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Abstract

Histatin 5 (Hst-5) is an antimicrobial peptide with strong antifungal activity

against Candida albicans, an opportunistic pathogen that is a common cause

of oral thrush. The peptide is natively secreted by human salivary glands and

shows promise as an alternative therapeutic against infections caused by

C. albicans. However, Hst-5 can be cleaved and inactivated by a family of

secreted aspartic proteases (Saps) produced by C. albicans. Single-residue sub-

stitutions can significantly affect the proteolytic resistance of Hst-5 to Saps and

its antifungal activity; the K17R substitution increases resistance to proteolysis,

while the K11R substitution enhances antifungal activity. In this work, we

showed that the positive effects of these two single-residue modifications can

be combined in a single peptide, K11R–K17R, with improved proteolytic resis-

tance and antifungal activity. We also investigated the effect of additional

single-residue substitutions, with a focus on the effect of addition or removal

of negatively charged residues, and found Sap-dependent effects on degrada-

tion. Both single- and double-substitutions affected the kinetics of proteolytic

degradation of the intact peptide and of the fragments formed during degrada-

tion. Our results demonstrate the importance of considering proteolytic stabil-

ity and not just antimicrobial activity when designing peptides for potential

therapeutic applications.
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1 | INTRODUCTION

Oral thrush is an infection commonly observed among
HIV-positive patients, and a common culprit of the infec-
tion is the commensal organism Candida albicans. Human
saliva contains antimicrobial peptides, including histatin 51

(Hst-5) (Figure 1), that can prevent the proliferation of the

opportunistic pathogen.2 Hst-5 is one of the 12 histatins
secreted by the parotid and submandibular glands,3 and, of
these histatins, the 24-mer Hst-5 has the strongest antifun-
gal activity against C. albicans.3,4 HIV-positive patients
have a reduced level of Hst-5, and the low level of the pep-
tide is hypothesized to play a role in the increased suscepti-
bility of the HIV-positive population to infection.5 The
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native antifungal activity of Hst-5 in human saliva high-
lights its promise as a therapeutic peptide to target oral
C. albicans infections.

Although the antifungal activity of Hst-5 is well
known, its exact mechanism of action in the cell is still
debated. Once actively transported into the fungal cell,
the peptide causes an ion imbalance and cell volume loss
that leads to eventual cell death.6,7 To understand how
properties of Hst-5 affect its antifungal activity, studies
over the last three decades analyzed the peptide through
a number of residue modifications,8–11 peptide
truncations,12–14 and residue substitutions in the trun-
cated peptide.13–15 Peptide truncation studies proposed
that Residues 4–1512 or 11–2413 are the minimal antifun-
gal fragment of the peptide (Figure 1). Meanwhile, the
residue substitution studies suggest that the tendency to
form an α-helical structure is not vital for the antifungal
activity of the intact peptide, but the charge of a modified
residue is important.13–15

While the antifungal activity and native presence of
Hst-5 make the peptide attractive as an antimicrobial agent,
the peptide faces challenges due to its susceptibility to prote-
olysis by enzymes released by pathogens. In particular, Hst-
5 is cleaved by some of the 10 secreted aspartic proteases
(Sap1-10) produced by C. albicans.16,17 Most of the Saps are
fully secreted into the extracellular space (Sap1-8), while
two of them (Sap9-10) are either bound to the cell mem-
brane via a glycosylphosphatidylinositol (GPI) anchor
or GPI proteins.18 Proteolytic target studies using antimicro-
bial peptides,16,17,19 peptide libraries,18,20–22 and a protein
library23 indicate that, generally, Saps have a preference for
basic amino acids or large hydrophobic amino acids at the
cleavage sites.20–22 A caveat of the synthetic libraries gener-
ally used in such studies, however, is that they are often
composed of random sequences of peptides that may not
exist as part of a protein or cell with which the Saps may
interact. Furthermore, the studies do not relate the cleavage
to the functionality of the peptide. Hst-5-specific studies rev-
ealed the presence of lysine residues at most of the proteo-
lytic sites cleaved by Saps.16,17 Bochenska et al. conducted a
study of proteolysis of Hst-5 over time and showed that, for
a majority of the Saps, the peptide is first cleaved between
residues K17 and H18.17 In our previous work, we showed
that substitution of K17 to arginine significantly enhances
the peptide's resistance to degradation at the site by Sap9,

Sap2, and whole C. albicans cells without reducing the anti-
fungal activity of the peptide.24 Our results demonstrated
the potential of using residue modifications to improve the
proteolytic stability of Hst-5 and motivate evaluation of
additional Hst-5 modifications to inhibit proteolysis by fun-
gal proteases and improve the design of antifungal peptides.

In this study, we further investigated the effect of resi-
due modifications on the antifungal activity of Hst-5 and its
proteolysis by Saps, including the kinetics of proteolysis. We
explored addition or removal of a negatively charged resi-
due and showed the effect can be beneficial or detrimental
to both proteolytic resistance and antifungal activity. Along
with single residue mutations, we also combined two previ-
ously studied mutations (K11R and K17R) into one peptide
variant to bring together the effect of modifications that
improve antifungal activity (K11R) and increase proteolytic
resistance (K17R).24 Our results show that the combined
effects of individually beneficial modifications can further
improve Hst-5 and reveal the kinetics of proteolysis of Hst-5
variants. These results will guide future peptide designs to
improve the therapeutic potential of Hst-5 and other anti-
fungal peptides.

