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Abstract

Histatin-5 (Hist-5) is a polycationic, histidine -rich antimicrobial peptide with
potent antifungal activity against the opportunisti ¢ fungal pathogen Candida albicans
Hist-5 canbind metals in vitro, and metals have been shown to alter the fungicidal
activity of the peptide . The goal of this work is to gain insight into the role of metals in
the biological activity Hist -5. Toward this goal, we developed and characterized a novel
fluorescently labeled Hist -5 peptide (Hist-5*) to visualize changes ininternalization and
localization of the peptide in fungal cells as a function of metal availability in the growth
medium . Here, we provide evidence for Zn-modulated antifungal activity o f Hist-5 in
which the availability of Zn2*in the surrounding environment inhibits Hist-5 cellular
uptake and cidalit y. Cellular growth assays revealed a concentratiordependent
inhibitory effect of Zn2*on Hi st-5 antifungal activity . Imaging by confocal microscopy
showed that equimolar concentrations of Zn2+kept the peptide localized along the cell
periphery rather than internalizing, thus preventing cytotoxicity and membrane
disruption. We found that modulat ion of extracellular Zn 2* concentration by metal
chelating molecules or proteins reversed Zn-induced surface adhesion of Hist-5, leading
us to propose adynamic role for Zn2+as an inhibitory switch to regulate Hist -5
fungicidal activity. We next present data to support the hypoth esis that Hist-5 interacts

with intracellular Cu to increase the fungicidal activity Hist -5. Combined fluorescence



spectroscopy and microscopy experiments showed reversible Cu-dependent quenching
of Hist -5* fluorescence, indicating a direct interaction between Hist -5 and intracellular
Cu. X-ray fluorescence microscopy images revealed peptideinduced changes to cellular
Cu distribution and cell -associated Cu content. Finally, we present progress towards
expanding the scope in which w e understand and assess Hist5 biological activity by
investigating the activity of the peptide under biologically relevant conditions and

testing its fungicidal activity against other fungal species.
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1 Introduction

1.1 Antifungal Drug Resistance

Antimicrobial drug resistance continues to pose a significant risk to human
health. In 2019,the Centers for Disease Control and Prevention (CDC) reported that
drug resistant bacteria and fungi cause roughly 2.8 million infections each year in the
United States, resulting in over 35,000 deaths® 2While antibacterial drug resistan ce has
been a primary areaof concern,?5 antifungal drug re sistance & alsoon the rise. Candida
aurisil EUWET 1| OWOEET Ol EwWEOwW?UUT 1 OUwUT Ul EU?2 wEAwWUOT T w"
from 2015¢ 2018! Candidaspecies are a leading cause of nosocomial infection
worldwide and drug resistant CandidaU I x U1 UU 1OUBUGE WPl kb piiializEdD 2
patients causing bloodstream infections that result in a 25% mortality rate.t ¢ 7Candida
albicang(C. albican¥is an opportunistic fungal pathogen that is the primary cause of
invasive candidiasis and bloodstream infections.t ¢ Although C. albtanstypically exist as
a commensal organismin the microbiome of healthy individuals , they can become
pathogenic as a consequence of immune suppression in the hosé ° The most vulnerable
populations at risk of developing these types of invasive fungal infections are
immunocompromised individuals, such as, people living with AIDS, individu als
infected with COVID -19, cancer patients receiving chemotherapy, and those undergoing

immunosuppressive therapy for organ tr ansplantation. ¢ 10



Treatment of invasive fungal infection s has traditionally relied on four major
classesof antifungals: polyenes, flucytosine, azoles,and echinocandins.2 7.%11 The oldest
classes of antifungal drugs are polyenes and flucytosine, discovered in the 1950s, these
two antifungal agents are often used together to treat severecryptococcal meningitis .1t 12
Polyeneshbind ergosterol in the cell membrane causing pore formation and membrane
lysis,” @ owhi le pyrimidine analogues, such as, flucytosine inhibit DNA and RNA
synthesis.® 1©* Amphotericin B, a member of the polyene class of antifungals,is generally
considered a last line of defense againstlife -threatening fungal infections due to its high
toxicity in host cells.®3 The azole classof antifungals were first introduced in the 1980s
and are now considered a first line of treatment against fungal infections. 't Azoles work
by targeting the cell membrane and inhib iting ergosterol biosynthesis, leading to a
buildup of toxic sterols in the membrane.” %11 The most recently introduced class of
antifungals are echinocandins; with the first drug, caspofungin, gaining Food and D rug
Administration approval in 2001.24 Echinocandins inhibit cell wall biosynthesi s by
preventing production of ¢-1,3 glucans, a critical structural component in the fungal cell
wall. 7.9 10

Currently, there are reported fungal strains that exhibit resistance to each class of
antifungal drug, with some organisms possessing multidrug r esistance! 11 Drivers of
antifungal drug resistance parallel those of antibacterial drug resistance, including

widespread overuse of antifungals in patients , live stock, and agriculture .4.7.10



Additionally, drug target alteration is the primary mechanis m of antifungal resistance
tow ards polyenes, azoles, and echinocandinstt The limited arsenal of currently available
antifungal drug options combined with the lack of discovery of new classes of
antifungals or drug targets has exacerbated the rise of antitingal drug resistance. Thus,
there is anurgent need for novel therapeutic agents and strategiesto combat the

growing number of fungal infections .

1.2 Antimicrobial Peptides

Antimicrobial peptides are a diverse class ofnaturally occurring peptides that
are an important part of the innate immune system.251” The production of antimic robial
peptides hasbeen reported in many different types of organisms including mammals,
plants, insects, fish, amphibians, and microorganisms. ¢ These peptidestypically range
from 10¢ 60 amino acids in length and exhibit a net positive charge of approximately
+3.3215. 16 Antimicrobial peptides have a range of functions, display ing potent antiviral,
antifungal, and antibacterial activity .1517 Additionally, they have been shownto be
effective against microbial biofilms as wells as drug resistant pathogens, making these
peptides promising candidates in the search for new antimicrobial agents and drug
scaffolds.1®

One of the major advantages forthe use of antimicrobial peptides over more
traditional drug clas ses isthat the targets of antimicrobial peptides are thought to be less

prone to developing resistance.t”1? Antimicrobial peptides exert their biological activity



through three general mechanisms: membranedisruption , inhibi tion of intracellular
targets, and recruitment of host immune cells. 1618 There are three proposed models of
membrane permeabilization by antimicrobial peptides: the toroidal pore model, the
barrel-stave model, and the carpet model.'5 6. 18These membrane targeting models rely
on eledrostatic interactions between cationic antimicrobial peptides and the negatively
charged bacterial or fungal cell membrane which allows these peptides to selectively
target microbial cells, causing membrane lysis and cell death.*> The ability of
antimic robial peptides to inhibit such a wide variety of intracellular targets including
cell division, p rotease activity, protein biosynthesis, cell wall biosynthesis, and nucleic
acid biosynthesis has made it difficult for microbia | pathogens to develop effective
resistance mechanismsté 1820 | gstly, antimicrobial peptides may operate as
immunoregulatory molecules that can recruit and activate host immune cells during
infection. 182

In addition to exhibiting antimicrobial activity through a variety of pathwa ys,
coadministration of antimicrobial peptides with a conventional antibiotic or antifungal
drug have also shown promise as therapeutic strategies.'® 22Synergistic combinations of
peptides and already approved antimicrobials are an attractive option as they are
suggested to be even less susceptible to resistance development than the use of
antimicrobial peptides alone. 18 22Furthermore, synergistic treatments have been shown

to overcome antibiotic resistance, suggesting thatthese antimicrobial peptide -drug



combinations may be used to reinvigorate previously ineffective antimicrobials against

drug resistant pathogens 22 23

1.3 Histatin Family of Antimicrobial Peptides

Histatins are a family of antimicrobial peptides that are produced in the
submandibular and parotid glands of higher primates and secreted in saliva.2* First
isolated in 1988 by Oppenheim et al, histatins earn their name from the histidine -rich
peptide sequences that comprise the family. The histatin family of pep tides is comprised
of twelve related peptides stemming from two full -length parent proteins histatin -1 and
histatin-3 encoded by two constitutively expressed genes,HIS1 and HIS2, respectively.?:
26 The last 26 residues from the Gterminal of histatin -1 form histatin-2 and histatins 4 ¢
12 are all derived from histatin -3 via proteolytic cleavage of histatin -3 by salivary
proteases during secretion into the oral cavity .25 27Of these histatin peptides, histatin-5
(Hist-5) is the most alundant peptide found in saliva at concentrations of 15¢ 30 uM.28
The sequence of Hist5 encompasses the first 24 amino acids of histatin3,
DSHAKRHHGYKRKFHEKHHSHRGY ( Figure 1.1), contains sevenhistidine residues,
and has a net positive charge of 45 at neutral pH. 24 25.27Hist -5 exists in a random cail
conformation in aqueous solutions and will adopt an alpha -helical conformation in

organic solvents.2%31
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Figure 1.1: Sequence of Histatin -5 with Cu and Zn binding sit es identified .

Histatins 1, 3, and 5 allexhibited fungic idal activity against the fung al pathogen
C. albicang* however, Hist -5 proved to be the most active antifungal peptide of the
histatin family, killing cells at concentrations between 1.7and 10 uM.32 Due to its potent
candidacidal activity, interest in Hist-5focused on its potential as a therapeutic
treatment for immunocompromised patients infected with oropharyngeal candidiasis,
oral thrush. Additionally, Hist -5 was shown to play a role in preventing oral candidiasis
in HIV -positive indivi duals and those with lower levels of Hist -5 in saliva were more
susceptible to colonization of the oral cavity by C. albican$?®Hist-5 hasalso shown some
antibacterial activity, 34 as well as broad-range fungicidal activity against a number of
fungal pathogens includin g Cryptococcus neoforman&spergillus fumigatus Candida
tropicalis Candida aurig38 Of particular interest are the reports of drug resistant fungal
strains being susceptible to Hist-5 cell killing. Hist-5 effectively inhibited cell viability in
amphotericin B-resistant A. fumigatus and Candidaspecies andfluconazole-resistant C.

auris.36 38



Although the antifungal activity of Hist -5 has beenreported on for decades the
precise mode of action of the peptide hasyet to be fully defined. The highly cationic
nature of Hist-5 combined with its adoption of alpha -helical secondary structure in the
presence of model membranes led researchers to hypothesize that Hist5 candidacidal
activity targeted the fungal cell membrane for pore formation and membrane | ysis, as is
common with many p olycationic antimicrobial peptides. 24303t However, research has
suggested that membrane lysis is not the cause of cell death but may be a result ofHist-5
exposure 2 40Hijst -5 has been reported to enter the cell viatransport-mediated uptake of
the peptide.4° Cell wall heat shock proteins Ssal and Ssa2 bind Hist5 guiding the
peptide to fungal polyamine transporters Dur3 and Dur31 for direct transport of the
peptide across the cell membrane into the cytosol4-45 Treatment of fungal cells with
Hist-5 has resulted in cell cycle arrest, volume dysregulation, generation of reactive
oxygen species,efflux of ATP and additional small molecules, and loss of mitochondrial
transmembrane potential.“¢51 The mitochondria has beenproposed as an intracellular
target of Hist-52 however the event that causes cdl death remains unknown.

Another key aspect ofHist-5 antifungal activity involves understanding the role
of metals in this process. Hist-5 possesses several metal binding motis with which it can
bind metal ions at varying affinities (Figure 1.1). The first three residues at the amino
terminal of Hist -5 form an amino-terminal Cu(ll)/Ni( II)-binding motif (NH 2XXH).5355

Two sets of adjacent histidine residues form bis-His sites with which Hist-5 canbind Cu*



and Zn# is putatively bound at the HEXXH site. 535 M etal supplementation has been
shown to affect the fungicidal activity of Hist -5. Supplemental Cu?* potentiates the
candidacidal activity of the peptide,> while addition Fe**was shown to decrease its
killing activity. 6 However, the effects of Zn?* on Hist-5 antifungal activity are more
varied.5%%8 Although metals have been shown alter the fu ngicidal activity of Hist -5, the
direct role of metal binding in that interaction has not been fully estalished. In addition
to the fundamental desire to understand how metals affect the antifungal mode of action
of Hist -5, the potential involvement of metals in this activity may also have a therapeutic
benefit of decreasing the likelihood of microbial resistance development to the peptide.5®
60

The work presented here provides insights into the role of copper and zinc on
the uptake and antifungal activity of Hist -5. Throughout these chapters we utilize a
combination of imaging method s, fluorescence spectroscopy, and cellular growth assays
to study how Hist -5 uptake and fungicidal activity are affected by metal
supplementation. In Chapter 2 we show that Zn2* supplementation inhibits Hist -5
internalization and antifun gal activity. Next, in Chapter 3 we present evidence of a
direct interaction between Hist -5 and intracellular Cu that increases the increases the
fungicidal activity of the peptide. Then in Chapter 4 we delve further into how specific
amino acid residues involved in Hist -5 Zn-binding contribute to the Zn -modulated

biological activity reported in Chapter 2.In Chapter 5 we investigate mechanisms of



Hist-5 internalization in dilute phosphate buffer and biologically relevant conditions.
Finally, in Chapter 6 w e present preliminary data showing that the metal-modulated

activity of Hist -5 is conserved betweentw o fungal species.



