISCUSSION

To study the interaction of Hst-5 with C. albicans Saps, we evaluated the proteolysis of
Hst-5 and eight variants by Sap2 and Sap9, which substantially cleaved Hst-5 in previous
work from Meiller et al. [5]. Our design of the Hst-5 variants focused on the four lysine
residues in the peptide, as we observed that lysine residues are prominent at the reported
cleavage sites of Hst-5 with Saps or C. albicans cells [5, 15]. We hypothesized that these
lysine residues are important for the recognition or cleavage of Hst-5 and replaced each of
the lysine residues with either an arginine or a leucine (Table 1). The arginine substitutions
were selected to preserve the positive charge, as the cationic nature of antimicrobial peptides
often plays a role in their function [26, 27]. The leucine substitutions were selected to
remove the positive charge, which could affect the interaction of the cleavage sites with the
aspartic acid residues in the active site of the Saps or the interaction of the Saps with the
peptides as a whole.

Lysine substitutions modulate susceptibility to proteolysis by purified Saps

To determine whether the single-residue substitutions have an effect on the overall
degradation of Hst-5, we incubated Hst-5 and each modified peptide with purified
recombinant Sap9 and Sap2. Hst-5 and each variant in Table 1 were incubated with or
without 3.13 pg-mL~1 Sap9 or 6.25 pg-mL~1 Sap2 for 2 h at 37 °C in 1 mM sodium
phosphate buffer (NaPB). We then separated the intact peptide from the degradation
products using gel electrophoresis and quantified the level of degradation using
densitometric analysis of Coomassie-stained gels (Fig. 1). Both arginine and leucine
substitutions at the K17 site led to a dramatic decrease in degradation by Sap9 and Sap2.
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Following incubation with Sap9, 82% and 77% of K17R and K17L, respectively, remained
intact compared to 47% of Hst-5 (Fig. 1A). No detectable degradation of the K17R and
K17L variants was visible after incubation with Sap2, while only 61% of the parent Hst-5
peptide remained intact (Fig. 1B).

With the exception of the K17 residue, modification of lysine residues to leucine made the
Hst-5 variants more susceptible to degradation by Sap9. The K5L, K11L, and K13L peptides
all showed greater degradation than their arginine-substituted counterparts or parent Hst-5
(Fig. 1A). In fact, the K13L peptide was degraded to the extent that no intact peptide could
be detected on the gel.

While leucine substitutions resulted in more proteolysis of the modified peptides by Sap9,
they led to a decrease in proteolysis by Sap2 (Fig. 1B). With the exception of K13R, all of
the Hst-5 variants exhibited a decrease in degradation compared to the parent Hst-5 after
incubation with Sap2.

These results demonstrate the ability to easily detect changes in a peptide’s susceptibility to
proteolysis by gel electrophoresis and indicate that this approach is feasible for exploring
how aspartic proteases interact with antimicrobial peptides. Additionally, they demonstrate
that single-residue changes can have a major impact on the susceptibility of a peptide to
degradation by Saps.

Proteolysis by purified Saps is consistent with proteolysis by C. albicans cells

After observing the effect of residue modifications on the cleavage of Hst-5 by the purified
recombinant Saps, we evaluated whether incubation of the peptides with Saps natively
produced by C. albicans cells (rather than with Saps produced recombinantly) would yield
similar results. Hst-5 and the variants were incubated with C. albicans cells or with the
supernatant from a C. albicans culture. For incubation with C. albicans cells, the cells were
washed and resuspended in 100 mM NaPB. The high ionic strength of this buffer prevents
internalization of the peptides by C. albicans [28], allowing analysis of degradation of the
peptides without the confounding effects of peptide internalization, which would reduce the
amount of peptide available for degradation by the Saps in the buffer. For the supernatant
samples, the supernatant from a subculture grown for 17.5 h was used to ensure sufficient
secretion of Saps into the culture supernatant, and the buffer was exchanged to 1 mM NaPB.
Following incubation with the cells or the buffer-exchanged culture supernatant, the peptide
samples were run on a gel and stained, and densitometric analysis revealed a pattern that
exhibits characteristics similar to the results observed with the individual purified Saps (Fig.
2). Both K17 modifications resulted in an increase in the amount of intact peptide remaining.
The resistance to proteolysis was particularly apparent when the peptides were incubated
with the culture supernatant. While almost no intact parent Hst-5 remained following
incubation with the supernatant, 72% of K17R and 35% of K17L remained intact. The larger
difference between the arginine and leucine substitutions at the K17 site is potentially due to
the presence of additional proteolytic enzymes in the supernatant, including Saps other than
Sap2 and Sap?9.
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The rest of the modified peptides followed a pattern of proteolysis consistent with whether
more of the anchored Sap9 (Fig. 2A) or secreted Sap2 (Fig. 2B) was likely present in the
assay. Incubation with cells (likely dominated by cell-wall anchored Saps) led to an increase
in the degradation of K13L compared to the parent Hst-5, while it had no significant effect
on K5R, which follows the purified Sap9 proteolysis patterns. Meanwhile, the K5R peptide
showed an increase in resistance to proteolysis when incubated with the supernatant (likely
dominated by secreted Saps) (Fig. 2B), as was observed with purified Sap2. These outcomes
demonstrate that both the cell-wall anchored Sap9 and the fully secreted Sap2 play a role in
proteolysis by C. albicans. Overall, results from incubation with the purified Saps are
consistent with the results from incubation with the fungal cells and supernatant, indicating
that using purified Saps is a reasonable approach for studying biologically relevant effects of
peptide sequence on susceptibility to Saps produced by cells.