2 | RESULTS

In our previous work, we discovered that a single residue
substitution from a positively charged lysine to a posi-
tively charged arginine or uncharged leucine can signifi-
cantly increase the resistance of Hst-5 to proteolysis by
Saps or enhance the peptide's antifungal activity.24 In this
work, we explored the effect of additional modifications
to the peptide on its proteolytic susceptibility and anti-
fungal activity (Table 1).

To determine whether the enhancements seen with
single amino acid modifications can be combined to
achieve further enhancement, both K11 and K17 were
substituted to arginine (K11R–K17R). The K11R modifi-
cation alone leads to enhanced antifungal activity, and
the K17R modification alone leads to enhanced resis-
tance to proteolysis.24 We hypothesized that a peptide
containing both modifications would combine these two
beneficial properties.

Since our previous Hst-5 variants explored effects of
substitutions at a positively charged residue, here we
investigated the role of the negatively charged E16 resi-
due on the peptide's properties. The E16 residue was cho-
sen since the glutamic acid at the site is the only
negatively charged residue that is part of one of the pro-
posed minimal antifungal fragments of Hst-5 (Residues
11–2413). To test the role of the negatively charged resi-
due in the robustness and the activity of Hst-5, we modi-
fied the residue to a positively charged arginine (E16R) or

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 
Antimicrobial fragment

Antimicrobial fragment

FIGURE 1 Hst-5 sequence with reported antimicrobial

fragments noted
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an uncharged leucine (E16L) (Table 1). The E16 residue
is also next to the K17 site where, previously, the substi-
tution to arginine or leucine significantly enhanced the
peptide's resistance to Saps.24 Therefore, we expected that
its modification would impact the peptide stability or
activity.

Hst-5 is a highly positively charged peptide, and the
charge may play a role in its recognition by Saps and its
mechanism of action within the cell. Thus, we investi-
gated the effect of decreasing the charge of the peptide
with a K13E substitution. The K13 residue is part of the
proposed active fragments of the peptide, and we previ-
ously found its modification to a positively charged argi-
nine or an uncharged leucine leads to a Sap-dependent
effect on proteolysis.24 While the K13L substitution
increased resistance to degradation by Sap2, the same
modification dramatically increased degradation by Sap9,
and degradation by both Sap2 and Sap9 was increased for
the K13R modification. Tsai et al. previously reported
that the K13E substitution results in reduced antifungal
activity,9 but the effect of the substitution on proteolysis
was not explored. To further probe the effect of charged
residues at the K13 site, we also included the K13H
modification.

2.1 | Modified peptides show a wide
range of susceptibility to proteolysis

The effect of the amino acid modifications on the proteo-
lytic susceptibility of Hst-5 was evaluated by incubating
Hst-5 and its variants with purified, recombinant Sap9
and Sap2 as well as the supernatant of C. albicans culture
and intact C. albicans cells (without supernatant). The
culture supernatant and cells were used to study the pro-
teolytic effect of native, fully secreted Saps and anchored
Saps, respectively, on the peptides. The intact peptide
and degradation products were separated via gel electro-
phoresis and the level of degradation was quantified
through densitometric analysis of Coomassie-stained gels
(Figure 2, Figure S1).

As we hypothesized during the peptide design, the
double-substituted peptide K11R–K17R showed signifi-
cantly enhanced resistance in all the conditions tested.
With recombinant Saps, only 37% of the parent Hst-5
remained, while over 88% of intact K11R–K17R peptide
remained after incubation with Sap9 (Figure 2a), and no
detectable level of degradation was observed with Sap2
(Figure 2b). Incubation with culture supernatant and
intact C. albicans cells showed a similar increase in resis-
tance to proteolysis. Over 74% and 81% of intact K11R–
K17R peptide remained after incubation with culture
supernatant and intact cells, respectively (Figure 2c,d); inT
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contrast, only 54% intact Hst-5 remained after exposure
to the cells and no detectable amount of intact peptide
was measured in culture supernatant samples. The
robustness of the K11R–K17R in all four conditions
shows that the addition of the K11R substitution does not
diminish the proteolytic resistance we originally discov-
ered with the K17R substitution.24

Removal of a negatively charged residue and modifi-
cations at the E16 residue had mixed effects on the sus-
ceptibility of the peptides to proteolysis. While the E16R
modification enhanced resistance to Sap2 (60% intact
peptide, Figure 2b), significantly more degradation com-
pared to unmodified Hst-5 occurred after exposure to
Sap9 (16% intact, Figure 2a) or whole cells (27% intact,
Figure 2d). Removal of the charge at this site with the
E16L substitution had a deleterious impact on proteolytic
stability; the peptide was more degraded in all cases
except with culture supernatant, which was inconclusive.
The modifications at the K13 site led to a degradation
pattern similar to the one for the E16R substitution. After
exposure to Sap2, the K13H and K13E peptides retained

an amount of intact peptide comparable to Hst-5; how-
ever, these variants were completely degraded by Sap9.
The K13E peptide was more susceptible to C. albicans
cells, as it showed a significant decrease in the level of
intact peptide compared to Hst-5, while K13H showed no
difference compared to the parent peptide. In general,
both removal of an existing negative charge at the E16
site or addition of one at K13 site had a negative impact
on the peptide proteolytic stability in the presence of Saps
and C. albicans cells.