2 Zinc Binding Inhibits Cellular Uptake and Antifungal
Activity of Histatin-5 in Candida albicans?

2.1 Background and Significance

Histatin -5 (Hist-5) is ahistidine -rich peptide that is naturally produced in the
salivary glands of higher primates as a part of the innateimmune system.2*
Antimicrobial activity of Hist-5 has been reportedagainst a variety of bacterial and
fungal species including the opportun istic fungal pathogen, Candida albicanéC.
albican$.24. 29.32.61. 62Fyngal heat shock proteins Ssal and Ss2 have been identified as cell-
surface receptorsfor Hist -5, with subsequent intracellular translocation utilizing
polyamine transporters Dur3 and 31.4%45 Once internalized, Hist-5 treatment ultimately
leads to cell cycle arrest, volume dysregulation, formation of reactive oxygen species,
and nonlytic efflux of ATP and other cytosolic small molecules and ions.#651 While much
is known about the antifungal outcomes of Hist-5 on C. albicansthe mechanisms of Hist -
5 activity are not fully established . Of particular interest to us is how me tal ions
potentiate the mode of action of Hist -5.

The amino acid sequence ofHist -5 possesses severametal-binding motifs
capable of binding ions of multiple oxidation states of copper (Cu*2¥), iron (Fe2*3%), and

zinc (Zn#) with varying affinities .53%6.63\We have shown previously that c o-

1 Reproduced in part with permission from Campbell, J. X.; Gao, S.; Anand, K. SEranz, K. J. Zinc Binding
Inhibits Cellular Uptake and Antifungal Activity of Histatin -5 in Candida albicans. ACS Infect Dis2022 8
(9), 19201934. Copyright © 2022 American Chemical Society.
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administration of Cu?*salts with Hist -5 improved its candidacidal activity , while
addition of Fe*decreasal its activity .55 56 Reports on the effects of Zn2+on the activity of
Hist-5, however, have been varied and seemingly contradictory .

Hist-5 has been reportedto bind up to two equivalents of Zn?*, one of which is
putatively atthe HEXXH site, a prominent zinc -binding motif found in larger
metalloprot eins.53 54.56.685 Zn 2+ pinding has been reported toinduce conformation al
changes in Hist-5, favoring alpha-helical secondary structure and promoting
dimerization and aggregation under some conditions .57. 6668 \While some studies suggest
that Zn2+ hasllittle to no effect on Hist-5 activity ,5¢ others claim Zn2* causes a decrease in
the antifungal activity of the Hist-5 derivative, P113% A recent study by Norris et al.
reported an increase in Hist-5 antifungal activity at a 2:1 atio of peptide to Zn2+5” The
authors subsequently followed up this study by showing that Hist-5+Zn2+treatment not
only promotes fungicidal activity but also has a role in maintaining commensalism of C.
albicansn the oral cavity .58 While these studies suggest arole for Zn2+*in modulating the
effects of Hist-5 on C. albicansthe overall response remains unclear andcontradictory .55
57,69

Concentrations of Hist-5 and Zn2*in saliva are dynamic ranging from 0.7¢ 30 uM
for Hist -5%3. 72and 0.0001t 155uM for Zn2+7:73 These levels aresubject to change based
on a number of factors including age, diet, and health of the individual .28 .72 7476

Probing how Hist -5 operates across a dynamt range of Zn2* availability may be

11



important for gainin g acomprehensive understanding of its effect in modulating Hist-5
activity . In this study, we therefore set out to evaluate the activity and localization of
Hist-5 againstC. albicansn liquid cultu re across a range ofphysiologically relevant
peptide and Zn2* concentrations. Our r esults demonstrate that increasing Zn2+
supplementation negatively affects Hist -5 antifungal activity. By using a novel
fluorescent Hist-5 analogue, Hist-5* we show that increasing the Zn?* concentration
promote s Hist-5 surface adhesion but inhibits peptide uptake into the cytosol.
Furthermore, modulation of Zn2+availability by extracellular metal -binding molecules
reverses this Zn2?+inhibitory effect to recover Hist-5 cellular uptake and membrane
disruption . These findings lead to a model in which th e availability of Zn2*may regulate

the biological activity of Hist -5.

2.2 Results
2.2.1 Design and Characterization of a Fluorescent Hist-5 Analogue

Metal availability and metal bindin g have a profound impact on Hist -5 structure
and activity ,””. 8making retention of those properties crucial when developing modified
Hist -5 peptides for study. Previous studies have utilized fluorescein or rhodamine to
label Hist -5 to study peptide uptake and intracellular targets .52 72However, these
labeling strategies conjugate the fluorophores at the N -terminus of the peptide , which
would disrupt one of the recognized metal -binding sites of Hist -5, specifically the

amino-terminal Cu 2+, Ni2*binding site. For our peptide design of Hi st-5* we opted for

12



lower molecular weight fluo rophores incorporated along the Hist-5 sequencewithout
disrupting metal -binding functionality. To minimize perturbations from bulky

fluorop hores, we chose tosubstitute the two tyrosine residues Y10 and Y24with
methoxycoumarin (M ca) and sulfamoylbenzofur azan (ABD) fluorophores, respectively
(Figure 2.1A). These fluorescent amino acids wereincorporated into the peptide
sequence during solid-phase peptide synthesis, either directly as anFmoc-protected
amino acid in the case of Mca, or via reaction with a unique cysteinein the case of ABD
(Figure 2.10). A doubly -labeled version of Hist-5 was chosento enable potentially
differential fluorescent response depending on metal type and binding site . Preliminary
studies showed that tyrosine fluorescence specifically from Y10 was quenched by Cu?*,
so this position was chosen for Mcainstallation. The ABD fluorophore was installed at

the C-terminus to serve as a pdential ratiometric ha ndle.

13
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Figure 2.1: Sequence and characterization of Hist -5*. (A) Sequence of Hist-5*
wherein Y10 and Y24 were replaced with methoxycoumarin (Mca, Mex= 325 nm,Yem =
400 nm) and sulfamoylbenzofurazan (ABD Mex = 385 nm,"em = 510 nm) fluorophores.
(B) Emission spectrum of His t-5* excited at 405 nm upon titration of ZnCI :into 12.5

UM Hist -5* in 1 mM potassium phosphate buffer (PPB) pH 7.4. (C) Fluores cence
emission of the ABD fluorophore plotted as a function of added ZnCl 2 (green) or
NacCl (black). (D) Ratio of the fluorescenc e intensities of ABD to Mca as a function of
added ZnCl 2 (green) or NaCl (black). Error bars in C and D represent the standard
deviation between three replicate experiments.

To determine whether Hist -5* could be used to detect metatdependent changes
in fluorescence we probed the fluorescence response of the two fluorophores toZnz+. In
these experiments,Zn2+*was titrated into a solution of Hist -5* in 1 mM potassium
phosphate buffer (PPB)pH 7.4 and the fluorescence emission from each fluorophore was
monitored over two wavelength ranges, 412 + 499 and 500t 600 nm, for Mca and ABD
respectively. We chose to exciteHist-5*at 405 nmUE U1 1 UwUT EQWE Uwl EET wi OUO

maximal excitation wavelength to mimic the excitation and emission parametersto be
14



used in subsequentmicroscopy studies. As shown in Figures2.1B and C, the majority of
the fluorescence response from Hist5* under these conditions can be attributed to the C-
terminal ABD fluorophore . Addition of Zn 2*to singly labeled Hist -5Mca resulted in a
decreased fluorescence response from the Mca fluorophore when excited at its optimal
wavelength, with little change in the bleed -through fluorescence observed when excited
at 405nm (Figure 2.11). We observed an increase inHist-5* fluorescence that peaked at 1
molar equivalent of added Zn?*, with subsequent additions of Zn?*returning the
emission intensity back to the original Hist-5* fluorescence.Titration with NaCl did not
greatly affect Hist -5* fluorescence(Figures 2.1C and D), indicating that the increase in
Hist-5* fluorescencewas due to changes inZn2+, not chloride. By plotting the ratio of the
fluorescence intensitiesat the two emission rangeswe were able to detect metal-

dependent changes to Hist-5* fluorescence (Figure 2.1D).

2.2.2 Hist-5* Retains Antifungal Activity and Uptake Similar to Native
Hist-5

The fungicidal activity of Hist-5* against C. albicansvas compared to that of
unlabeled Hist -5 via a microdilution 96-well plate assay. We observed that cells treated
with either Hist-5* or Hist -5 exhibited nearly full cell killing at concentrations of 25uM
added peptide (Figure 2.2A), indicating that the addition of the two f luorophores did

not affect the antifungal activity of the peptide (p =0.96).

15



3 Hist-5
8 3 Hist-5*
8 1.0-
o
[
N
©
£ 0.5
£
S
z
0.0-
QY P W® o o? 0‘.” qf"g @9 \@9
[Peptide] uM
2 min 6 min 16 min 30 min
8 B0 ) - Q’@ Doy A Q"@ \é’e@ . O Q\% 15000
kel . B e ;
2l : 9 5 & s s Areh
£ 2 3 10000
5 = % o S o . N A e i
5 Q
[+1] i [ =%
8 & 3 ' 2 o @ S ® I ;o @
© 5000 ,‘v;{nff
o t7e900l
sstt!
ol
vy UTrTTTrrrrrrrrrrrriTrT
B IR ARSI PP S S0 X

Time (min)
® Ch1 (408 — 499 nm) Ch2 (500 — 600 nm)

Fluorescence
Merge

12.5 pM Hist-5* 12.5 uM Hist-5* 12.5 pM Hist-5*
+ 100 pM Spd +12.5 uM Hist-5

100007 1 Mx 1

12.5 uM Hist-5*
+ Vehicle Control

12.5 uM Hist-5*

Brightfield

5000

]
H H
: 2
H +100 pM Spd
i . i L] 12.5 uM Hist-5*
2 +12.5 uM Hist-5
[ 1S PO &- ‘-

CTCF per Cell

Fluorescence

T T
Ch1 (408-499) Ch2 (500-600)
Wavelength Range (nm)

Figure 2.2: Hist -5* retains antifungal activity and uptake similar to native Hist -
5. (A) C. albicans cells were pre-incubated with increasing concentrations of Hist -5
(blue) or Hist -5* (purple) for 1.5 h at 37 °C in PPB pH 7.4. Aliquots were resuspended
in YPD and cell growth was measured by OD o0 after 48 h incubation at 30 °C. Data
and error bars represent the average from thre e biological replicates. Differences in
Hist -5 and Hist -5* OD s00 values were not statistically significant (p > 0.04, n = 3). (B)
Timelapse microscopy images of cells treated with 12.5 uM Hist -5* at room
temperature (RT) over 30 min in PPB. Corrected total cell fluorescence (CTCF) per cell
is reported o ver time for each fluorophore chan nel. Scale bar = 10 um. Error bars
represent the standard deviation between three replicate experiments. (C) Confocal
fluorescence microscopy images of cells treated with His t-5* + vehicle control
(purple), + spermidine (r ed), or + Hist-5 (blue) as competitive substrates for cellular
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uptake. Cells imaged at RT for 5 min in PPB. CTCF for individual fluorescence
channels under each treatment condition were quantified, each dotr epresenting
fluorescence values from individual cells on experiments carried out o n three separate
days. Scale bar = 10 um. (* indicates p < 0.05, ** indicates p < 0.01, n = 3)

Confocal fluorescence microscopy was used to observe uptake ofHist-5* into
fungal cells suspended in PPBat pH 7.4. Samples d C. albicansin the yeast form, were
treated with 12.5 uM Hist-5* and imaged over a thirty -minute period at room
temperature (Figure 2.2B). Sublethal doses of Hist-5* were used to ensure the cells being
imaged were viable throughout the duration of the experiment (Figure 2.12).
Fluorescence emission from theMca and ABD fluorophores was collected in separate
wavelength channels, 1 and 2 respectively, although most of the fluorescence in these
images can attributed to the ABD fluorophore, as evidenced by the emission spectrum of
Hist-5* excited in this range (Figure 2.1B). Fluorescence from the two channelswas
found to colocalize, thus in all subsequent experiments the merged image ofthe two
fluorescence chanels is presented (Figure 2.13). Internalizatio n of the labeled peptide
into the cytosol was observed within five minutes of treatment (Figure 2.2B), thus in
subsequent experiments cells were imaged over a fiveminute time frame. Untreated
cells and cellstreated with 50 uM unlabeled Hist -5 displayed no detectable fluorescence
indicating the observed fluorescence signal from cells treated with Hist-5* was not due
to autofluorescence from the buffer, cells, or unlabeled peptide (Figure 2.14).

Hist-5 has been reported to use polyamine transporters Dur3/3 1 for intracellular

translocation by C. albicansand cells grown in the presence of spermidine (Spd), the

17



native substrate of thesetransporters, exhibit reduced uptake and killing activity of Hist -
5.44.45\We therefore performed competition assays with Hist-5* and Spd to confirm that
the labeled peptide still competes with Spd uptake by Dur3/31 (Figure 2.2C).
Internalization of Hist-5* was measured by quantifying the corrected total cell
fluorescence (CTCF) per cell from fluorescence microscopy images.We observed a
statistically significant (p = 0.0116) decrease inHist-5* uptake in cells treated with a
combination of labeled peptide and Spd, compared to cells treated with Hist-5* and
vehicle control. Unlabeled Hist -5 was also used as a competitive inhibitor for Hist -5*
uptake and resulted in a significant (p = 0.0093)decrease ininternalization of the labeled
peptide (Figure 2.2C). Thesedata demonstrate that our modified Hist -5* peptide utilizes
the same polyamine transport system that native Hist -5 uses for uptake into fungal cell s.
Altogether, these datavalidate Hist-5* as a novel fluorescent analogue thatretains

antifungal activity and uptake mechanisms similar to native Hist-5.