Mass spectrometry confirms the effects of lysine modifications

To gain a more in-depth understanding of how the modifications to the peptide sequence
affect the cleavage of Hst-5 by Saps, we used mass spectrometry to determine the cleavage
sites and the relative abundance of peptide fragments. After incubation of the peptides with
each Sap, the four-amino-acid peptide MRFA was added as an internal standard, and
samples were directly injected into the mass spectrometer.

Mass spectrometry of the parent Hst-5 peptide incubated with Sap9 showed that the signal
for the degradation fragment containing amino acids 1-17 of Hst-5 was higher than the
intact peptide (Fig. 3). We observed cleavage on both sides of K13 and on the C-terminal
side of K17, which are cleavage sites that have been previously reported for Sap9 and Sap2
[5, 15]. No cleavage was seen on either side of the K11 residue, consistent with the work of
Bochenska et al. [15], though Meiller et al. did report cleavage at the N-terminal side of this
residue [5]. We also detected cleavage between the H18 and H19 residues of the parent
Hst-5, which has previously been observed after incubation with C. albicans cells [29] but
not specifically associated with Sap9.

In general, the degradation of the Hst-5 variants with Sap9 produced results in agreement
with the gel electrophoresis data. For K17R and K17L, the most intense signal came from
the intact peptide, as expected from the large percentage of intact peptide seen in the gel
electrophoresis results (Fig. 1A). Furthermore, while the parent Hst-5 was cleaved on the C-
terminal side of K17, neither K17R nor K17L showed significant cleavage at this site. K11R
also shows the intact peptide to be the species with the highest signal. With the exception of
the peptides with K17 substitutions, the variants with leucine substitutions showed relatively
lower levels of intact peptide than the corresponding arginine-substituted peptides.
Furthermore, K13L showed an apparent shift in cleavage site preference compared to the
parent Hst-5. The fragments containing amino acids 1-12 and 13-24 had higher signals for
K13L than the fragments containing amino acids 1-17 and 18-24, while the latter fragments
had higher signals for the other modified peptides and parent Hst-5. The loss of a cleavage
site for the K17-modified peptides and the shift in cleavage site preference for K13L show
that the substitutions affect cleavage around the modified residues. In addition, the presence
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of more intact peptide for K11R indicates that substitutions can also affect the peptides as a
whole.

In contrast to incubation with Sap9, incubation of the parent Hst-5 peptide with Sap2
resulted in the intact peptide having the highest signal under the conditions tested (Fig. 4). A
lower number of distinct fragments was detected for Hst-5 degradation by Sap2 compared to
Sap9. For example, the fragments containing amino acids 1-12 and 13-24 were not
significantly detected in incubation with Sap2 but were detected with Sap9. The cleavage
sites that did occur with Sap2 were also observed with Sap9 and are in agreement with
previously reported results [5, 15], except that cleavage between H18 and H19 was not
previously specifically attributed to Sap2. Meiller et al. also reported a cleavage site at the C-
terminal side of K5 [5], which neither we nor Bochenska et al. observed [15].