Overall, all the tested variants of Hst-5 showed a devi-
ation from the results for Hst-5 in at least one of the con-
ditions tested. The levels of intact peptide remaining after
incubation with whole C. albicans cells more closely mir-
rored incubation with Sap2 rather than Sap9, despite
Sap9 being the anchored Sap. It should be noted, how-
ever, that other Saps are present during incubation with
culture supernatant and whole C. albicans cells. Further-
more, the concentration of Saps in the supernatant sam-
ples may be higher than those in the cell samples, since,
to ensure sufficient presence of Saps, the cultures used to
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collect the supernatant were grown for a longer time than
the cultures used to harvest cells. Consequently, some of
the degradation is likely due to Saps other than Sap2 or
Sap9. Removal or addition of negatively charged residues
also appears to play a role in the susceptibility of the pep-
tides to Saps, but the variability of the effect on degrada-
tion of the two Saps highlights the differences in cleavage
of peptides by Saps.

2.2 | Amino acid substitutions shift
cleaved fragment abundance

The gel electrophoresis analysis presents the changes to
the susceptibility of Hst-5 to proteolysis due to the amino
acid substitutions but does not indicate where cleavage
occurs. To discern the impact on the cleavage sites and
relative amount of the fragments produced, the peptides
were analyzed with capillary electrophoresis-mass spec-
trometry (CEMS) after incubation with the recombinant
Saps. We tested the variants E16R, E16L, and K11R–
K17R, in addition to Hst-5, as they showed the most vari-
able susceptibility to the purified Saps and C. albicans
cells compared to parent Hst-5 and to each other. The
peptide MRFA was added to each sample as an internal
standard prior to CEMS. The abundance of each intact
peptide or its fragments was quantified by looking at the
area of the peak for each peptide in the electrophoreto-
gram relative to the peak area for the internal standard in
the electrophoretogram (Figure S2). Fragments with a
relative abundance of ≥0.01 compared to the MRFA sig-
nal are depicted in Figure 3. Other fragments detected at
a lower level are listed in Figure S3.

For the relative abundance of intact peptide, the mass
spectrometry results are consistent with the gel electro-
phoresis results for both Saps. The intact peptide was one
of the most abundant peptides following incubation of
the E16R peptide with Sap2 and the K11R–K17R peptide
with Sap9 and Sap2 (Figure 3). The same samples showed
enhanced resistance to proteolysis in the densitometry
analysis of the electrophoresis gels (Figure 2a,b). The
E16L peptide also followed the gel electrophoresis result
in that, after incubation with either Sap, almost no intact
E16L peptide was detected.

In addition to eliciting a shift in the signal of intact
peptide, the E16R and E16L substitutions also led to a
shift in the relative abundance of other fragments. While
Hst-5 and K11R–K17R produced fragments from cleavage
at the K13 site (e.g., fragments with Residues 13–24 and
14–24), these fragments were less prevalent in the E16R
and E16L peptides. In fact, we detected no significant
cleavage around the K13 residue of the E16R peptide in
either Sap sample. For the E16L peptide, only the

fragment from cleavage on the C-terminal side of residue
K13 was detected at a high level.

The degradation pattern for the K11R–K17R variant
was quite different from Hst-5 and the other variants.
Unlike the other variants, the most abundant peptide
following cleavage of K11R–K17R by either Sap9 or
Sap2 was the intact peptide, and substantially lower
levels of cleavage fragments were detected. The lack of
a significant signal from the fragment with Residues
1–17 after incubation with either Sap indicates that sig-
nificantly less cleavage occurred at the K17 site. The
outcome is consistent with our prediction during design
of this peptide, since the individual K11R and K17R
substitutions previously reduced degradation at the K17
site.24

2.3 | Modifications modulate the rate of
proteolysis by Sap9

The mass spectrometry analysis demonstrates that the
residue substitutions affect the abundance of the intact
peptides and fragments of the peptides after exposure to
the Saps for 2 hr. End-point comparison of fragments at
only one incubation duration, however, does not fully
capture the effect of residue substitution on the interac-
tion of a peptide with a Sap enzyme. To gain more insight
into what occurs during the 2 hr incubation period, a
kinetic study was conducted with Sap9. We chose to use
Sap9 in this study, because it had a more significant effect
on the degradation of Hst-5 variants than Sap2. The pep-
tides Hst-5, E16L, and K11R–K17R were incubated with
Sap9 for 5, 30, and 120 min and analyzed with CEMS.
For controls at 0 min, Sap9 that was first inactivated with
heat was added to the peptide samples.

Each of the tested variants showed a unique pattern
of degradation kinetics (Figure 4). Continuous depletion
of Hst-5 (Figure 4a) and E16L (Figure 4c) occurred
throughout the experiment, while intact K11R–K17R
(Figure 4e) maintained a steady presence. In the case of
the E16L variant, the rate of depletion of the intact pep-
tide in the first 5 min of incubation was significantly
faster than the other two peptides. Over 90% of the sig-
nal from intact E16L, relative to the signal at 0 min, was
lost within the first 30 min of incubation (Figure 4c),
which is significantly more loss than intact Hst-5 and
K11R–K17R for the same incubation period. By the last
incubation time point, almost no intact E16L peptide
remained while nearly all intact K11R–K17R remained.
The rapid degradation of E16L explains why almost no
intact E16L was detected in the end-point mass spec-
trometry analysis after a 120 min incubation with Saps
(Figure 3).
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The residue substitutions also affected the formation
of peptide fragments and their subsequent degradation.
The relative signal for the fragment containing Residues
1–17, along with its corresponding Residues 18–24 frag-
ment, rapidly increased for the first 30 min in the Hst-5
and E16L samples. After the 30-min time point, however,
the Hst-5 and E16L peptides show a different trend.
While the relative signal of the Residues 1–17 fragment
from Hst-5 continued to increase between 30 and
120 min, the amount of fragment formed from the E16L
peptide reached a steady state, likely because the majority
of intact E16L was already cleaved in the first 30 min of
incubation.