2.2.3 Zn?* Inhibits the Antifungal Activity of Hist-5 in a Concentration-
dependent Manner?

Two-dimensional broth microdilution checkerboard assays were performed to
gain a more comprehensive understanding of the effect of Zn2*on Hist-5 fungici dal
activity across a range of peptide and Zn#+ concentrations (Figure 2.3). In these

experiments, cellssuspended in PPBwere first exposed to varying concentrations of Zn2*

2 Circular dichroism experiments in this section were conducted by Sean Gao.
18



and Hist -5 prior to incubation in a buffered Zn-free synthetic defined medium (SD-Zn).
Experiments were conducted in SD-Zn to rigorously control both the pH of the media
and the exposure of cells to extracellular Zn#, ensuring that their only exposure would
be upon combination treatment of Hist-5and Zn2+*in PPB.Under these controlle d
conditions, Hist-5 alone exhibited potent fungicidal activity against C. albicansells, with
>99% cell killing at doses of 0.8uM Hist-5in SD-Zn, indicating that Zn2*is not required
for Hist -5 activity (Figure 2.3). We note that the dose needed to exet cell killing activity
for Hist -5 in SD-Zn medium is much lower than it is in YPD mediu m, 0.8 uM versus 25
MM (Figures 2.2A and 2.3). This difference is likely because cells grown in a minimal
media like SD-Zn are more sensitive than cells grown in a nutrient-rich broth like YPD.
We also observed that untreated C. albicansells grown in SD-Zn medium exhibited
inhibited growth due to the complete lack of Zn 2*in the medium , the cells were able to
recover and grow normally under Zn2*supplemented condition s (Figure 2.3).
Interestingly, as cells were exposed to increasing concentrations ofZn2+, the fungicidal
activity of Hist-5was reduced. The most striking effect of Zn2+on Hist-5 antifungal
activity occurred in cells exposed to the highestsupplemental Zn2* concentration, where
the dose required to induce >99% cell killing increased roughly 16-fold, from 0.8 uM to
12.5 uM (Figure 2.3). A similar Zn-induced inhibitory effect on antifungal activity was

observed with our labeled Hist-5* peptide (Figure 2.15).
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Figure 2.3: Fungicidal activity of Hist -5 is inhibited by increasing
concentration of Zn2+*, C. albicans cells were pre-incubated in PPB pH 7.4 for 1.5 h at 37
°C with increasing concentrations of Hist -5and ZnCl 2 as indicated in the figure axes.
Aliquots were resuspended in 50 mM Tris -buffered synthetic defined Zn -free media
(SD-Zn), pH 7.4, and cell growth was measured by OD o0 after incubation for 48 h at
30 °C. Values represent the average from three biological replicates.

The Zn-induced reduction of Hist -5 activity observed in our experiments
seemingly contradict previous studies that found Zn 2*increases Hist5 activity .57 In
order to reconcile these differences, we conducted checkerboard assays in which cells
were exposed to low concentrations of Zn2*and Hist-5 in a 1.2 ratio, mimicking the
conditions described by Norris et al.in w hich they observed a Zn-induced increase in
Hist -5 fungicidal activity .57 Indeed, when cells were treated with sub -inhibitory
concentrations of Hist-5, Zn2* supplementation resulted in an increase in peptide
activity, with the strongest effects observed at ratios of 1:2Zn2*to peptide (Figure 2.16).
However, as the concentration of Zn2* surpassed the concentration of Hist-5, the effects

of Zn2* switch ed from p romoting Hist -5 fungicidal activity to inhibiting it ( Figure 2.16).

20



These results highlight the dy namic nature by which Zn2*can modulate the antifungal
activity of Hist -5, and help to reconcile seemingly contradictory conclusions.

Previous reports of Zn-induced peptide dimerization and aggregation were
conducted using concentrations of Zn2*and Hist-5 above 300mM, significantly higher
than the maximum peptide concentration of 50 nM used in our experiments .57. 668 Tg
determine whether Hist -5 dimers or aggregates were forming in our system, we used
circular dichroism (CD) spectroscopyto monitor His t-5 secondary structure in the
presence of excesZnz?*in both aqueous PPB and trifluoroethanol (TFE). Hist-5 exists in a
random coil conformation in aqueous solution and adopts a more ordered, alpha-helical
structure in membrane-like environments .2 3°We observed a decrease in ellipticity upon
addition of excess Zn2+in both aqueous and organic solvent, indicating some Zn-induc ed
change to Hist-5 secondary structure (Figure 2.4A). For Hist-5 in a random coill
conformation, t he ellipticity at 198 nm was plotted against increasing concentrations of
Hist-5in the presence of excesZn?*and fit to a linear model, R2= 0.999 Figure 2.4B),
with ellipticity expected to vary linearly with concentration in the absence of
oligomerization .8 For Hist-5 in an alpha-helical conformation, ellipticity at 222 nm was
plotted against peptide concentration in the presence of excess Zri*and fit to a linear
model, R2= 0.998 Figure 2.4C). We did not observe any deviations from linearity up to
50 uM Hist-5 in either PPB or TFE indicating that under our conditions Zn -induced

peptide dimerization/aggregation is not occurring.
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Figure 2.4: Changes in Hist5 ellipticity remain linear up to 50 uM added peptide.
(A) Full CD spectrum of 5 uM Hist -5 (purple) with or without 100 uM ZnCl 2 (green)
in PPB (solid lines) or 98% trifluoroethanol, TFE (dashed lines) . (B) Titration of 0 ¢ 50

MM Hist -5 into a solution containing 250 uM ZnCl 2in PPB. The ellipticity at 198 nm is

plotted against p eptide concentration and fit to linear model (R 2= 0.999)(C) Titration
of 0 ¢+ 50 uM Hist -5 into a solution containing 250 UM ZnCl 2in 98% TFE The
ellipticity at  222nm is plotted against peptide concentration and fit to linear model

(R?= 0.99). Data represent the average of three scans.

2.2.4 Supplemental Zn?* Promotes Surface Adhesion of Peptide to C.
albicans and Inhibits Internalization

Uptake of Hist -5 by C. albicanss widely accepted as a requirement for antifungal
activity, as Hist-5 isthought to have intracellular targets .40.52.57. 58\/e obsened a decrease
in Hist -5 activity as a function of increasing Zn2* concentration, thus we performed
timelapse microscopy with C. albicansxposed to Hist-5* treated with a range of added
Zn2*concentrations to determine whether the decrease in antifungal activity could be the

result of decreased peptide internalization. Rapid uptake and cytosolic fluorescence of
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Hist-5*in cells treated with peptide alone or peptide and a sodium chloride control were
observed (Figure 2.5A). As the molar ratio of Zn2*to peptide was increasedfrom 0:1 to
0.5:1,there was reduced uptake of Hist-5* (Figure 2.17). The most striking result s
occurred in cells treated with 1:1 or 2:1 molar equivalents of Zn?*to peptide. Under these
conditions Hist-5* no longer appeared to internal ize into the fungal cell, but instead
remained bound to the cell surface (Figure 2.5A). This surface-bound state is evidenced
in the localization of Hist-5* fluorescence around the perimeter of the cells, as shown in
the intensity profiles (Figure 2.5A). The change in peak shape and the shift to a bimodal
distribution directly correspond to the shift in peptide fluorescence and localization

from the cytosol to the cell surface, as a function ofZn?* concentration (Figure 2.5A).
Adherence of Hist-5* to the cell perimeter was observed for up to two hours with
timelapse microscopy (Figure 2.18), indicating that this effect is not transient .
Additionally, this effect is spedfic for Zn2*and does not occur in cells treated with
equivalent concentration s of Hist-5* and other divalent metal cations, Cuz*and Co?*
(Figure 2.19). The decreasein peptide internalization as a function of Zn2* concentration
was quantified and repor ted as CTCF (Figure 2.5B). A slight, but significant (p = 0.0245),
decrease inHist-5* internalization was seen in cells treated with 0.25 equivalents of Zn2,
while cells treated with 0.5 equivalents of Zn2*or more experienced even greater

decreases in geptide internalization (p < 0.001).
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Figure 2.5: Zn2* supplementation induces adhesion of peptide to the cell
surface and inhibits peptide internalization and membrane activity. (A) Confocal
fluorescence microscopy images of C. albicans cells treated with 12.5 yM Hist -5*

alone, peptide+2 eq. NaCl, or varying concentrations of ZnCl 2 (0.25, 05, 1, or 2 eq. Zr¥)
at RT for 5 min in PPB. Fluorescence intensity profiles of representative cells (yellow
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box) under each treatment condition are plotted against distance in microns. (B) CTCF
for individual fluorescence channels under each treatment condition were quantified;
each dot represents fluorescence values from individual cells on experiments carried

out on th ree separate days. (C) Confocal microscopy images of cells treated with 12.5
MM Hist -5, 7.5 uM PI, and varying concentrations of ZnCl 2(0.5, 1, or 2 eq. Zr¥) at RT
for 5 min in PPB. Scale bar = 10 um. (* indicates p < 0.05, *** indicates p < 0.001, n = 3)

To determine how Zn2* supplementation affects Hist-5 membrane disruptive
activity , we performed confocal fluorescence microscopy experiments with native Hist-5
peptide, using propidium iodide (PI) as a fluorescent indicator of membrane integrity
(Figure 2.5C). Hist-5 induces membrane disruptions in C. albicanghat allow s leakage of
Pl into the cytosol. Treatment of cells with Hist -5 in combination with submolar
equivalents of Zn?*alsoresulted in internalization of PI, indicating membrane
permeability. However, exposure of fungal cells to Hist-5 treated with one or more
molar equivalents of Zn2*did not cause dye leakage(Figure 2.5C), suggesting that these
concentrations of Znz+ protect against Hist-5-induced membrane disrupti on. Combined,
our results show that Zn2* supplementation alters Hist-5 uptake and activity by
promoting peptide localization to the cell surface, leading to a decrease inpeptide
internalization , and inhibit ing peptide membrane activity .

C. albicangs a polymorphic organism that tr ansitions between yeast,
pseudohyphal, and hyphal forms and the yeast to hyphae transition is critical for fungal
virulence and pathogenesis. 8 Formation of hyphae allows C. albicango invade host
epithelial and endothelial cells, causing infections, such as, oral thrush and vaginal

candidiasis.®! Given the importance of C. albicandwyphae in pathogenesis, we also
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wanted to investigate the interactions between Hist-5 and the hyphal form of C. albicans
We observed internalization of Hist -5* in C. albicansyphae treated with peptide alone
and found that the addition of equimolar Zn2*inhibited Hist -5* uptake, causing the
peptide to adhere to the cell surface (Figure 2.6A). We also investigated the membrane
activity of Hist -5 on C. albicanyphae and found the Hist -5 alone was able to
permeabilize the cell membrane and allow leakage of PI, however, Zn2* supplementation
provided a protective effect against Hist-5-induced membrane disruption (Figure 2.6B).
These results are consistent with our observations of Zn-induced inhibition of peptide

uptake and membrane activity in the yeast form of C. albicans
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Figure 2.6: Zn2* supplementation induc es adhesion of Hist -5* to the cell surface
and inhibits peptide internalization and membrane activity in the hyphal form of C.
albicans. (A) Confocal fluorescence microscopy images of C. albicans cells in the
hyphal form treated with 12.5 pM Hist -5* alone and varying concentrations of ZnCl :
(0.5, 1, or 2 eq. Zr3¥*) at RT for 5 min in PPB. (B) Confocal microscopy images of hyphal
cells treated with 12.5 uM Hist -5, 7.5 uM PI, and varying concentrations of ZnCIl 2 (0.5,
1, or 2 eqg. Zre*) at RT for 5 min in PPB. Scale bar = 10 um.
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2.2.5 A Direct Interaction Between Zn?* and Hist-5 Results in Peptide
Adhesion to the Cell Surface

Although we observed metal-dependent changes to Hist-5* fluorescence
response in vitro (Figure 2.1D), these changes in the ABDMca ratio were not robust
enough to detect with imaging. Therefore, we were unable to use this methodto
distinguish whether the surface -bound signal arosefrom direct peptide 1 Zn interaction
at the cell surface. To determine whether Zn-induced surface adhesion of peptide to the
fungal cell stems from a direct binding interaction between Hist -5 and Zn?*, we used a
Zn-responsive fluorophore to further interrogate the nature of the Zn+t peptide
interaction. Zinquin (ZQ) is a fluorescentZn?* sensor that canbe used to detectlabile
cellular Zn2*ions as well asprotein -bound Zn2*828*When ZQ detects labile Zn#, a
fluorescent Zn(ZQ) 2 complex is formed which has an emission maximum centered
around 500 nm. When ZQ forms an adduct with Zn -containing proteins, the emission
spectrum under goes a characteristic blueshift to 480 nm.83 84 Titration of Hist -5 into a
solution of Zn(ZQ) 2in PPB resulted in a clear blue shift from 500 nm to 480 nm (Figure
2.20), indicating that Hist -5 binds to Zn2*in a manner that enables simultaneous binding
of Znz*and ZQ to form a ternary complex in vitro .