As with incubation of the parent Hst-5, incubation of all the Hst-5 variants with Sap2
resulted in higher signals for intact peptides than for proteolytic fragments. The outcome
was in line with the gel electrophoresis result, which showed that, overall, the Hst-5 variants
incubated with Sap2 had more intact peptide remaining than when incubated with Sap9 (Fig.
1). Substitutions at K17 did lead to a significant decrease in signals from fragments formed
by cleavage at the C-terminal side of K17; however, unlike Sap9, Sap2 still cleaved K17L
and K17R at this site.

The trends seen with the gel electrophoresis (Fig. 1) and mass spectrometry results (Fig. 3
and 4) generally corroborate each other. Enhanced resistance to proteolysis was observed
around the K17 residue for substitutions to both arginine and leucine with both Saps. The
similar increase in resistance to degradation at K17, independent of the charge of the
substituted residue, indicates that Sap9 and Sap2 have a preference for lysine at the K17 site
within the Hst-5 sequence and not simply a preference for a basic residue. Unlike Sap9,
Sap?2 still cleaved at the C-terminal side of K17, suggesting the preference is more stringent
for Sap9 than Sap2. At the other locations where lysine residues were modified, Sap9
appears to favor an uncharged leucine over a positively charged arginine or lysine. The
leucine residues at these sites are N- or C-terminal to an arginine in the peptide sequence,
and their preference by Sap9 agrees with previous work indicating Sap9 favors cleavage of
peptides that contain leucine at the N-terminal side of an arginine [16]. Sap2, on the other
hand, appears to favor lysine at most of the locations in Hst-5 that we studied. Within the
Hst-5 sequence, the preference is residue-dependent rather than charge-dependent, as Sap2
preferred lysine over both arginine and leucine. The one exception was at the K13 site,
where Sap?2 appears to prefer an arginine. Collectively, these results confirm our gel
electrophoresis results and indicate single amino-acid modifications can affect overall
susceptibility to cleavage and significantly reduce cleavage at the modification site.

Most residue substitutions do not diminish antifungal activity

Some previously reported modifications to Hst-5 had a negative impact on the peptide’s
antifungal activity [20-22]. To ensure that modification of lysine residues does not adversely
affect the antifungal activity, we performed an antifungal activity assay to determine the
reduction in the viability of C. albicans cells after exposure to the parent Hst-5 peptide and
the Hst-5 variants (Fig. 5). Serially diluted peptides were incubated with C. albicans cells at
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2.5x10° cells:mL~ or 2.5x107 cellsmL~1 C. albicans for 30 min at 30 °C in 1 mM NaPB.
The mixtures were then diluted, transferred to YPD media, and incubated overnight to
determine the reduction in cell viability due to incubation with the peptides.

When incubated with C. albicans at 2.5x10° cells-mL1, Hst-5 variants behaved similarly to
parent Hst-5, with an increasing reduction in viability with increasing peptide concentration
(Fig. 5A). Hst-5 had a minimum inhibitory concentration for 50% inhibition of growth
(MICsp) of 9.49 pg-mL~1, and the MICxg values for the Hst-5 variants were within one
dilution factor of Hst-5 (Fig. 5A). The similar growth inhibition curves and MICsq values
show that the antifungal activity of Hst-5 is tolerant to substitutions of its lysine residues.

Increasing the cell concentration to 2.5x107 cells-mL1 resulted in a shift of the MICsq value
for Hst-5 to 152 pg-mL~1 (Fig. 5B), which is expected with the hundred-fold increase in cell
density. With this higher cell density, the growth inhibition curves for each peptide were
more widely separated, allowing differences between the antifungal activities of the peptides
to be more apparent (Fig. 5B). The K11R curve showed enhanced antifungal activity that
was not apparent at the lower cell concentration. The K11 residue is present in both
truncated peptides that were previously identified as active fragments for antifungal activity
—fragment C14 (residues 11-24) [30] and fragment P-113 (residues 4-15) [23]. Therefore,
the K11R modification is at a critical location in the peptide and altering the interaction of
the peptide with the Saps at this residue could have a larger effect on the antimicrobial
activity of the peptide and its degradation fragments than most other lysine residues.
Interestingly, neither K17R nor K17L showed improvement in antifungal activity despite the
gel and mass spectrometry results that demonstrated more intact peptide. This may be a
function of the incubation time in the assay. The antifungal assay we used (based on the
assay used by several other groups [22, 23, 31]) incorporates a short contact time for the
peptides and C. albicansto minimize the effect of cell division on assay results. Since the
kinetics of proteolysis of the /n7 vivo Saps may be slow enough that their effect on Hst-5 is
not easily observed under these conditions, improvements of the K17 modifications on
antifungal activity may not be observed at the conditions tested. Overall, the antifungal
activity assay demonstrates that replacement of a lysine with an arginine or a leucine does
not abolish the antifungal activity of the Hst-5 and may lead to improvements. While there
have been no previous studies evaluating the effect of lysine to arginine modifications on the
antifungal activity of Hst-5, Helmerhorst et al. reported that a lysine to leucine substitution
in a fragment of Hst-5 called dh-5 showed similar activity to the peptide containing lysine
[32], further supporting the tolerance of Hst-5 to lysine-to-leucine modifications.