We observed a similar pattern for the fragment con-
taining Residues 13–24, a fragment that was observed
after proteolysis by Sap9 but not Sap2 (Figure 3). While
its abundance continuously increased in the Hst-5 and
K11R–K17R samples, this fragment increased in the first
30 min for the E16L sample and then decreased as the
fragment was subsequently further degraded, explaining
why only a low signal of the fragment was detected in
the end-point samples of E16L (Figures S3 and 4d). The
results from the kinetic study show that the modifications
to the peptides not only affect the rate of degradation of
the intact peptide, but also the fragments formed from
the degradation. Different rates of degradation lead to
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variation in the type and abundance of fragments present
at each time point, which may play a role in antifungal
activity in the presence of proteolytic enzymes.

2.4 | Selected variants have enhanced
antifungal activity

While the enhanced resistance to Saps exhibited by some of
the Hst-5 variants could indicate promise as a therapeutic,
ensuring that the modified variants retain their antifungal
activity is important. Previous work demonstrated that

substitution of a single lysine residue to arginine or leucine
at the K5, K11, K13, or K17 sites in Hst-5 does not diminish
the antifungal activity, even if the modifications lead to an
increase in proteolysis by Saps.24 Therefore, all of the cur-
rent Hst-5 variants were tested for their antifungal activity,
even if a modification led to an increase in the susceptibility
to proteolysis. To determine the antifungal activity of Hst-5
and the variants, the peptides were serially diluted and
incubated with C. albicans cells for 30 min at 30�C in
buffer. The mixtures were then diluted, inoculated into
YPD media, and grown overnight to determine the reduc-
tion in cell viability due to exposure to the peptides.
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As hypothesized during the peptide design, the K11R–
K17R modification led to enhanced antifungal activity
(Figure 5) with a minimum inhibitory concentration for
50% inhibition of growth (MIC50) of 25 μM, compared to
100 μM for Hst-5. This improvement is comparable to the
enhanced activity of the K11R modified peptide we previ-
ously observed.24 The enhanced antifungal activity of the
K11R modification was preserved in the double-substituted
K11R–K17R peptide, while gaining proteolytic resistance
from the K17R substitution.

Surprisingly, both modifications at the E16 site led to
enhanced antifungal activity despite increased susceptibility
to degradation by C. albicans (Figure 2d). The proteolysis
may not have affected the antifungal segment of the pep-
tides and suggests that for the antifungal activity, a posi-
tively charged or noncharged residue is preferred over a
negatively charged residue at the E16 site. While removal of
the negative charge at E16 enhanced the antifungal activity,
addition of a negative charge at the K13 site reduced the
activity. The MIC50 of K13E increased to 200 μM, consistent
with the decrease in activity observed by Tsai et al.9 The
positive charge at the K13 site may be more important than
the specific residue at this site, as the K13H modification
showed similar antifungal activity to the parent Hst-5. Our
results highlight the complex relationship between peptide
charge (and the specific residues present) and the antifungal
activity of the peptides. To fully understand the relation-
ship, additional studies that focus on the uptake and mech-
anism of activity of these peptides are needed.

2.5 | K11R–K17R peptide maintain
activity after exposure to Saps

Due to two possible regions of Hst-5 being identified as
the antifungal fragment of Hst-5 (Residues 4–1512 and

11–2413), the sequence of the fragments formed from pro-
teolytic cleavage is insufficient to determine if a mixture of
cleavage fragments retains antifungal activity. To deter-
mine the antifungal activity of the proteolytic fragments,
we conducted the antifungal activity assay on peptides that
we first incubated with Saps. The peptides were incubated
with Sap9 and Sap2 concentrations (6 μg/ml Sap9 or
0.2 μg/ml Sap2) that were two or four times higher, respec-
tively, than the concentrations used for the gel electropho-
resis assay to ensure the effect of proteolysis on antifungal
activity could be observed. As expected from the antifun-
gal activity assay with the intact peptides, the K11R–K17R,
E16R, and E16L peptides retained the most antifungal
activity after exposure to either Sap (Figure 6), while the
K13H and K13E modified peptides completely lost their
activity. Notably, the Sap-treated K11R–K17R peptide
retained antifungal activity similar to the untreated pep-
tide, which is higher than the untreated parent Hst-5. The
gel electrophoresis analysis of the same samples showed
that an ample amount of the intact K11R–K17R remained
(76% with Sap9 and 82% with Sap2) even after incubation
with the higher Sap concentrations (Figure S4). Based on
these results, the antifungal activity of K11R–K17R is
likely primarily from the intact peptide rather than degra-
dation fragments. Furthermore, a greater amount of the
activity is preserved in the Sap-treated K11R–K17R peptide
compared to the Sap-treated K11R and K17R single substi-
tutions reported in our previous work,24 demonstrating
the potential significance of incorporating proteolytic resis-
tance in therapeutic peptide design.