Whole cell fluorescence spectroscopy experiments with C. albicansells were
performed to determine whether ZQ-Zn-Hist-5 complexesalso form in a more complex
cellular environment. Figure 2.7A shows fluorescence emission spectra of a suspension

of cells in PPB exposed tovarious combinations of ZQ, Zn2*and Hist-5. Addition of ZQ

28



alone to cells shows minimal background fluorescence which increases significantly
upon addition of Zn2+, with an emission at 500 nm indicating formation of the Zn(ZQ):
complex, as expected While the addition of Hist -5 alone did not affect the background
ZQ emission, cells treated with a combination of Hist-5, ZQ, and increasing amounts of
Znzresulted in an increase in thefluorescent signal. This increase in fluorescence
emission was accompanied with a blue shift in the emission spectra with cells exposed
to a 1:1 or greaterZn-to-peptide molar ratio exhibiting the strongest blue shift (Figure

2.7A), indicating an interaction between ZQ, Zn and Hist-5.
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Figure 2.7: Zn?* binding to Hist-5 promotes adhesion to the cell surfac¢A)
Titration of ZnCl ; into a solution containing 75 pMzinquin acid (ZQ), 25 uM Hist-5, and
200 pL C. albicans(~1 cells) in PPB pH 7.4(B) Confocal fluorescence microscopy images
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of cells treated with ZQ+2Zn?*, ZQ+Hist-5, and ZQ+Hist-5 and a variety ofZnCl,
concentrations (0.25, 1, and 2 eq. 2f) at RT for 5 min in PPB. Scale bar = 10 um.

Complementary confocal microscopy studies were also performed, using the
same concentrations and treatment conditions established in our whole cell
spectrofluorometr y assays to investigatethe location of ZQ-responsive Zn2*as a function
of Hist-5 treatment in C. albicansAlthough cell suspensionstreated with ZQ and Zn2*
exhibited a strong fluorescence signal in vitro, there was no detectable fluorescencein
the microscopy images of cells treated with ZQ either alone or in combination with Zn2*
(Figure 2.7B, panels i and iii). The acid form of ZQ used in these experiments is known
to have poor membrane permeability, so these resultsindicated that the probe, even in
the presence of addedzZn?*, does notinternalize or otherwise interact with cells in a way
that would produce a detectable andlocalized Zn-responsive signal. However,
fluorescence emissionwas observedin the cytosol of cells treated with Hist -5 and ZQ, as
well as those treated with Hist -5, ZQ, and submolar equivalencies of Zn2* relative to
peptide (Figure 2.7B, panels iiand iv). This observation could result from the
membrane-disruptive effects of Hist -5, which could enable ZQ permeability and
subsequentdetection of intracellular accessibleZznz. In cells treated with ZQ and
equimolar or higher ratios of Zn2*to peptide, however, fluorescencewas distinctly
localized around the cell perimeter (Figure 2.7B, panels vand vi). This change in
localization of the fluorescence responseunder equimolar Zn2*conditions is reminiscent

of the changes observed inC. albicangells treated with the labeled Hist-5* peptide and
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Znz*, While the microscopy images alone cannot distinguish between Zn(ZQ):
complexes and Zn-ZQ-P ternary complexes with proteins or peptides, the combination
of the fluorescence and imaging data with ZQ combined with the results from label ed
Hist-5* provide strong evidence of a direct binding interacti on between Hist-5 and Zn?*
that changes the recognition and uptake of Hist -5 into C. albicandy restraining the

peptide to the cell surface.

2.2.6 Modulation of Extracellular Zn?* Concentration by Metal-binding
Molecules Reverses Zn-induced Surface Adhesion of Hist-53

Taken together, our data show that the effects of Zn2* on Hist-5 activity, uptake,
and localization are dependent on Zn?* concentration in the surrounding environment.
In order to test whether Zn -induced binding of Hist-5 to the cell surface could be
reversed by decreasing Zn2+ availability , cells were initially exposed to peptide treated
with one molar equivalent of Zn?*to induce adhesion to the cell surface,then
subsequently exposead to a Zn2* chelating molecule. Cells were monitored over time for
peptide internalization (Figure 2.8). Addi tion of the extracellular metal chelator
ethylenediaminetetraacetic acid (EDTA) led to recovery of Hist-5* internalization , as
evidenced by the change in peptide localization from the cell perimeters to the cytosol
(Figure 2.8A, left). In addition , Zn2* chelation away from Hist -5 by EDTA resulted in the

peptide regaining its membrane disruptive activity , allowing Pl leakage into the fungal

33100A12 homodimer protein was generously provided by Professor$ OPA EET Ul w- OOEOz Uw+ EEWECw
Massachusetts Institute of Technology.
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cell (Figure 2.8B, left). EDTA has been known to cause membranepermeability on its
own 8 however under our conditions, Pl leakage can be attributed solely to Hist -5
membrane activity, asPI uptake into the cytosol was not observed in cells treated with
these concentrations of EDTA and PI (Figure 2.21). Since CUll) is able to displace Zn(Il)
from metal binding sites, 8¢ we hypothesized that Cu?+addition may also recover Hist-5
internalization, however we did not observe internalization of Hist -5* in cells that were

cotreated an equivalent of Zn2+*and excess @W?2*(Figure 2.22).
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Figure 2.8 Addition of Zn?* binding chelators or proteins reverses adhesion of
peptide to the cell surface(A) Timelapse microscopy images of C. albicans cells treated
with 12.5 uM Hist -5*+1 eq. ZnClzfor 2.5 min at RT in PPB, followed by addition of
either 12.5 uM EDTA or 12.5uM S100A12 as indicated with arrow, images were
collected over 300 sat RT in PPB. (B) Timelapse microscopy images of cells treated
with 12.5 pM Hist -5+7.5 uM Pl and 1 eq. ZnClzfor 2.5 min at RT in PPB, followed by
addition of 12.5uM EDTA or 125 uM S100A12, as indicated with arrow, images were
collected over 300 s at RT in PPB.Scale bar = 10 um.

In order to verify whether the results with EDTA could be replicated with more
biologically relevant conditions, treated cells were also exposed toS100AL2, a human
host-defense protein that binds Zn2* with high affinity 8" 88and is released during
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infection .8 Addit ion of S100A12 tocells treated with Hist-5* and an equivalent of Zn2*
led to a reversal of Zn-induced surface binding of the peptide , resulting in uptake and
internalization of Hist-5* (Figure 2.8A, right). Treatment of fungal cells with S100A12
also led to the recovery of membrane permeabilization activity b y Hist-5 and PI uptake
(Figure 2.8B, right). These results parallel thechanges in peptide internalization and
activity that were observed with EDTA treatment and have interesting implications for

how Hist-5 may operate in the context of the wider immune r esponse.

2.3 Discussion

Although the role of Zn 2*on Hist-5 antifungal activity has previously been
investigated, probing how Hist -5 operates across a range of Z# concentrations allowed
us to gain a full account of its effect on peptide activity. Throughout our studies we
utilized Hist -5* to visualize peptide internalization and localization within the fungal
cell. We did not observe granular intracellular distribu tion of Hist -5*, in contrast to a
prior report of fluorescein-labeled Hist-5 which attributed the staining effect to Hist-5
localization to mitochondria .52 Instead, we observed uniform cytosolic distribution of
Hist-5* along with an apparent buildup of Hist -5* at a localized point along the cell
surface, reminiscent of the spatially restricted sites observed in a separate report of a
fluorescein-labeled Hist-5 by Mochon et al.” Through our experiments, we found that
Znzravailability greatly affect ed Hist-5 antifungal activity and internalization. Our data

demonstrate that submolar ratios of Zn 2*to peptide improve Hist -5 antifungal activity
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and allow for peptide internalization (Figures2.3,2.5,and 2.16). However, as the
concentration of Zn2*increases, Hist5 antifungal activity is inhibited and its uptake is
blocked (Figures 2.3 and 2.5). It is likely this concentration -dependent effect of Znz*has
resulted in the varied reports regarding the effect of Zn?*on Hist-5 activity in the
literature 5658 69\While our data reveal clear Zn-dependent effects on Hist-5 activity and
uptake, the question that remains is why does Zn2*affect Hist-5 in this manner?

C. albicangs acommensal organism that inhabits mucosal membranes of the
human body, including the oral cavit y. Under immunocompetent host conditions, C.
albicandiving in the oral environment ar e constantly exposed to varying levels of Hist -
5,28.33raising a question about the function of this immunopeptide beyond antifungal
cell killing. In a healthy individual, is Hist -5 actively entering and killing commensal
microbial cells, or is there a surveillance mechanism that triggers the antifungal response
when the microbial environment is disrupted and infection is initiated? Here, we add to
the growing body of literature suggesting that Hist-5 may participate in interactions
with cells that are not solely for antifungal purposes but rather promote and maintain

microbial homeostasis for oral microbial health .58 90
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Figure 2.9: Modulation of exchangeable Zn2*in the growth environment acts as
a dial to tune Hist -5 antifungal activity. Graphical representation of the proposed
Hist -5NZn interactions and how they affec t peptide internalization and activity. When
Hist -5 (purple ribbons) is exposed to C. albicans cells in a Zn -replete environment,
Znz+jons (green spheres) cause the peptide to adhere to the cell surface either by
directl y binding the peptide or otherwise inhibiting peptide uptake, thereby
preventing cell killing. Restricting  Zn?*availability int he growth environment via
chelation by host defense proteins (blue protein) releases Hist -5 for peptide
internalization and cel | killing. Figure created with BioR ender.com.

We propose aworking model f or the role of Zn2+in Hist-5 antifungal activity and
commensalism where modulation of exchangeableZn?* concentration in the growth
environment acts as adial to tune Hist-5 uptake and activity in C. albicangFigure 2.9).

When the host is healthy, commensal C. albicams are continuously exposed to sublethal

concentrations of Hist-5 and Zn2*. This constant exposure causes the cells to become less

virulent and exhibit a stress-adapted response in which they promote an anti-
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inflammatory signaling from oral epithelial cells by al tering the composition of cell wall
polysaccharides.’® We hypothesize that at theseconcentrations of Zn2*and Hist-5, Zn2*
either promotes binding of Hist -5 to the cell surface orZn2*inhibits Hist -5 uptake
through the polyamine transporters resulting in surface adhesion of the peptide (Figures
25 and 2.7). This Zn-induced inhibition of Hist-5 internalization blocks the peptide from
exerting its fungicidal activity against the commensal C. albicansells. However, the
switch from Hist -5 coexisting with commensal C. albicango Hist-5 employing its
antifungal activity could be triggered by a change in environmental Zn?2* concentrations,
perhaps among other triggers. We showed that the inhibitory effects of Zn 2+ on Hist-5
uptake and membrane activity were reversible by adding an extracellular chelating
agent to decrease the amount of Zr#+ available to the peptide (Figure 2.8). In this model
we suggest that when the host is fighting an infection that signals C. albicango switch
from commensal to pathogenic, a change must also be registered by Hist5 to start
exerting its antifungal propert ies. We posit that Hist-5 switches to act as an antifungal
agent when there is a decrease in salivary Zr#+ availability , as the resut of the body
engaging the processes of nutritional immunity .7¢ While high affinity metal chelating
proteins like S100A12 are being deployed at the hostpathogen interface to deplete
surrounding Zn 2+ levels,?? they also chelate Zré*away from Hist -5, inducing a
conformatio nal change and enabling the peptide to exert its antifungal activity ( Figure

2.9). Hist-5 may then work to kill the pathogenic fungal cell in two ways: either by
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permeabilizing the cdl membrane (Figure 2.8)57 or by internaliz ing (Figure 2.8) and
exhibiting the classical Hist-5 antifungal mode of action.””

In conclusion, here we demonstrate a novel role for Zn2*as a regulatory switch
that can either be used to maintain commensalism between Hist-5 and Candidaor induce
antifungal activity. Our data offer context for how Hist -5 and its interactions with metals

operate within the larger immune response at the hostpathogen interface.

2.4 Methods

2.4.1 Materials and General Methods

Chemicals and solvents were obtained from commercial suppliers and used as
received unless otherwise noted. Stock solutions of Cu?* (45 mM), Fe3* (100mM), Mn 2+
(100mM), Zn 2+ (10 mM), and Co?* (10 mM) were prepared from CuSO 4-5H:0,
Feds-6H20, MnCl2:4H:0, ZnCl2, and CoClzin Milli -Q water. Stock solutions of
propidium iodide (PI, Sigma -Aldrich) and zinquin free acid (ZQ, 2-methyl-8-(toluene-p-
sulfonamido) -6-quinolyloxyacetic acid, Santa Cruz Biotechnology Inc.) were prepared at
5 mg/mL in DMSO, aliquoted, frozen, and stored in the dark when not in use. Working
solutions of spermidine (Spd, Acros Organics), 50 mg/mL in Milli -Q water, were
prepared fresh on the day of the experiment. S100A12 homodimer protein was
generously provided by Prof. Elizabeth Nolanz Lhab of Massachusetts Institute of

Technology.
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2.4.2 Peptide Synthesis

Peptides were synthesized on a Protein Technologies PS3 automated peptide
synthesizer using rink amide MBHA low -loaded resin (Protein Technologies) on a 0.1
mmol scale. All Fmoc- protected amino acids were purchased from Chem-Impex
International Inc. unless otherwise stated. Amino acid coupling was achieved using O -
benzotriazole-- O - O - -et@meathyluronium hexafluorophosphate (HBTU, Protein
Technologies) in the presence ¢ N-methylmorpholine as an activator iO w- O- ¢
dimethylformamide (DMF) for 30 m in cycles. 20% piperidine in DMF was used to
deprotect Fmoc groups during the synthesis. Prior to cleavage, the resin was washed
three times with 1 ¢ 2 mL each ofglacial acetic acid, then dichloromethane, followed by
methanol. Side chain deprotection and peptide cleavage from the resin were achieved by
treatment with 5 mL of a solution of 95% trifluoroacetic acid (TFA), 2.5% ethanedithiol,
and 2.5% triisopropylsilane (TIS, Sigma Aldrich) for 3.5 h under N 2 gas to yield peptides
with N -terminal free amines and amidated C-termini. A continuous flow of N 2 gas was
used to evaporate TFA to a volume of 2 mL. Afterward, the peptide was precipitated

and washed three times with diethyl ether, and dried in air prior to purifi cation.