Several Hst-5 variants retain antifungal activity after treatment with Saps

After confirming that substitutions to the lysine residues did not eliminate antifungal
activity, we investigated whether the peptides retained their antifungal activity after exposure
to purified Saps. To amplify differences in antifungal activity due to degradation by the Saps
and to simulate an environment in which Saps are overexpressed, we increased the
concentrations of the Saps by at least two-fold compared to the concentrations used for the
gel electrophoresis data in Fig. 1 (to 6.25 pug-mL~ for Sap9 and 18 ug-mL~ for Sap?2).
Incubation with Sap9 led Hst-5 to lose over 60% of its antifungal activity, while incubation
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with Sap2 almost completely eliminated its activity (Fig. 6). In contrast, both K17 variants
retained much of their antifungal activity after exposure to each Sap, which is consistent
with the high level of intact peptide that remained following incubation with both Sap9 (over
60% remaining for each peptide) and Sap2 (over 90% remaining for K17R and over 70%
remaining for K17L) (Fig. 7A). The K11R peptide also had a strong performance in the
antifungal activity assay following exposure to Sap9, with a level of activity similar to that
of the K17 variants. The improved activity following incubation indicates that resistance to
proteolysis could prolong the antimicrobial potency in the presence of the Saps produced by
C. albicans.

Overall, following degradation by each of the Saps, the arginine-substituted peptides
retained more antifungal activity compared to the analogous leucine-substituted peptides.
For example, the Sap9- and Sap2-degraded K5R and K11R variants still displayed some
antifungal activity, while the degraded K5L and K11L variants showed almost none. The
K5R and K11R peptide also retained some intact peptide after Sap9 incubation (4.5% and
20% of peptide, respectively), while no statistically significant amount of these peptides
remained after Sap2 incubation (Fig. 7B). The presence of intact K5R and K11R but not
intact K5L and K11L after incubation with Sap9 further supports a preference for leucine at
these sites by Sap9 and also shows a preference for lysine over arginine, since the parent
Hst-5 is completely degraded under these conditions.

Although the variants with the largest amount of intact peptide remaining had the strongest
antifungal activity, intact peptide was not required for antifungal activity. The parent Hst-5
peptide had no intact peptide remaining after incubation with Sap9, but it did show a
measurable level of antifungal activity. Moreover, while less intact K11R peptide remained
after incubation with Sap9 compared to K17R or K17L (Fig. 7A), the antifungal activity was
at the same level as the K17 modified peptides. This suggests that the antifungal activity
comes not only from the intact K11R peptide, but also from its proteolytic fragments. This is
consistent with previous studies with Hst-5 that found varying levels of antifungal activity
from Hst-5 truncation peptides [23, 30, 32].

Our results indicate that, while some peptide modifications make the intact peptide more
robust (e.g., K17R, K17L), others can lead to degradation fragments with improved
antifungal activity compared to the degradation fragments of parent Hst-5 (e.g., K11R).
Consequently, even if the intact versions of Hst-5 variants do not have improved antifungal
activity themselves, a longer half-life of intact peptide or a higher activity of degradation
fragments leads to improved therapeutic potential of K11R, K17R, and K17L compared to
Hst-5. We recently showed that Hst-5 delivered in a bioadhesive hydrogel could effectively
prevent the development of an oral C. albicans infection in mice [33]. The modified peptides
could be delivered directly to mucosal surfaces in the same manner, or they could be
incorporated into coatings on implantable devices or prosthetics using thin films, which have
been used previously to successfully create antimicrobial surfaces using other antimicrobial
peptides [34-36].