Unlike the K11R–K17R peptide, the antifungal activity
of the E16R and E16L variants following Sap incubation is
likely from the proteolytic fragments. The E16-substituted
peptides were completely degraded at the higher concentra-
tions of the Saps (Figure S4) and yet still retained a high
level of antifungal activity. Interestingly, the fragments
formed by incubation of the E16L variant with Sap9 have
greater antifungal activity than the fragments of the E16R
peptide (Figure 6), which could indicate that the E16L sam-
ple had more active fragments remaining after exposure to
Sap9 or that the E16L substitution itself provides an advan-
tage in the antifungal activity of the fragments formed. This
assay demonstrates that residue substitutions can improve
the antifungal activity of a peptide by enhancing the proteo-
lytic resistance or by producing proteolytic fragments that
maintain a higher level of activity.

2.6 | Modified peptides do not exhibit
increased cytotoxicity to mammalian cells

To investigate cytotoxicity of the variants toward human
cells, the parent Hst-5 and modified peptides were
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incubated with HEK293T cells. The percent of nonviable
cells was quantified using propidium iodide (PI) staining
and flow cytometry. PI can only enter cells when the cellu-
lar membrane is destabilized, indicating a damaged, non-
viable cell. The percent of PI-positive cells for each Hst-5
variant was compared to that of a buffer control, and no sig-
nificant differences were observed (Table 2). Additionally,
the percent of PI-positive cells for each modified peptide
was compared to that of Hst-5 and the buffer control and

no significant differences were observed (Table 2),
suggesting that the modifications do not lead to toxicity of
the Hst-5 variants.

3 | DISCUSSION

This work explored the effects of amino acid substitutions
on Hst-5, with a focus on the additive effect of combining
two individually beneficial modifications in the same var-
iant and on the addition or removal of a negatively
charged residue within the antifungal fragment. We eval-
uated the impact of the residue substitutions on the sus-
ceptibility and kinetics of Hst-5 to proteolysis by Saps
and C. albicans and the antifungal activity of the peptide.
By enhancing resistance of the peptide to proteolysis, we
aimed to create a peptide with prolonged antifungal
activity against C. albicans.

The negatively charged E16 residue affects the peptide's
resistance to proteolysis and its antifungal activity. The
E16R substitution displayed a Sap-dependent response, with
the E16R modification leading to less proteolysis by Sap2
but increased proteolysis by Sap9 (Figure 2a,b). The
increased degradation of E16R by Sap9 agrees with the
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FIGURE 6 Antifungal activity of the peptides after incubation with or without (a) Sap9 or (b) Sap2. The peptides (50 μM) were

incubated with Sap9 (6 μg/ml), Sap2 (0.2 μg/ml), or 1 mM NaPB buffer. The peptides were then serially diluted and incubated with 2.5 × 105

cells/ml C. albicans prior to analyzing viability. For each Sap, the left plot shows activity of Hst-5 and all variants after exposure to Saps. The

right plot compares the activity of Hst-5 and peptides that showed enhanced activity (E16R, E16L, K11R–K17R) before and after incubation

with Saps. The error bars indicate the standard error of the mean (n = 4)

TABLE 2 Percent nonviable (PI-positive) HEK 293T cells after

incubation with peptides

Sample PI-positive cells (%)a

1 mM NaPB 5.11 ± 1.38

Hst-5 7.22 ± 1.03

K13H 4.69 ± 1.08

K13E 6.33 ± 1.30

E16R 10.74 ± 3.65

E16L 5.25 ± 0.76

K11R–K17R 4.63 ± 0.83

aNo statistically significant difference was found between any of the peptide
variants and Hst-5 or the buffer (1 mM NaPB) control.
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previously identified preference of Sap9 for an arginine N-
terminal to lysine,22 since the E16R substitution produces
an R-K residue pair. The E16L substitution, meanwhile, led
to an increase in proteolysis by Sap2, Sap9, and C. albicans
cells. While the substitution of E16 had mixed effects on the
proteolysis of Hst-5, both modifications of the E16 residue
had a profound impact on the antifungal activity. The sub-
stitutions not only enhanced the activity of the intact pep-
tide (Figure 5) but also led to a higher level of activity
retained after exposure to Saps (Figure 6). The retention of
the activity likely comes from fragments containing the
E16R or E16L residue, implicating the residue in the activity
of the peptide. Work by Helmerhorst et al. bolsters this the-
ory, as they enhanced the activity of modified Hst-5 frag-
ments dhvar1 and dhvar2 by substituting the glutamic acid
within the fragments with lysine.15 Driscoll et al., on the
other hand, found that an E16G substitution leads to
reduced activity.8 The improved activity with arginine, leu-
cine, and lysine substitutions but worsened activity with a
glycine substitution suggests that identity of the residue at
the E16 site and the presence of a side chain plays an impor-
tant role for the antifungal activity of the peptide. Future
work could be aimed at determining if that role is during
the uptake of the peptide into the cell or in the mechanism
of the antifungal activity.