2.4.3 Synthesis of Hist-5*

Doubly -labeled Hist-5* was prepared in two steps, starting with singly labeled
Hist-5Mca, which was synthesized by incorporating Fmoc-beta-(7-methoxycoumarin -4-

yl)-Ala-OH (Mca, Bachem) at position 10 andFmoc-Cys(Trt)-OH (Novabiochem) at
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position 24 via solid phase peptide synthesis, as described above. Purified and
guantified Hist -5Mca was then reactedunder basic conditions in a 1:1 molar ratio with
27.3 pM 4-fluoro -7-sulfamoylbenzofurazan (ABD-F, TCI America) in DMSO for 20 min
over a 60 °C water bath.Peptides were purified using a Waters 1525 reversephase
Binary High -Performance Liquid Chromatography (HPLC) Pump on a Waters XBridge
Prep C18 Column (10 um OBD, 19 mm3 250 mm) with a 40 min linear gradient from 3
to 97%acewnitrile to water, with 0.1% TFA. Purity was validated to >95% using HPLC
on a Waters XBridge Peptide BEH C18 Column (130A, 10 um, 4.6 mn# 250 mm) and the
masses of the peptides were confirmed by electrospray ionization mass spectrometry
(ESEMS).

Hist-5 sequence DSHAKRHHGYKRKFHEKHHSHRGY |, calculated mass 3034.5,
found (M + 6H*) 506.9(Figure 2.23).

Hist-5Mca sequence: DSHAKRHHG(Mca) KRKFHEKHHS HRGC, calculated
mass 3056.5, found (M + 4H) 765.1 m/z(Figure 2.24).

Hist-5* sequence DSHAKRHHG(Mca)KRKFHEKHHSHR G(ABD) calculated

mass 3253.5,found (M + 4H ) 814.4 m/z Figure 2.25).

2.4.4 Quantification of Peptide Stock Solutions
Peptide stock solutions were prepared by dissolving ~0.05 g lyophilized peptide
in 1 mL of Milli -Q water. The concentration of stock solutions was determined using the

Edelhoch method.22( OwUT OUUOWKNt w4 + wOl wxl xUPEl wUUOEOQWPE

40



urea to obtain an absorbance at 278 nm between 0.1 and 1 absorbance unit. Absorption
spectra were recorded in 1 cm quartz cuvettes on a VarianCaU & wk Y w4 5 NYD U w
spectrophotometer. The concentration of Hist -5 stock solution was determined from the
Azzsreadings using an extinction coefficient of 1450 MNfemn or each tyrosine.2The
concentration of Hist-5Mca and Hist-5* stock solutions were determined from the A s2s
readings using an extinction coefficient of 12,000 Mt cm-for methoxycoumarin .93

Peptide stock solutions were stored at-20 °C in sealed cryogenic storage vials.

2.4.5 Fluorescence spectroscopy
2.4.5.1 Metal -dependent Changes to Hist-5* Fluorescence

Fluorescencespectra were collected ina5 mm quartz Starna Micro fluorometer
cell using an Edinburgh Instruments FS5 Fluorometer. Emission spectrafor Hist -5* were
collected over 4124 600 nm with an excitation wavelength of 405nm, using 2.0/2.0 nm
excitation/emission bandwidths. Fluorescence ofHist-5* in PPB was monitored as a
function of increasing equivalents of ZnCl 20r NaCl as an anion control. The fluorescence
emission from the two fluoro phores were identified by wavelength ranges from 412 ¢
499nm for Mca and 500¢ 600nm for ABD. The sum of the fluorescence signal for each
fluorophore as well as the ratio between the ABD and Mca fluorophores signals were
plotted as a function of equivale nts of metal added to visualize the metal-dependent

changesto Hist-5* fluorescence
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2.4.5.2 Metal -dependent Changes to Hist-5Mca Fluorescence.

Fluorescence spectra were collected ina 5 mm quartz Starna Micro fluorome ter
cell using an Edinburgh Instruments FS5 Fluorometer. Emission spectra for Hist-5Mca
were collected either over 340¢ 530nm with an excitation wavelength of 325 nm or over
412% 499 nm with an excitation wavelength of 405 nm, both using 2.0/2.0 nm
excitation/emission bandwidths. Fluorescence ofHist-5Mca in PPB was monitored as a
function of increasing equivalents of ZnCl.. The fluorescence signalfor Mca at 392 nmor
over the 412¢ 499 nm range wereplotted as a function of equivalents of metal added to

visualize the metal-dependent changes to Hist-5Mca fluorescence

2.4.5.3 In vitro Formation of ZQ -Zn(ll) Compl exes

Fluorescence spectra were collected in 5 mm quartz Staria Micro fluorometer cell
using an Edinburgh Instruments FS5 Fluorometer. Emission spectra were collected over
400¢ 600 nm with an excitation wavelength of 370 nm, using 2.0/2.0 nm
excitation/emi sson bandwidths. Increasing equivalents of Hist-5 were titrated into a
solution containing 25 uM ZQ and 12.5 uM ZnCl z2in PPB, with a final volume of 200 uL
in the cuvette. For whole cell fluorescence experiments,C. albicansvere prepared in the
same mamer used for microscopy experiments, described above. Increasing equivalents
of ZnCl 2 were added into a solution containing 75 uM ZQ, 25 uM Hist -5, and 200 pLC.

albicang~10 cells) in PPB.
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2.4.6 Circular Dichroism Spectroscopy

All CD spectra were collectedusing an AVIV Model 435 CD spectrometer with a
1 nm bandwidth at 25°C. The full CD spectra of 5 uM Hist-5 and 5uM Hist-5+100uM
ZnClzin PPBor 98% trifluoroethanol (TFE) were collected in a 1 cmquartz cuvette from
260t 190 nm. Scans were taken using 1 m steps with a 6 s averaging time. Data
reported are the average of three scansFor titration experiments of 0 ¢ 50 uM Hist-5in
the presence of250uM ZnCl:zin PPBor 98% TFE scans were colleced in kinetics mode
using a 1 mm or 1 cm quartz cuvette for Hist-5 in PPB or TFE, respectively Scans were
taken at 198 nmfor Hist-5 in PPB and 222 nm for Hist5 in TFE,with a 1 s averaging
time over 60 s. The ellipticity at 198 nmwas plotted against peptide concentration and fit
to alinear model in GraphPad Prism (Rz= 0.999) Data reported are the average of 60

scans.

2.4.7 Synthetic Defined (SD) Media

All tris -buffered synthetic defined media formulations were prepared from
Chelex-treated Milli -Q water with individual addition of media components to allow for
rigorous control of metal content. To deplete trace metals from water prior to media
preparation, Milli -Q water was treated with Chelex 100 resin 10@ 200 meshsodium form
via batch method (50 g/L, Bio-Rad Laboratories). A concentrated stock of SD media not
containing Cu?t, Fe*, Mnz, or Zn2* (10® SD-) was prepared in the Chelex-treated MilliQ

water by adding glucose and yeast nitrogen base (YNB) ingredients at 1G
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concentrations. YNB components were added individually to avoid trace metals present
in commercial YNB mixtures. To prepare working 1X SD medium, 103 SD- was diluted
into Chelex-treated water (1:10), and Ultra-Pure Trist HCI (VWR) was added to a final
concentration of 50 mM. The pH of the media was adjusted to 7.4 using 1.0M HCI or
NaOH pellets, thi s media was then filter -sterilized. Finally, CuSO4, FeCk, MnCl2, and
ZnClz were added, as appropriate to create either individual metal dropout or metal

complete media (SD+).

2.4.8 Yeast Strains and Culture Conditions

Fungal stocks were maintained in 25% glycerol DO w8 / # WEUwWN WY wS" 6 w$ R x |
were performed with C. albicanglinical isolate SC5314, which was obtained from the
American Type Culture Collection (ATCC). Prior to all experiments, C. albicanavere
streaked onto yeast peptone dextrose (YPD, Gibco) agamplates from frozen glycerol
stocks and incubated at 30 °C for 24 h. A single colony was used to inoculate 5 mL YPD
or SD+media, which was then incubated at 30 °C, 200 rpmovernight for 16¢ 18 hor 24

h, respecively, to stationary growth phase.

2.4.9 Candidacidal Assays
2.4.9.1 Microdilution Assays

C. albicansvere cultured overnight in YPD , as describedabove, and diluted to an
optical density at 600 nm absorption (ODsoo) of 0.07in PPBpH 7.4 and used as the

working culture . Peptides to be tested wereserially dilut ed 2-fold in PPBfrom aqueous
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stocks and plated in a clear, flat-bottomed 96-well plate. 1004 +of the working culture of

cells were then added to the 96-well plate , containing PPB and peptide, to a final OD so0

of 0.035 and a final volume of 200 pL per well. Final concentrations of peptide in the

plate are indicated in the figure axes. For each experiment, apeptide -free positive

growth control and a cell -free, negative control were included. This plate was incubated

for 1.5 h at 37 °C, 200 rpmto allow tim e for peptide to interact with cells . After
DPOEUEEUDPOOOwWhY ws + wE OD @ U O U Unew 96€w€ pilatd coniamiOgs Ul wbl Ul
tuNY WRDrmediabP DUT wE wi DPOE OwY OO U Oheunén metigpptewas wx 1 Uwb 1 O
then incubated for 48 h at 30 °C, 200 rpm.All media plates were covered with air-

permeable AeraSeal film (Sigma) to minimize evaporation. Fungal growth was

evaluated via ODsoo using a PerkinElmer Victor3 V multilabel plate reader at 0, 24, and

48 h. ODsoovalues were normalized to the positive growth control and adjusted by

subtracting the 0 h timepoint readings from other timepoint data at 24 and 48 hto

remove any background signal from YPD. Data are representative ofthree biological

replicates, eachwith three technical replicates per experiment. For a single experiment,

each ofthe three replicate conditions were averaged and the error was calculated as

standard deviation, which is indicated by error bars in the figures. Final 48 h timepoint

data is reported by plotting OD escoreadings versus peptide concentration . Statistical

analyses of differencesbetween treatments with Hist -5 and Hist-5* were calculated

using multiple Kolmogorov -Smirnov tests in GraphPad Prism.
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2.4.9.2 Spot Assays
C. albicansvere cultured overnight in YPD, as described in the yeast strains and
culture conditions section. Cells from the overnight culture were then diluted either
1:100 or 1:50 in 5 mL fresh YPD media. The subculture was allowed to grow to an ODso
of 1.0 at 30°C, 200rpm. Cells were pelleted at 5000 rpm for 20 min to remove excess
media and thenresuspl OET EwbOw/ /! wx' wAd K& w" 1 OOU&EhdUl wOUI E
the desired concentrations of ZnCl: for a total incubation time of 30 min at room
Ul Ox1 UEUUUI 6 wK w4y + wE OB @ U Odateduwdlls welelspotted onto YEDE | WE O E w
agar plates at 0, 5,15, and 30 min timepoints. The plates were incubated for 48 h at 30°C,

cell treatment conditions were considered candidacidal if colonies were unable to grow

within the 48 h incubation time.

2.4.9.3 Two -dim ensional Broth Microdilution Checkerboard Assays

C. abicanswere cultured overnight in SD+ media, as described in the yeast
strains and culture conditions section and diluted to an OD e000f 0.07in PPBpH 7.4 and
used as the working culture. Peptides to be tested wereserially diluted from aqueous
stocks 2-fold in PPB, right to left along the row in a clear, flat-bottomed 96-well plate.
ZnClz2was serially diluted from aqueous stock in water, down the column of the plate.
Aliquots of 1804 +of the working culture of cells were then added to the 96 -well plate,
containing PPB, peptide, and Zn?, to afinal OD sc00f 0.06 and a final volume of 200 pL

per well. Final concentrations of peptide and Zn?*in the plate are indicated in the figure
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axes.This plate was incubated for 1.5 h at 37 °C, 200 rpm. After incubatioO O whiy w4 +

Znor2 # HwOl EPEwbPDPUT wEwi DPOEOwY OO USDiZnudd SDut Imydjaw s + wx 1 U
plates were covered with AeraSeal film and incubated for 48 h at 30°C and fungal

growth measurements were taken as describedabove in the microdilution assays

section. ODsoo values were normalized to the positive growth control and adjusted by

subtracting the 0 h timepoint readings from other timepoint data at 24 and 48 h, to

remove any background signal from the media. Data are representative of three

biological replicates, each with three technical replicates per experiment. To visualize the

results, a final heatmap was generatedin GraphPad Prism using average ODsoovalues

from the biological replicates at 48 h. Concentrations of peptide and Zn2*indicated in the

figure represent the amount of peptide and Zn2* present in the preincubation plate.