In conclusion, we have demonstrated that changing a single lysine residue in the Hst-5
sequence can significantly alter its proteolysis by purified Sap9 and Sap2, as well as by C.
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albicans cells. We show that the effects of the modifications are site-, residue-, or Sap-
dependent, and the substitutions affect not only cleavage at the substitution sites but also the
degradation of the peptide as a whole. These findings can be used to design and test
additional modifications to study the interaction between Hst-5 and both Saps and C.
albicans cells. Additionally, our work provides peptide engineering approaches that can be
used to design more robust peptides in the presence of aspartic proteases, which could have
applications as potential therapeutics to treat or prevent C. albicans infections.

MATERIALS AND METHODS

Peptides and enzymes

The parent Hst-5 peptide and the variants in Table 1 were synthesized by GenScript with a
purity >295% and trifluoroacetic acid salt removal to hydrochloride. Purified Sap2 and Sap9
were gifted by B. Hube from Friedrich Schiller University, Germany. The Saps were
produced in Pichia pastoris, as previously described [37], and Sap9 was produced without its
GPI anchor [16]. The proteolytic activities of the Saps were confirmed using the EnzChek
Protease Assay Kit (ThermoFisher Scientific, Waltham, MA, USA).

Proteolytic degradation of the peptides

To determine the extent of degradation of the peptides by the Saps, Hst-5 and the Hst-5
variants were each mixed with Sap9 or Sap2 at final concentrations of 150 pg-mL~1 peptide
and 3.13 ug-mL1 or 6.25 pg-mL~1 protease for Sap9 or Sap2, respectively. Experiments
were done in 1 mM NaPB. The mixtures were incubated at 37 °C for 2 h, and NaPB with no
Sap was used as a control. An incubation time of 2 h was selected because it results in
approximately 50% degradation of the parent Hst-5, allowing decreases and increases in
degradation to be easily observed. After the incubation, the samples were mixed with tricine
sample buffer (without Coomassie Blue G-250, except in control samples) containing f3-
mercaptoethanol and boiled for 5 min at 100 °C to inactivate the proteases. The degraded
and non-degraded peptides were separated by gel electrophoresis in 10-20% Tris-tricine gels
(Bio-Rad, Hercules, CA, USA), and the gels were then fixed in a 10% acetic acid/40%
methanol/50% water mixture for 30 min. The fixed gels were stained with Bio-Safe
Coomassie stain (Bio-Rad, Hercules, CA, USA) for 1 h and washed with fresh water three
times, once overnight and then twice for at least 2 h each time. The gels were imaged on a
ChemiDoc imager (Bio-Rad, Hercules, CA, USA), and densitometric analysis was done
with Image Lab software (Bio-Rad, Hercules, CA, USA). In the analysis, the upper band
was taken as intact peptide and the lower band was taken as degraded products. Three
replicates of the assay were done.

For degradation with C. albicans and culture supernatant, a single colony of the ATCC
90028 strain (American Type Culture Collection, Manassas, VA, USA) was used to
inoculate YPD. The culture was grown overnight, subcultured, and grown to an optical
density of 1-1.2 at ODggg. All cultures of C. albicans cells were grown at 30 °C. For
degradation experiments with cells, the cells were washed three times in 100 mM NaPB and
diluted to 2x10° cells-mL~1. Equal volumes of cells and peptides were mixed and incubated
for 2 h at 37 °C. The cells were removed by centrifugation to yield the final degraded
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peptide samples. For degradation experiments with culture supernatant, the overnight
subculture was diluted to ODgp=0.1 and grown for 17.5 h. The cells were removed by
centrifugation, and the supernatant was transferred to a 10 kDa molecular weight cutoff
column (GE Healthcare Life Sciences, Pittsburgh, PA, USA), where the buffer was
exchanged to 2 mM NaPB. Equal volumes of supernatant and peptides were mixed and
incubated for 2 h at 37 °C to generate the degraded peptide samples. The degraded peptide
samples generated by cells and the culture supernatant were mixed with tricine sample
buffer and boiled for 10 min. The samples were then run on gels (10-20% Tris-tricine gels
for samples incubated with cells and 16.5% Tris-tricine gels for samples incubated with
supernatants) and analyzed as described above for degradation by the purified Saps. Three
biological replicates were performed for each peptide with cells and with supernatant.

For statistical analysis, we performed one-way ANOVA tests with p< 0.05 and Dunett’s
multiple comparison tests with the Hst-5 sample as the control. 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.