Unlike the E16 residue, substitutions at the K13 resi-
due did not lead to improvement in proteolytic resistance
or antifungal activity. The K13E and K13H modifications
did not significantly affect interactions with Sap2
(Figure 2b), but they made the peptides significantly
more susceptible to Sap9 (Figure 2a). The increased deg-
radation of K13E by Sap9 may be due to the presence of
the negatively charged glutamic acid residue on the C-
terminal side of the R12 residue. Schild et al. previously
reported enrichment of cleavage in peptides with an
acidic amino acid C-terminal to an arginine or lysine
when exposed to Sap9.22 In terms of antifungal activity,
the K13H substitution had no impact, but the K13E sub-
stitution led to a significant decrease in the activity
(Figure 5), which was also observed by Tsai et al. for the
same modification.9 The preservation of the antifungal
activity by the K13H peptide at a comparable level to
Hst-5 supports the importance of the positive charge at
this site, as suggested by Tsai et al.9 However, we previ-
ously observed reduced activity with K13R substitution,24

so the positive charge alone is not sufficient, and the
identity of the residue at this site is also important.

In addition to single amino acid substitutions, we also
investigated the additive effect of combining individual
modification that we previously showed lead to more
resistance to Saps (K17R) or enhanced antifungal activity
(K11R).24 Previous studies have combined amino acid
modifications to study the effect on antifungal activity of

Hst-5 or Hst-5 fragments,9,13 but no other work has
attempted to combine enhancements in proteolytic resis-
tance and antifungal activity. The double arginine-
modified K11R–K17R variant significantly enhanced
resistance to proteolysis by both Saps and C. albicans
(Figure 2) and showed almost no degradation around the
R17 modified residue, as expected based on our previous
study with the K17R modification.24 The antifungal activ-
ity of the intact peptide was similar to the previously
tested K11R variant,24 which was higher than the parent
Hst-5 and the K17R variant. The improvements observed
with the K11R–K17R peptide show that it is possible to
combine enhancements from individual modifications
into a single variant. Importantly, the results illustrate
that considering multiple therapeutically relevant proper-
ties concurrently is beneficial in peptide design; probing
residue modifications based on only the proteolytic resis-
tance or only the activity would have missed the discov-
ery of the more robust and active K11R–K17R peptide.
The increased resistance to proteolysis and the improved
activity of K11R–K17R, along with its minimal toxicity to
HEK293T cells, show the promising potential for
this peptide as a long-lasting therapeutic peptide. Future
work, however, is required to evaluate the resistance of
the modified peptide to human proteases and, if needed,
further design the peptide to enhance its resistance to the
human proteases.

The kinetic study on the interaction of Sap9 with Hst-
5, E16L, and K11R–K17R revealed that the residue sub-
stitutions do indeed affect the kinetics of proteolysis
(Figure 4). While a kinetic degradation study on Hst-5
has been done with Saps17 and with whole saliva,25 no
previous work explored the effect of amino acid substitu-
tions on the kinetics. The initial degradation of Hst-5 and
the E16L variant led to rapid accumulation of the degra-
dation fragment with Residues 1–17, suggesting that the
first cleavage of the peptides occurs C-terminal to the
K17 residue. Bochenska et al. observed a similar initial
rapid accumulation of the same Hst-5 fragment during
incubation with Sap9.17 However, they recorded a
decrease of the fragment after 30 min,17 whereas the frag-
ment accumulated throughout the incubation period in
the current study. The difference in degradation is likely
due to the enzyme:substrate ratio, buffer, and pH differ-
ences between the studies. For the E16L variant, the Resi-
dues 1–17 fragment reached a steady state level
(Figure 4c) after 120 min of degradation, while the abun-
dance of the same fragment continued to increase in Hst-
5. Furthermore, the Residues 13–24 fragment of E16L ini-
tially accumulated before decreasing in abundance, while
the analogous fragment in Hst-5 and K11R–K17R contin-
ued to accumulate. Based on these data, the residue sub-
stitutions incorporated in the variants of Hst-5 modify
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not only the degradation kinetics of the intact peptide but
also the degradation kinetics of the cleavage fragments.
Evaluating the degradation kinetics of both intact peptide
and the resulting degradation fragments is necessary to
fully understand the effect of residue modification on
proteolysis of Hst-5 and other peptides.

The modifications to Hst-5 that we studied show a
clear advantage in antifungal activity against C. albicans
compared to native Hst-5. We explored whether our mod-
ifications are among the natural variations reported in
the literature for the encoding gene in humans. Hst-5 is
generated as a proteolytic product of histatin 3 (Hst-3),
which is encoded by HST2.3,26 Multiple alleles for HST2
have been identified in people of African descent,27–29

and one of the same alleles is also present in the Japanese
population.30 However, the modifications we studied
would not be encoded by these alleles; in fact, only one
of the alleles (HST2, identified in people of African
descent) would result in an amino acid mutation (R22Q)
in the corresponding Hst-5 peptide.27 Thus, our beneficial
modifications to Hst-5 have not been “discovered” by
nature through evolution. A likely explanation for this is
that our modifications could reduce other beneficial func-
tions of Hst-5 or its precursor Hst-3. For example, Hst-5
has activity against other fungal pathogens, including
other Candida species and the fungus Aspergillus
fumigatus,31 and a number of bacterial pathogens, includ-
ing Streptococcus gordonii, Enterococcus faecium, Staphy-
lococcus aureus, Acinetobacter baumanni, Pseudomonas
aeruginosa, and Enterobacter species).32–34 Additionally,
Hst-3 (the precursor of Hst-5) stimulates wound
healing.35 The selective pressure related to antifungal
activity of Hst-5 against C. albicans may not have been
strong enough to overcome the selective pressures related
to these other functions. Our design focused specifically
on protease resistance and improvement in activity
against C. albicans, properties which will increase the
potential for success in our application of the peptide as
an antifungal agent targeting C. albicans. We showed
with our K11R–K17R variant that this focused set of
criteria can successfully be used to rationally design an
improved peptide antifungal agent that nature's con-
straints did not evolve.