2.4.10 Confocal Fluorescence Microscopy
2.4.10.1Preparation of C. albicans in the YeastForm for Microscopy

C. albicansvere cultured overnight in YPD, as described in the yeast strains and
culture conditions section. Cells from the overnight culture were then diluted either
1:100 or 1:50 in 5 mL fresh YPD media. The subculture was allowed 6 grow to an ODsoo
of 1.0 at 30 °C, 200 rpm. Cells were pelleted at 5000 rpm for 20 min to remove excess

media and then resuspended in PPB pH 7.4 for imaging. All experiments were
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performed using live cells, at room temperature, suspended in PPB and plated into an

ibidi p-Slide 18 well to a final volume of 404 + wx 1 Uwpki OO

2.4.10.2Preparation of C. albicans in the Hyphal Form for Microscopy*

C. albicanavere cultured overnight for 24 h in SD+ medium. After 24 h, cells in
the overnight culture were diluted to an OD &0 0f 0.1in fresh SD+ medium. The diluted
cells were then aliquoted into two equal portions of 2 mL each. To induce hyphal
formation, one of the subcultures wastreated with 12.5mM N-Acetylglucosamine
(GIcNAC), the second subculture was left untreated as a control. The two subcultures
were grown at 37 °C, 200 rpm for a further 24 h. Cells from the +GIcNAc and untreated
control cultures were pelleted at 5000 rpm for 20 min to remove excess media Cells from
the two cultures were then resuspended in PPB pH 7.4 for imaging. All e xperiments
were performed using | ive cells, at room temperature, suspended in PPB and plated into

an ibidi p -Slide 18 well to a final volume of 40 % + wx 1 Uwpk1l OO

2.4.10.3General Microscopy Parameters and Setups

Confocal images were acquired with a Zeiss 880 Ariyscan Inverted Confocal
microscope using Plan Apochromat 63x/1.4 oil objectives. Images were taken at 25 s
intervals from 0 + 5 min, unless otherwise stated. The images wereobtained as 13 20

optical slices per wavelength spaced 0.5 um apart along the Z-axis. Images presented are

4 C. albiansin the hyphal form were prepared by Dr. Catherine Denning -Jannace
5MATLAB scr ipt for used for image intensity quantification was written by Keerthi Anand . The full script is
and published and available for use at https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00289
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cells in the middle of a Z -stack after 5 or 30 min of treatment and are representative of
cells in experiments conducted on three separate days. he 405 nm diode laser was used
to excite Hist-5* and fluorescence was detected over 408 499 nmusing channel 1 and
500t 600 nmusing channel 2 for the respective Mca and ABD fluorophores on Hist -5*.
PI was excited using the 488 nm line of the argon ion lasger and fluorescence was
detected over 600t 700 nm.ZQ was excited with a 405 nm diode laser and fluorescence
was deteded over 4204 600 nm.Generally, Fiji software was used for image acquisition
and processing. MATLAB ver.R2021b (MathWorks Natick, MA) software was used to
conduct bulk image intensity analysis and determine corrected total cell fluorescence
(CTCF) values per cell for all images, the full MATLAB script may be accessed in the
supporting information . Each dot in the fluorescenceintensity plots represents CTCF

values of individual cells in images from experiments performed on separate days.

2.4.10.4Hist -5* Uptake and Internalization Over Time

C. albicansvere prepared for microscopy as described in the preparation of C.
albicandor microscopy section. Cells were treated with 12.5% , Hist-5* and uptake of
the peptide was monitored via timelapse microscopy over 30 min with images being
taken every 2 min. MATLAB software was used to perform image intensity analysis and
plot CTCF intensity per cell for each channelover time. Error bars represent the

standard deviation in CTCF values from experiments performed on three separate days.
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2.4.10.5Spermidine Hist -5 Competition Assays

C. albicansvere prepared for microscopy as described in the preparation of C.
albicandfor microscopy section. Cells were treated with 12.5% , Hist-5* and either 100
5, w2,2%55 , w' -Bdy &h equal volume of PPB as a vehicle control Uptake of Hist -
5* is shown in the microscopy images after 5 min and MATLAB software was used to
perform image intensity analysis and plot CTCF intensity for ea ch treatment condition.
Statistical differencesin CTCF values between treatments were calculated using an

ordinaryone-PEaw - .5 whbPUl w#UOOI UUzUwOUOUDXx Ol wEOOXxEU

Prism.

2.4.10.6Effects of Zn2*Addition on Hist -5* and Hist -5 Uptake and M embrane Activity
C. albicansvere prepared for microscopy as described in the preparation of C.
albicandfor microscopy section. Cells were treated with 12.5% , Hist-5* and the desired
concentrations of ZnCl2 or NaCl as an anion control. Uptake of Hist -5* is shown in the
microscopy images after 5 min and MATLAB software was used to perform image
intensity analysis and plot CTCF intensity for each treatment cond ition. Statistical
differences in CTCF values between treatments were calculatedusing an ordinary one -

PEaw -.5 wbhbbPUIl w#aUOOI UUzUwOUOUDX Ol uAgiéofivaeUD U OO WU
was used to generate intensity profiles for individual cells in an ima ge. For membrane

permeability assays, cells were treated with 7.54 , w/12.53 , Hist-5, and the desired

concentrations of ZnCl.. Uptake of Pl is shown after 5 min treatment.
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2.4.10.7Zn-dependent Changes in Hist -5* and Hist -5 Uptake and M embrane Activity
in the C. albicans Hyphal Form

Hyphal formation was induced in C. albicais and the cells were prepared for
microscopy as described in the preparation of C. albicansn the hyphal from for
microscopy section. Cells were treated with 12.5% , Hist-5* and the desired
concentrations of ZnClz and uptake of Hist-5* is shown in the microscopy images after 5
min. For membrane permeability assays, cells were treated with 7.54 , w/12.5% ,
Hist-5, and the desired concentrations of ZnCk. Uptake of Pl is shown after 5 min

treatment.

2.4.10.8Fluorescence Microscopy of ZQ-Zn(ll) Complexes

C. albi@answere prepared for microscopy as described in the preparation of C.
albicangfor microscopy section. Cells weretreated with 75 4 , w9 266 , Hist-5 and the
desired concentrations of ZnCl.. Fluorescence signals from ZQ complexes are shown

after 5 min in the microscopy images.

2.4.10.9Zinc Chelation Assays

C. albicansvere prepared for microscopy as described in the preparation of C.
albicans for microscopy section. Cells were initially treated with either 12.54 , Hist-5*
or Hist-5+Pland 12.54 , ZnCl.. Peptide and Zn?*treated cells were imaged for 2.5 min
via timelapse microscopy to visualize surface adhesion of the peptide to the fungal cell.
These cells were then exposed to 12.%5 , w OrhetaEchelating agent, either EDTA or

S100A12protein and the cells wereimaged via timelapse microscopy for a further 5 min.
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Uptake of either Hist -5* or PI after 5 min treatment with the chelating agent is shown in

the microscopy images.

2.4.10.10Cu?*and Zn2*Mixed M etal Assays

C. albicansvere prepared for microscopy as described in the preparation of C.
albicangfor microscopy section. Cells were initially treated with 12.5 4 , Hist-5*+12.55 ,
ZnClz at RT and imaged for 2.5 min via timelapse microscopy to visualize surface
adhesion of the peptide to the fungal cell. These cells were then exposed to 12.5% , w
CuSQs and imaged for a further 5 min. Or cells were treated with 12.5 4 M Hist-5* and
various combinations of ZnCl 2 and CuSOs and imaged for 5 min at RT. Effects of

Cu?9/Zn?*addition on Hist-5* uptake are shown in the microscopy images.

2.5 Supporting Information
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Figure 2.10: Synthesis of Hist -5*. Fmoc-protected methoxycoumar in (Mca) was
incorporated into the solid phase peptide synthesis of Hist -5 yielding a singly labeled
peptide, Hist -5Mca. Purified Hist -5Mca was reacted in a 1:1 molar ratio with 4 -Fluoro -

7-sulfamoylbenzofuraz an (ABD -F) for 20 min in a water bath at 60 °C yielding the
doubly labeled Hist -5 peptide, Hist -5*.
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Figure 2.11: Zn-dependent Quenching of Hist -5Mca Fluorescence. (A)
Emission spectrum of Hist -5Mca excited at 325 nm upon titration of ZnCl :into 12.5
MM Hist -5Mca in 1 mM potassium phosphate buffer (PP B) pH 7.4. Inset shows
fluorescence emission of the Mca fluorophore at 392 nm plotted as a function of
added ZnCl 2. (B) Emission spectrum of Hist -5Mca excited at 405 nm upon titration of
ZnClzinto 12.5 uM Hist -5Mca in 1 mM PPB pH 7.4. Inset shows fluoresc ence emission
of the Mca fluorophore at plotted as a function of added ZnCI 2. Error barsin A and B
represent the standard deviation between three replicate exp eriments.

53



12.5 pM Hist-5*
+ 3.1 uM ZnCl,
+ 6.3 pM ZnCl,
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Figure 2.12: C. albicans cells remain viable throughout 30 min of imaging  with

Hist -5* and Zn2*. Cidality assay of C. albicans cells treated with 12.5 uM Hist -5* and

increasing concentrations of ZnClzin PPB over a 30 min time period spotted onto YPD
agar and incubated for 48 h at 30 °C.
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Figure 2.13: Fluorescence signals from Mca and ABD fluorophores on Hist -5*
colocalize. Timelapse microscopy i mages of cells treated with 12.5 uM Hist -5* at
room temperature (RT) over 30 min in 1 mM potassium phosphate buffer pH 7.4

(PPB). Excitation of Hist -5* at 405 nm. Scale bar = 10 pum.
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Brightfield
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Figure 2.14: Control cel Is exhibit no fluorescence signal . Confocal fluorescence
microscopy images of untreated C. albicans cells and cells treated with 50 uM Hist -5
at RT for 5 min in PPB . Scale bar = 10 pm.
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Figure 2.15: Fungicidal activity of Hist -5* is inhi bited by increasing
concentration of Zn 2%, C. albicans cells were pre-incubated in PPB pH 7.4 for 1.5 h at
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37 °C with increasing concentrations of Hist -5* and supplemental ZnCl 2
concentrations are indicated in the figure axes. Aliquots were resuspended in 50 mM
Tris -buffered synthetic defined media (SD+), pH 7.4, and cell growth was measured

by OD sooafter incubation for 48 h at 30 °C. Values represent the aver age from three
biological replicates.
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Figure 2.16: Modulation of cell growth by Zn 2+at sub-M IC levels of Hist -5,
revealing that Zn 2*improves Hist -5 activity at a ratio of 1:2 Zn:peptide under these
conditions. (A) C. albicans cells were pre-incubated in PPB pH 7.4 for 1.5 h at 37 °C

with increasing concentrations of Hist -5 and supplemental ZnCl 2; concentrations are
indicated in the figure axes. Aliquots were resuspended in 50 mM Tris  -buffered
synthetic defined Zn -free media (SD -Zn), pH 7.4, and cell growth was measur ed by
OD s00 after incubation for 48 h at 30 °C. (B) Data from the 1.6 mM Hist -5 row (red box
in A) replotted as a bar graph to zoom in the nuanced modulatory effect of Zn 2*under
these conditions. Values and error bars represen t the average and standard deviation
from three biological replicates.
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Figure 2.17: Zn?*addition blocks peptide internalization . Timelapse
microscopy images of C. albicans cells treated with 12.5 uM Hist -5* alone, peptide+2
eg. NaCl, or varying concentrations of ZnCIl 2(0.25, 0.5, 1, or 2 egZn?*) at RT over 5 min
in PPB. Scale bar = 10 pum.
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Figure 2.18 Zn-induced adherence of Hist -5* to the cell surface is long -lived.
Timelapse mi croscopy images of C. albicans cells treated with 12.5 uM Hist -5* and
12.5 uM ZnCl 2 at RT over 2 h in PPB. Scale bar = 10 um.
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Figure 2.19: Surface-bound effect of Hist -5* is Zn-specific .Confocal microscopy
images of C. albicans cells treated with 12.5 uM Hist -5* alone or 12.5 uM Hist -5*+12.5
UM ZnCl 2, 12.5 pM CuSOsq, or 12.5 uM CoClzat RT for 5 min in PPB. Scale bar = 10

pm.
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Figure 2.20: In vitro formation o f a ternary comp lex between Hist -5, ZQ, and
Zn 2, Titration of Hist -5 into a solution containing 25 uM ZQ and 12.5 uM in ZnCl 2
PPB pH 7.4.Structure of ZQ free acid shown in the right -hand corner.
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Figure 2.21: EDTA and S100A12 protein do not induce membrane
permeabili ty. Confocal microscopy images of C. albicans cells treated with 7.5 uM PI
and 12.5 uM EDTA or 12.5 yM S100A12 at RT for 5 min in PPB. Scale bar = 10 pm.
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Figure 2.22: Cu?*supplementation does not rever seZn-induced surface
adhesion of Hist -5*. Confo cal fluorescence microscopy images of cells treated with
(A) 12.5uM Hist -5* and various combinatio ns of ZnClz2and CuSOsat RT for 5 min in
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PPB. (B) Timelapse microscopy images of cells treated with 12.5 uM Hist -5and 1 eq.
ZnCl zfor 2.5 min at RT in PPB, followed by addition of 25uM CuSO04, as indicated
with arrow, images were collected over 300 s at RT in PPB. Scale bar = 10 pm.