Antifungal activity assay

The anti- Candida activities of the intact peptides were assessed by an antifungal activity
assay. As described above for the degradation assay, an overnight culture of C. albicans was
subcultured and grown in YPD media. Cells were washed three times in 2 mM NaPB and
diluted to 5x10° cells-mL~1 or 5x107 cells-mL"L. Serial dilutions (0-100 pM for the lower
cell density and 0-400 uM for the higher cell density) of parent Hst-5 and the Hst-5 variants
were prepared in water, and 20 pL of the peptides and 20 pL of the cells were mixed and
incubated in round-bottom 96-well culture plates for 30 min at 30 °C. After incubation, 320
uL of 1 mM NaPB was loaded into each well to stop additional killing of the cells by the
peptides [31]. Mixtures were further diluted and approximately 250 cells were inoculated
into round-bottom culture plates with equal volumes of YPD media and 1 mM NaPB at a
total volume of 200 pL. Wells containing only YPD and NaPB were served as a sterility
control and provided measurements for the background signal. The ODggg was measured
after overnight incubation on a microplate shaker at 30 °C. The reduction in viability was
calculated as

(ODyyith peptide — ODpqackground)

x 100
(ODpg peptide — ODpackground)

% reduction in viability = |1 —

Three biological replicates were performed on separate days, with two replicates on each
day.

To measure the antifungal activity of the peptides following degradation by the Saps, the
antifungal activity assay was performed as described above, except the peptides were first
exposed to Saps. The peptide fragments were prepared by incubating each peptide (150
pg-mL~1) with 6.25 pg-mL~1 Sap9 or 18 pg-mL~1 Sap2 for 2 h at 37 °C. The enzymes were
then inactivated by heating at 100 °C for 5 min. As controls, each peptide was also incubated
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with only NaPB buffer. Samples were then stored at —20 °C until use in the antifungal
activity assay.

MS/MS analysis

The cleavage sites of the Saps and the abundance of the fragments produced by cleavage
were determined using mass spectrometry. After incubation with 3.13 ug-mL~1 Sap9 or 6.25
pg-mL~1 Sap2 and heat inactivation of the Saps, 25 pL of each sample was desalted using a
C-18 TopTip micro-spin column (Glygen Corporation, Columbia, MD, USA) following the
manufacturer’s protocol. The binding solution was 0.1% formic acid, and the releasing
solution was 0.1% formic acid/60% acetonitrile (ACN). To ensure equal flow-through
volume of each sample, 18 pL of desalted sample was aliquoted and 1 pL of the four-amino
acid peptide MRFA at 0.1 mg-mL~1 was added. Samples were manually loaded through loop
injection at 25 pL-min~1 with 40% ACN/0.1% formic acid. Mass spectra were acquired with
an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Scientific, Waltham, MA,
USA) with data-dependent analysis at a 5 s cycle time. Manufacturer recommended source
parameters for a flow rate of 25 pL-min~1 were applied. Full scan mass spectra of m-z~1
350-1550 were acquired in the orbitrap at R=120000 (m-z~1 200) with fluoranthene ion as
the internal calibrant. Collision-induced dissociation (CID) and electron-transfer dissociation
(ETD) fragments of the most intense ions (z> 1) were recorded with the orbitrap at R=60000
(m-z~1 200). Dynamic exclusion was set at 30 s.

The molecular weights of the peptides and their fragments were calculated from full scan
MS spectra using the XTract program in the XCalibur software (Thermo Scientific,
Waltham, MA, USA). MS/MS spectra from ETD and CID fragmentation were processed
using Proteome Discoverer (\V2.1; Thermo Scientific, Waltham, MA, USA) with Prosight
PD node to identify peptides and their degradation products (Fig. 8A). The database was the
collection of Hst-5 and its analogs used in this study. Intensities of identified peptides and
their degradation products relative to the internal standard MRFA were obtained from the
deconvoluted full scan mass spectra (Fig. 8B and Fig. 8C).
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Fig. 1.