4 | CONCLUSIONS

Our results demonstrate the importance of probing the effect
of multiple properties of interest when designing peptides for
improved therapeutic potential. We focused on proteolytic
stability and antifungal activity and showed that modifica-
tions have varying effects on antifungal activity and overall
proteolytic resistance. Furthermore, modifications that alter

proteolysis affect not only the degradation of the intact pep-
tide but its fragments as well. By considering both antifungal
activity and proteolytic resistance, we successfully designed
the K11R–K17R variant of Hst-5 that offers improvements in
both properties. The approaches and considerations used in
this study are not limited to Hst-5 and C. albicans and will
also be beneficial in engineering other antimicrobial peptides
to enhance their potential as alternative therapeutics.

5 | MATERIALS AND METHODS

5.1 | Peptides and enzymes

Hst-5 and its variants were synthesized by Genscript
(purity ≥95% with trifluoroacetic acid salt removal to
hydrochloride). Recombinant Sap2 and Sap9 (without its
GPI anchor) were expressed in Pichia pastoris and puri-
fied as described previously.18,22,36

5.2 | Degradation of peptides by Saps and
C. albicans

The extent of proteolysis of the peptides by purified Saps
was evaluated through gel electrophoresis. Hst-5 and its var-
iants (20 μl) were mixed with Saps (20 μl) in 0.5 mL micro-
centrifuge tubes to final concentrations of 50 μM peptide
and 3 μg/ml Sap9 or 0.05 μg/ml Sap2 in 1 mM sodium
phosphate buffer (NaPB). As controls, the peptides were
mixed with NaPB. Following incubation for 2 hr at 37�C,
the samples were mixed with tricine sample buffer
(200 mM Tris-HCl, pH 6.8, 40% glycerol, 2% SDS, without
Coomassie Blue G-250) containing 2% β-mercaptoethanol
and heated at 100�C for 5 min to inactivate the Saps. To
separate the intact peptide and its degradation products, the
samples were run on 16.5% Tris-tricine gels (Bio-Rad) at
60 V. The gels were fixed for 30 min in a 10% acetic
acid/40% methanol/50% water fixing solution, stained with
Bio-Safe Coomassie stain (Bio-Rad) for 1 hr, and washed
with fresh water four times. The stained gels were imaged
on a ChemiDoc MP imager (Bio-Rad). Image Lab software
(Bio-Rad) was used for densitometric analysis, where the
upper band in each lane was analyzed as non-degraded
peptide and the lower band was analyzed as the degraded
products. Degradation reactions were performed on three
different days with two replicates within each day, for a
total of n = 6.

For the study of proteolysis by C. albicans, the super-
natant of the cell culture and the cells were tested sepa-
rately. For the culture supernatant, a colony inoculation
of ATCC 90028 strain (American Type Culture Collec-
tion) was subcultured to optical density (OD600) of 0.1 in
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YPD medium (10 g/L yeast extract, 20 g/L peptone,
20 g/L dextrose) and then grown at 30�C for 17.5 hr. The
supernatant was collected, and the buffer was exchanged
to 2 mM NaPB using a 10 kDa molecular weight cutoff
column (GE). Equal volumes of supernatant and peptides
(100 μM) were mixed, incubated for 2 hr at 37�C and
boiled for 10 min at 100�C with tricine sample buffer. As
controls, the peptides were mixed with NaPB only. For
analysis of degradation by cells, a subculture of an over-
night culture of C. albicans was grown to an OD600 of
1–1.2. Cells were harvested and washed three times in
100 mM NaPB, which has a high ionic strength to pre-
vent internalization of the peptides into the cells.37

Washed cells were resuspended in the buffer and mixed
with an equal volume of each peptide to final concentra-
tions of 1 × 109 cells/mL C. albicans and 50 μM peptide.
A control containing each peptide with 100 mM NaPB
was included. After incubation for 2 hr at 37�C, cells
were removed by centrifugation, and the supernatant
was heated at 100�C for 10 min after addition of tricine
sample buffer, as done with the culture supernatant sam-
ples. Following the protocol described above for degrada-
tion by Saps, samples were run on Tris-tricine gels,
stained, and analyzed. Three replicates of culture super-
natant reactions were performed (n = 3), and the cell
degradation reactions were performed on three different
days with two replicates within each day (n = 6).

One-way ANOVA tests with α < .05 and Dunnett's
multiple comparison tests (Hst-5 sample as the control)
were performed for statistical analysis. The number of
asterisks indicates the level of statistical significance in
figures: * for p < .05, ** for p < .01, *** for p < .001, and
**** for p < .0001.

5.3 | Capillary electrophoresis-mass
spectrometry

CEMS was used to determine and quantify the fragments
formed from cleavage by Saps. Once Saps (3 μg/ml Sap9
or 0.05 μg/ml Sap2) were heat inactivated after incuba-
tion with 50 μM peptides, 25 μl of each sample was
desalted with a C-18 TopTip micro-spin column (Glygen
Corp.) following the manufacturer's protocol. Solutions
of 0.1% formic acid and 0.1% formic acid/60% acetonitrile
(ACN) were used for binding and eluting, respectively.
To each elution mixture, 1 μl of the peptide MRFA
(0.1 mg/ml) was added as an internal standard. The sam-
ples were further diluted with 0.1% formic acid before
CEMS analysis. CE separation of the degradation frag-
ments was carried out at 30 kV with an ECE-001 capil-
lary electrophoresis system (CMP Scientific, Brooklyn,
NY) using an etched capillary with PS1 neutral coating.