» » = » » »

) Timex(min)

B Intens. +MS, 0.1-0.2min #(2-4)
x108]

506.9
4346

608.1

759.9

250 © 500 750 1000 1250 1500 1750 2000 miz

Figure 2.23: HPLC and MS Characterization of Hist -5. (A) Analytic HPLC trace
of Hist -5 detection at 280 nm, retention time ~28.8 min. (B) Mass spectrum of Hist -5.
Observed masses confirmed by electrospray ionization mass spectrometry: calculated
mass for Hist -5 3034.5, found (M + 4H%) 759.9 m/z, (M + 5H) 608.1m/z, (M + 6H*) 506.9
m/z, (M + 7H*) 434.6 m/z.
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Figure 2.24: HPLC and MS Characterization of Hist -5Mca. (A) Analy tic HPLC
trace of Hist -5Mca detection at 325 nm, retention time ~25.7 min . (B) Mass spectrum of
Hist -5Mca. Observed masses confirmed by electrospray ionization mass spectrometry:
calculated mass for Hist -5-Mca 3056.5, found (M + 3H*) 1019.9 m/z, (M +4H*) 765.1 m/z,

(M +5H%) 612.2 m/z, (M + 6H) 510.5 m/z.
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Figure 2.25: HPLC and MS Characterization of Hist -5*. (A) Analytic HPLC
trace of Hist -5* detection at 325 nm, retention time ~27.1 min. (B) Mass spectrum of
Hist -5*. Observed masses confirmed by electrospray ionization mass spectrometry:

calculated mass for Hist -5* 3253.5, found (M + 3H*) 1085.5 m/z, (M + 4H) 814.4 m/z, (M
+ 5H%) 651.6 m/z, (M + 6H) 543.2 m/z.

2.5.1 MATLAB Script for Image Intensity Analysis®
This script calculates the corrected total cell fluorescence (CTCF) value for each
slice of a zstack across all times within a confocal timelapse microscopy image.

(Area of selected cell) » (Average pixel intensity within the area)

CTCF =

(Area of background) = (Average pixel intensity of background)
%% This script reads *.czi files ¢ ontaining image stacks for
% quantifying cell intensi ties.

6 MATLAB saipt wr itten by Keerthi Anand.
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and

% It uses open source bio - formats v5.3 dependencies for MATLAB
% extract bfmatlab.zip, downloadable from

% https://downloads.openmicroscopy.org/bio - formats/5.3.4/

% and copy file path below

% Writt en by Keerthi Anand

% 1/21/2020

% modified 3/22/20 to optimize run time

clc

close all

%%

%Paste full file path of extracted dependencies folder here
bfFolder= 'C: \ Users\ Joanna\ Documents\ MATLABbfmatlab' ;
addpath(genpath(bfFolder))

% Open dialog Box to lo ad .czi file
[file,path,indx] = uigetfile( *czi' )

% Change to directory
cd(path)

% Extract all stacks and metadata
volume=bfOpen3DVolume([path file]);

%Extract data, which is located in the first cell
data=volume{1,1}{1,1};

%Number of stacks by 3 channels
maxStacks=size(data,3)/3;

% This is heade r info for data written out for each ROI/Cell
outputSummaryData={ 'Filename' 'Time' 'Frame' 'CH1 Area' 'CH1 Mean' 'CH1

'CH1 CTFC' 'CH1 Mean Bgd ''CH2 Area' 'CH2 Mean' 'CH2 ID' 'CH2 CTFC'
'CH2 Mean Bgd' };
%Scale for area covered by each pixel, custom for your imaging field

factor=67.48"2/512"2;

% Second cell contains metadata, use this to find number of time points
% (numTotalTimePoi nts) and number z stacks (numTotalZStacks)
metadata = volume{1, 2};

metadataKeys = metadata.keySet().i t erator();

numTotalTimePoints=1;
numTotalZStacks=1;

% Search through metadata to find fields containing number timepoints
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S);

% z stacks

for z=1:metad ata.size()
key = metadataKeys.nextElement();
value = metadata.get(key);

if contains(k ey, 'DimensionT" )
numTotalTimePoints=str2double(value);

end

if contains(key, 'SizeZ' )
numTotalZStacks =str2double(value);

end

allMetdata{z,1}=key;

allMetdata{z,2}=value;

% fprintf('%s = %s  \n', key, value)

end

% Specif y colormaps for vizualizing channels

colormapMagenta=zeros([256 3]); % colormap for magenta
colormapMagenta(:,[1 3])=repmat (linspace(0,1,256)',[1 2]);
colormapCyan=zeros([256 3]); % colormap for cyan

colormapCyan(:,[2 3])=repmat(linspace(0,1,256)',[1 2]);

% Set intensity thresholds for chan 1 and 2 to get rid of noise
noiseThresholdChanl1=15; % 15 works well but play around
noiseThresholdChan2=15;

% First run, set flag to 0
reuseROI=0;

% numTotalTimePoints = number Timepoints

% numTotalZStacks = numbe r z Stacks

% channels arranged tmptl - z1-chans1,2,3;tmptl -z2-chans1,2,3 ...
% Figure out how many images there are and iterate through them

% Allocate space for saving intensities through time
intensityThruTimeChanl=zeros(size(data,1),size(data,2),numTota | TimePoint

intensityThruTimeChan2=zeros(size(data,1),size(data,2),numTotalTimePoint
% idxDataEntry will be cou nter to add data to summary output file.
idxDataEntry=1;

for idxTime=1:numTotalTimePoints % lterate through time

%Allocate space

intensityThruStacksChanl=zeros(size(data,1),size(data,2),numTotalZStacks);

intensityThruStacksChan2=zeros(size (data,1),size(data,2),numTotalZStacks);

% lterate through z stacks
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'MarkerSize'

'MarkerSize'

for

z=1:numTotalZStacks

% Unique index to find da t a for particular

% z- stack and time point

imLoc=(idxTime - 1)*numTotalZStacks*3+(z - 1)*3;

chanl=data(:,:,imLoc+1); % Mca fluorophore
chan2=data(:,:,imLoc+2); % ABD fluorophore
chan3=data(:,:,imLoc+3); % Bright field

%Save intensity through stacks
intensityThruStacksChanl(:,:,z)=chanl;
int ensityThruStacksChan2(:,:,z)=chan2;

% Draw ROI for first time point and first z stack, we will

% assume cells don't move too mu ch
if z==1&&idxTime==1 % if first z stack, draw ROls
figure(1)

subplot(1,1,1)
% Displays brightfield image

imagesc(chan3)

title([  'File:" file ' Bright Field' ], 'Interpreter’ ,
colormap(gca, ‘gray’ )

axis image

% First ROl is around cell of interest
if reuseROI==0 || exist( 'main' , 'var' )==0
roiCell = imfreehand();
% Coordinates of ROI
xyCell = roiCell.getPosition;
hold on;
% plot boundaries of ROI
plot(xyCell(:, 1), xyCell(;, 2), '‘b." , 'LineWidth'

, 10);

mainCellMask = createMask(roiCell);
end

% Second ROl is around region in background
if reuseROI==0 || exist( 'bgdl' , 'var' )==0
roiBgdl = imfreehand();
% Coordinates of ROI
xyBgd1 = roiBgdl.getPosition;
hold on;
% plot boundaries of ROI
plot(xyBgd1(:, 1), xyBgd1l(:, 2), r.'! , 'LineWidth'

, 10);

bgdMask1 = createMask(roiBgdl);
end

% Third ROl isar  ound region in background
if reuseROI==0 || exis t( 'bgd2" ,'var' )==0
roiBgd2 = imfreehand();
% Coordinates of ROI
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'MarkerSize'

, 10);

'Marker Size' , 10);

ROI

2'})

'MarkerSize'

else

, 10);

xyBgd2 = roiBgd2.getPosition;

hold on;
% plot bounda ries of ROI
plot(xyBgd2(:, 1), xyBgd2(:, 2), r.' , 'LineWidth' , 2,

bgdMask?2 = createMask(roiBgd2);
end

% Fourth ROI is around region in background
if reuseROI==0 || exist( 'bgd3' , 'var' )==0
roiBgd3 = imfreehand();
% Coordinates of ROI
xyBgd3 = roiBgd3.getPosition;
hold on;
% plot boundaries of ROI
pl ot(xyBgd3(;, 1), xyBgd3(;, 2), r.' , 'LineWidth' , 2,

bgdMask3 = createMask(roiBgd3);
end

% if later zstack or tmpt, just calc values using existing
figure(1),

% Display the three different channels as subplots
h=subplot(2,2,1);

imagesc(chanl,[0 50]),

titke(  'Channel1' )

colormap(gca,colormapMagenta)

axis image

h2=subplot(2,2, 2);

imagesc(chan2,[0 50]),

title({[ T:'  num2str(idxTime) 'Z:' num2str(z) ], 'Channel

colormap(gca,colormapCyan)
axis image
h3=subplot(2,2,3);
imagesc(chan3),

title( ' Bright Field' )
colormap(gca , 'gray’ )
axis image

% Plot Cell ROI

subplot(2,2,3)

hold on

plot(xyCell(:, 1), xyCell(:, 2), 'b." , 'LineWidth' 2,

% Plot Background ROI 1
hold on
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plot(xyBgd1(:, 1), xyBgdl(:, 2), r' , 'LineWidth' 2,
'MarkerSize' , 10);

% Plot Background ROI 2

hold on

plot(xyBgd2(:, 1), xyBgd2(:, 2), r.' , 'LineWidth' , 2,
'‘MarkerSize' , 10);

% Plot Background ROI 3

hold on

plot(xyBgd3(:, 1), xyBgd3(:, 2), r.', 'LineWidth' 2,
'MarkerSize' , 10);

end

% Calculate the mean values of three background ROIls in chan 1

(Mca)
meanNoiselntensities(z,1,2)=mean(chanl(bgdMaskl));
meanNoiselntensities(z,1,3)=mean(chan1(bgdMask?));
meanNoiselntensities(z,1,4)=mean(chanl(bgdMask3));
meanNoiselntensityBgdChanl=mean(squeeze(meanNoiselntensities(z,1,2:end )));
% Calculate the mean values of three background ROIs in chan 2
(ABD)

meanNoiselntensities(z,2,2)=mean(chan2(bgdMask1));
meanNoiselntensities(z,2,3)=mean(chan2(bgdMask?2));
meanNoiselntensities(z,2,4)=mean(chan2( bgdMask3));

meanNoiselntensityBgdChan2=mean(squeeze(meanNoiselntensities(z,2,2:end)));

% Create a mask that calculates only the mean of data with

% intensity above the background, and display this mask

acceptMask=ma nCellMask &
chanl>(meanNoiselntensityBgdChanl+noiseThresholdChanl) &
chan2>(meanNoiselntensityBgdChan2+noiseThresholdChan2);

subplot(2,2,4)

imagesc(acceptMask),

titte(  'Thresholded Mask' )

colormap(gca, ‘gray' )

axis image

% Calulate avarge intensity of cell in chan 1
meanNoiselntensities(z,1,1)=mean(chanl(acceptMask));
% Calulate avarge intensity of cell in chan 2
meanNoiselntensities(z,2,1)=mean(chan2(acceptMask));

% Sum up area of cell
areas=sum(sum(double(acceptMask)));

% Compute Integrated Density chan 1
ID(z,1)=factor*areas*meanNoiselntensities(z,1,1);

% Compute Integrated Density chan 1
ID(z,2)=factor*area s*meanNoiselntensities(z,2,1);
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% Compute Corrected Total Cell Fluorescence chan 1
CFTC(z,1)=factor*areas*(meanNoiselntensities(z,1,1) -

meanNoiselntensityBgdChanl);

% Compute Corrected Total Cell Fluorescence chan 2
CGFTC(z,2)=factor*areas*(meanNoiselntensities(z,2,1) -

meanNoiselntensityBgdChan?2);

script)

% Uncomment for display of 1D and CFTC values (may slow down

% figure(1)
% subplot(2,2,1)
% xlabel({['ID: " num2str(1D(i,1))], [CF TC:'

num2str(CFTC(,1))]})

% subplot(2,2,2)
% xlabel({['ID: ' num2str(I1D(i,2))],[CFTC: "

num2str(CFTC(i,2))]})

% update figure
drawnow

% Save summary data to output file and increment counter
idxDataEntry=idxDataEntry+1;
outputSummaryData(idxDataEntry,:)={file idxTime z areas*factor

meanNoiselntensities(z,1,1) ID(z,1) CFTC(z,1) meanNoiselntensityBgdChanl
areas*factor meanNoiselntensities(z,2,1) ID(z,2) CFTC(z,2)
meanNoiselntensi tyBg dChan2};

end

% Save Intensity through stacks

intensityThruTimeChan1(:,:,idxTime)=sum(intensityThruStacksChan1,3);

intensityThruTimeChan2(;,:,idxTime)=sum(intensity ThruStacksChan2,3);
end

%% Saves ROl and stat data under custom suffix

time =clock;
time=num2str(time(l:end - 1));
time(time == "' )=1];

% Prompt for user suffix

prompt ={ ‘'Enter ROI identifier eg Celll or C1' h
digTitle = Input’ ;

dims =[1 40];

deflnput = {[time " C1' 1], 'hsv' }

answer = inputdlg(prompt,digTitle,dims,definpu t);

fileSuffix=[answer{1}];
saveFilename=[file(1:end -4) ' fileSuffix “mat' ];

% Save data to .mat file, load this to reuse masks, change reuse flag to
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save(saveFilename, ‘mainCellMask’ ,'bgdMaskl' ,'bgdMask2' ,'bgdMask3' , ‘outpu
tSummaryData' , 'intensityThruT i meChan1), 'intensityThruTimeChan2' , 'noiseThreshol
dChanl', 'noiseThresholdChan2' ,‘'acceptMask’ , 'xyCell' ,'xyBgdl' , 'xyBgd2' ,'xyBgd3'
)
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3 Histatin-5 Interacts with Cellular Copper to Promote
Antifungal Activity Against Candida albicans’

3.1 Background and Significance

Histatin -5 (Hist-5) is the most abundant member of the histatin family of
antimicrobial peptides found in the oral cavity and is known to exert potent antifungal
activity against CandidaalbicangC. albicang2* 2 Although the candicidal activity of Hi st-
5 has been known in the literature for years, the precise mode of action of the peptide
has yet to be fully defined. Previous studies have reported elevated levels of reactive
oxygen species (ROS) in cells treatd with Hist -5.48 This in combination with the
observation that Hist -5 localizes to the mitochondria®? has led researchers to hypothesize
that Hist-5 might exert its antifungal activity through the formation of ROS that could
lead to a disruption of the respiratory chain. 48 52 94Hjst-5-induced ROS production has
also prompted further investigation into the metal binding properties of the peptide.