Dggradation of parent Hst-5 and Hst-5 variants by purified (A) Sap9 and (B) Sap2. The
peptides (150 pug-mL~1) and Saps (3.13 pg:-mL~1 Sap9 and 6.25 pg-mL~1 Sap2) were
incubated for 2 h at 37 °C. Samples were run on a gel, and the amount of intact peptide was
quantified by densitometry to compare the amount of intact peptide (upper band) to the
peptide fragments. Error bars represent standard error of the mean (n = 3). The number of
asterisks indicates the level of statistical significance against parent Hst-5 incubated with
Sap: * for p< 0.05, ** for p< 0.01, *** for p< 0.001, and **** for p< 0.0001. The lower
band in the Hst-5 control lanes is due to Coomassie dye.
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Fig. 2.
Degradation of parent Hst-5 and Hst-5 variants by (A) C. albicans cells and (B) C. albicans

culture supernatant. The peptides (150 pg-mL™1) and C. albicans cells (1x10° cells-mL1)
(A) or culture supernatant (B) were incubated for 2 h at 37 °C. Samples were run on a gel,
and the amount of intact peptide was quantified by densitometry to compare the amount of
intact peptide (upper band) to the peptide fragments. Error bars represent standard error of
the mean [n7= 6 for (A) and 7= 3 for (B)]. The number of asterisks indicates the level of
statistical significance against parent Hst-5 incubated with cells: * for p< 0.05, ** for p<
0.01, and **** for p< 0.0001.The lower band in the Hst-5 control lane is due to Coomassie
dye.
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Fig. 3.

Relative mass spectrometry signal intensity of intact peptide (gray) and peptide fragments
produced by incubation of parent Hst-5 and Hst-5 variants (modified residue in red) with
3.13 ug:-mL~ Sap9. The values on each fragment indicate the signal for the fragment relative
to the signal for an internal standard. Fragments with signals greater than 0.01 relative to the
standard are shown. The relative signal is the mean with standard error (/7= 3).
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Fig. 4.

Relative mass spectrometry signal intensity of intact peptide (gray) and peptide fragments
produced by incubation of parent Hst-5 and Hst-5 variants (modified residue in red) with
6.25 pg-mL~1 Sap2. The values on each fragment indicate the signal for the fragment relative
to the signal for an internal standard. Fragments with signals greater than 0.01 relative to the
standard are shown. The relative signal is the mean with standard error (/7= 3).
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Antifungal activity of parent Hst-5 and the Hst-5 variants. Serially diluted peptides were
incubated with (A) 2.5x10° cells-mL~1 or (B) 2.5x107 cells-mL~1 C. albicans for 30 min at
30 °C. Error bars represent standard error of the mean (/7= 6). MICsgq values for the peptides

are provided.
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Antifungal activity of parent Hst-5 and the Hst-5 variants following incubation with Sap 9
and Sap2. The peptides (150 pg-mL-1) with (A) Sap9 (6.25 pg-mL~1) and (B) Sap2 (18
pug-mL~1) were incubated for 2 h at 37 °C. Samples were serially diluted and incubated with
2.5x10° cellsmL~t C. albicans for 30 min at 30 °C. Error bars represent standard error of

the mean (7= 6).
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Fig. 7.

Dggradation of parent Hst-5 and Hst-5 variants by purified (A) Sap9 and (B) Sap2. The
peptides (150 pg-mL~1) and Saps (6.25 pg:-mL~1 Sap9 and 18 pug-mL~1 Sap2) were incubated
for 2 hat 37 °C in 1 mM NaPB. Samples were run on a gel to separate the intact peptide and
peptide fragments. The amount of intact peptide was quantified by densitometry to compare
the amount of intact peptide (upper band) to the peptide fragments. Error bars represent
standard error of the mean (/7= 3). The number of asterisks indicates the level of statistical
significance against parent Hst-5 incubated with the Saps: * for p< 0.05 and **** for p<
0.0001. The lower band in the Hst-5 control lane in (B) is due to Coomassie dye.
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Fig. 8.

Sample mass spectroscopy spectra. (A) Annotated electron-transfer and higher-energy
collision dissociation (EThCD) spectrum of intact Hst-5. (B) & (C) Representative
deconvoluted full scan mass spectra of Hst 5 (B) and K17R (C) after incubation with 3.13
pg-mL~1 Sapo9.
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Variants of Hst-5 with arginine or leucine substitutions at lysine residues.

Table 1.
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Peptide

5 6 7 8 9 10 11

Sequencea

12

13

14

15

16

17

18 19 20 21

2 23 24

Hst-5 D
K5R -
K5L -
K11R -
K11L -
K13R -
K13L -
K17R -
K17L -

R

aDash indicates residue was unchanged from the parent Hst-5.
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