A CMP Scientific EMASS-II CE-MS ion source was used
to couple CE with the mass spectrometer inlet. A Thermo
Scientific Orbitrap Fusion Lumos Tribrid mass spectrom-
eter was used to acquire full mass spectra in the range of
200–1,450 m/z with resolution R = 120,000 (200 m/z).
EThcD spectra at R = 120,000 (200 m/z) with a 3 s cycle
time were recorded to identify fragments from degrada-
tion. The EThcD spectra of each sample were processed
with Proteome Discoverer (V2.1) with the Prosight PD
node to identify the degradation products. Full scan mass
spectra were deconvoluted, and the intensities of the
intact peptide, fragments, and internal standard MRFA
were analyzed with the Thermo Xcalibur 3.0 software.

5.4 | Kinetics of proteolysis

To gain an understanding of the kinetics of the interac-
tion between the peptides and Saps, a time-course study
on the proteolysis of Hst-5 and its variants by Sap9 was
performed. As described for the proteolytic study with gel
electrophoresis, a series of peptide and Sap9 mixtures
with final concentrations of 50 μM peptide and 3 μg/ml
Sap9 were prepared. Samples were incubated for 5, 30, or
120 min at 37�C and then heated at 100�C for 5 min to
inactivate Sap9. For the 0 min time point, Sap9 was first
heat inactivated and then added to the peptides. The
samples were desalted with a C-18 TopTip micro-spin
column and analyzed by CEMS as described above.

5.5 | Antifungal activity assay with
intact peptide and fragments

The antifungal activity of intact parent Hst-5 and its vari-
ants was evaluated using an optical density-based
candidacidal assay. An overnight culture of C. albicans
was subcultured and grown at 30�C in YPD media to an
OD600 of 1–1.2. Cells were harvested, washed three times
with 2 mM NaPB, and diluted to 5 × 107 cells/mL. Each
of the peptides was serially diluted (0–400 μM) in water.
Equal volumes (20 μl) of diluted cells and diluted peptide
were then mixed in a round-bottom 96-well culture plate.
As a control, an equal volume of water was mixed with
the diluted cells. After 30 min of incubation at 30�C,
320 μl of 1 mM NaPB was added to stop additional inter-
action of peptides and cells.38 Samples were further
diluted and approximately 250 cells were inoculated into
an equal mixture of YPD (100 μl) and 1 mM NaPB
(100 μl) in round-bottom culture plates. The cells were
then grown overnight at 30�C on a microplate shaker at
350 rpm. Wells with only YPD and NaPB provided the
background signal. After overnight incubation, cells in
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each well were resuspended, and the OD600 was mea-
sured. The reduction in viability was calculated as

%reduction in viability = 1−
ODwith peptide−ODbackground
� �
ODno peptide−ODbackground
� �

" #
× 100

The activity assays were performed on three different
days with two replicates within each day for a total
of n = 6.

To determine the antifungal activity of the peptides
after exposure to Saps, 50 μM of peptide was incubated
with either 6 μg/ml Sap9 or 0.2 μg/ml Sap2 for 2 hr at
37�C. After the incubation, the Saps were inactivated by
heating the samples at 100�C for 5 min. As controls, the
peptides were mixed with NaPB. The antifungal activity
of Sap-incubated samples was assessed following the
described protocol for intact peptide using a C. albicans
concentration of 5 × 105 cells/ml. Degraded peptide sam-
ples were prepared on two different days for each of the
Saps. The antifungal activity assays were performed on
two different days for each Sap sample with two repli-
cates within the same day for a total of n = 4.

5.6 | Cytotoxicity of peptides to
mammalian cells

Cytotoxicity of the peptides was assessed using PI staining
with HEK293T cells (American Type Culture Collection).
Cells were grown in 12-well tissue culture plates to 90–100%
confluency in Dulbecco's Modified Eagle Medium (DMEM)
with high glucose (ThermoFisher) that was supplemented
with 10% fetal bovine serum (FBS, ThermoFisher) and 1%
penicillin–streptomycin (10,000 U/ml, ThermoFisher). The
cell culture medium was replaced with serum-free medium
(DMEM without FBS supplementation) 16 hr prior to pep-
tide incubation. Cells were rinsed with phosphate-buffered
saline (PBS) and incubated with 1 ml of peptide solution
(200 μM in 1 mM NaPB) for 30 min at 37�C. Controls of
1 mM NaPB and ethanol were included. A solution of
250 μl of 0.25% trypsin-ethylenediaminetetraacetic acid
(Invitrogen) was used to dissociate cells from the tissue cul-
ture plate. Cells were collected by centrifugation and
resuspended in 250 μl of PBS. Immediately before loading
samples onto the flow cytometer (BD FACS Canto II Cell
Analyzer, BD Biosciences), 1 μl of 1 mg/ml PI was added.
Analysis was performed in FlowJo (FlowJo, LLC) by esta-
blishing PI-positive and PI-negative gating between the via-
ble and non-viable population peaks on the PI histogram
for the ethanol control. The cytotoxicity assay was per-
formed seven different times across four different days for
n ≥ 7. One-way ANOVA tests with α < .05 and Tukey

multiple comparison tests were performed for statistical
analysis.
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