Particular interest has focused on the ability of Hist-5 to bind Cu, since Cu is a
redox active metal. The sequence ofHist-5 contains several known metal binding motifs
including an amino terminal Cu(ll) Ni(ll) -binding motif (NH 2XXH) as well as two pairs
of adjacent histidine residues (H7/H8 and H18/H19) that comprise the bis-His motifs
with which Hist-5 can bind Cu in either oxidation state, with an affinity of 8 pM for Cuz?*

and 16¢ 25 nM for Cu*in 50 mM HEPESbuffer, pH 7.4.55 Hist-5 was shown to facilitate

7 This work was done in collaboration with Professor Hugh Harris at the University of Adelaide .
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production of hydrogen peroxide in the presenceof Cu?* and ascorbatein air,% leading
researchers tosuggestthat a Hist-5-Cu complex may be responsible for catalyzing ROS
Ul EOWEEUWE UwE wx Hidgaot®ity 2p&A studyihvestiyBtiig t Heraedof Cu
availability on the fungicidal activity of Hist -5 showed that supplemental Cu?* co-
administered with the peptide increasedthe antifungal activity of Hist -5.55 While these
studies show that Cu has an effect on the cell killing activity of Hist -5, precisely how Cu
is involved in the process remains unknown .

In this study we used a fluorescent Hist -5 analogue, Hist-5*, to investigate the
effects of Cut*and Cu* on Hist-5 interactions in vitro and within the cell. We also used X-
ray fluorescence microscopy (XRF) to visualize peptide-induced changes to cellular Cu
distribution and concentration. Here we provide evidence that Hist -5 interacts with
intracellular Cu alt ering the localization of the meta | and causing an increase in thecell-
associated Cu levels. These data lead us to suggest that the previously observed increase
in fungicidal activity of Hist -5 is the result of a peptide-Cu interaction which leads to Cu

toxicity and cell death.

3.2 Results
3.2.1 Hist-5* Fluorescence is Quenched by Cu*and Cu?*In Vitro

Hist-5* is adoubly -labeled fluorescent peptide analogue of Hist-5 which has
comparable antifungal activity to native Hist-5.97 As we showed previously, the

fluorescence of the Mca and ABD fluorophores appended to Hist-5* changeas a function
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of added Zn2+97 To determine the fluorescence response of Hist5* to Cu, solutions of
either Cuztor Cu*weretitrated into a solution containing Hist-5* in 1 mM potassium
phosphate buffer (PPB) pH 7.4 In these experiments, Hist-5* was excited at 405 nmto
replicate the excitation parameters used in subsequent microscopyassays Under these
conditions, Hist-5* fluorescence primarily comesfrom the ABD fluorophore between
500t 600 nm, (Figure 3.1A and B). We observed a decrease in Hist5* fluorescence upon
the addition of increasing equivalents of Cu?tor Cu* (Figure 3.1C). Titration of either
Na2SOsor ACN into Hist -5* did not alter the fluorescence response of the peptide
(Figure 3.10), indicating that the decreasein fluorescence isa result of Cu and not
caused by the sulfate anion, acetonitrile, or dilution effects. When Hist-5* was excited at
the optimal wavelengths for Mca and ABD, both fluorop hores exhibited fluorescence
guenching in response to either Cuz*or Cu* (Figures 3.8 and 3.9). These dataconfirm that

Hist-5* may be used to detect metatdependent changes to peptide fluorescence in vitro.
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Figure 3.1: In vitro quenching of Hist -5* flu orescence by Cu2*and Cu*.
Emission spectra of Hist -5* excited at 405 nm upon titration of (A) CuSOaor (B)
[Cu(CH sCN)4PFsinto 12.5 4M Hist -5* in 1. mM PPB pH 7.4. (C) Fluorescence emission
of the ABD fluorophore pl otted as a function of added Cu 29/Cu* (blue), Na2S0Oa4
(black), or ACN (gray) . Titration of Cu*was conducted under anerobic conditions.
Error bars represent the standard devia tion between three replicate titration
experiments.

3.2.2 Hist-5* Retains Cu-dependent Fungicidal Activity Against C.
albicans

Supplemental Cu# has been shown toimprove the antifungal activity of Hist -5 in
C. albicang® To testif Hist-5* replicates Hist-5 activity, fungicidal activity assays were
conducted with Hist-5* and Cu?*. Cells treated with either Hist-5* or Hist -5 exhibited
>95% cell killi ng at doses of 25 uMpeptide (Figures 3.2A and 3.10). Upon addition of 10
MM Cu?, the antifungal activity of both peptides improved , lowering the doses required
to indu ce >%% cell killing from 25 uM to 6.3 and 3.1 uM for Hist-5* and Hist-5,

respectively (Figures 3.2A and 3.10). We alsoinvestigated time -dependent cell killing of
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Hist-5* to ensure that cells beingprepared and imaged in microscopy assays were
viable. For these experiments,C. albicansells were treated with sublethal concentrations
of Hi st-5* (12.5 uM) and increasing concentrations of Cu?* for up to 30 min and spotted
onto agar plates. Cells remained viable after 30 min exposure to Hist-5* alone (Figure

3.2B). However, Cu? coadministration with Hist-5* caused cell death after 15 min

(Figure 3.2B).
A B

1.5 Cap— Time (min)
8 3 +10 uM CuSO, 0 5 1530
Q P I T .
O 1.047m AR 12.5 yM Hist-5*
g .y + 3.1 yM CuSO,
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Figure 3.2: Hist -5* retains Cu-dependent antifungal activity.  (A) C. albicans
cells were preincu bated with inc reasing concentrations of Hist -5* (purple) or Hist -
5*+10uM CuSO 4(blue) for 1.5 h at 37°C in PPB pH 7.4. Aliguots were resuspended in
YPD, and cell growth was measured by OD eoo0 after 48 h incubation at 30 °C. Data and
error bars represent the average from three biological replicates. (B) Cidality assay of
C. albicans cells treated wit h 12.5 uM Hist -5* and increasing concentrations of CuSO 4
in PPB over a 30 min time period spotted onto YPD agar and incubated for 48 h at 30
°C.

Although we h ave shown that Cu?* promotes Hist-5 candidacidal activity , it
remains unclear whether Hist-5 requires Cu to exert its antifungal activity. A previous

study used the Cu* chelator bathocuproine disulfonate , BCS to investigate the Cu-
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dependent antifungal activity of Hist-5 and found that the peptide becameinactive
when treated with 2 mM BCS? We conducted microscopy studies of cells treated with
Hist-5* and BCS and found that high concentrations of BCScausedaggregation of the
peptide, preventing it from i nteracting with the fungal cell (Figure 3.11). While His t-5*
was able to internalize in cells treated with 1 equivalent of BCS to peptide, these peptide
aggregates formedin the presence of 100 and 200 uM BCS and did not interact with the
fungal cells (Figure 3.11). No inter nalization or cell association of Hist-5* was observed
in cells treated with 2 mM BCS(Figure 3.11). This apparent lack of Hist-5*
internalization may explain the previous ly observed decrease in Hist-5* activity under
similar conditions .5 Therefore, rather than using a metal chelator to creae a Cudeplete
growth environment, we performed t wo-dimensional broth microdilutions with
increasing concentrations of Hist-5 and Cu?*in a Cu-free synthetic defined media (Cu-
SD). Cells grown in thi s minimal media were hyp ersensitive to Cu?* supplementation,
with the addition of 3.1 uM Cu 2+ alone causing cell death (Figure 3.12. However, there
was no change in the antifungal activity of Hist -5 in Cu-SD when compared to Hist-5 in
metal complete media (SD+) (Figure 3.12), indicating that although Cu2*impr oves the

fungicidal activity of Hist -5, added Cuz?*it is not required for peptide activity .

3.2.3 Microscopy Images Reveal Cu-induced Quenching of Hist-5*
Fluorescence

We observed a decrease in Hist5* fluorescenceas a function of Cu2*

addition in vitro ( Figure 3.1). To determine whether this Cu -induced fluor escence
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guenching could be observed in cells, confocal microscopy experiments were performed
on C. albicangells exposed to Hist-5* and increasing cancentrations of Cu2. We
observed bright cytosolic fluor escence from cells treated with 12.5 uM Hist-5* (Figure
3.34). As cells were treated with increasing equivalents of Cu 2*to peptide we continued
to observe internalization of Hist-5* to the cytosol, however, the intensity of the
fluorescence signalwas weakened (Figure 3.3A). This apparent decrease in Hig-5*
fluorescence as a function of Cu?* was quantified and reported as the corrected total cell
fluorescence (CTCF) per cell for individual cells in m ultiple images collected over
several days. A significant reduction of Hist-5* fluorescence, p = 0.0050 agh p = 0.0007
(Figure 3.3B), was observed for cells treated with 0.25 and 0.5 equivalentof Cuz*.
Addition of 1 or more equivalents of Cu 2+to Hist-5* resulted in even greater decreases to
peptide fluorescence (p < 0.0001)Figure 3.38B). There was no statidically significant
change in Hist-5* fluorescence with the addition of 25 uM Na2SQ, indicating that the

observed decrease in signalwas not due to the presencesulfate (Figure 3.3B).
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Figure 3.3: Supplem ental Cu?* decreasesHist -5* fluorescence in C. albicans
cells. (A) Confocal fluorescence microscopy images of C. albicans cells treated with
12.54M Hist -5* alone, peptide+2 equiv Naz2SOs, or varying concentrations of CuSOa4
(0.25, 0.5, 1, or 2 equivCu?) at RT for 5 min in PPB. Scale bar = 104m. (B) Corrected

total cell fluorescence ( CTCF) per cell for individual fluorescence channels under

each treatment condition were quantified with each dot representing fluorescence

values from individual cells on exp eriments carried out on three separate days. (**
indicates p < 0., *** indicates p < 0.001and **** indicates p < 0.000)}.

Although these data point towards a Cu-induced quenching of Hist -5*
fluorescence, an alternative explanation for the observed decrease in peptide
fluorescence could be that Ci#*is preventing Hist -5 from internalizing, resulting in a

lower intensity signal . Confocal microscopy images of cells treated with Hist-5* and 25
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KM Cu?*do not show a change in peptide localization to the cell perimeter, which would
be indicative of extracellular peptide , leading us to believe that the decrease in
fluorescence is notdue to inhibition of Hist-5* internalization. To provide further
evidence that the reduced fluorescence is a Cudependent effect, we conducted
timelapse microscopy experiments in which cells were initially exposed to 1 or 2 molar
equivalents of Cu?*to induce a decrease in fuorescence intensity, followed by the
addition of a cell permeable metal chelator. Treatment with the intracellular metal
chelator N,N, N',N' -tetrakis-(2-pyridylmethyl)ethylenediamine (  TPEN) led to recovery of
Hist-5* fluorescence(Figures 3.4A and 3.13. Quantification of the fluorescence signal in
these images show that the addition of Cu?*led to a statistically significant decrease in
Hist-5* fluorescence(p < 0.0001) while addition of TPEN to the Cu -treated cells restored
fluorescenceintensity to levels that were similar to cells treated with peptide alone (p >
0.05)(Figure 3.4B). We also performed microscopy in cells that were cotreated with Hist -
5*, propidium iod ide (PI), and Cu?*to determine whether Cu 2* caused nonspecific
fluorescence quenching.n these experiments, Pl was used as &u-insensitive
fluorophore that internalizes through the permeabilized cell membrane into the cytosol
with Hist -5*. We again obseved a decrease in Hist-5* fluorescence upon Cw** addition,
however, the fluorescence intensity from Pl appeared to remain constant with increasing

Cuz concentration (Figure 3.14). Together, thesedata demonstrate that the reduction in
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Hist-5* fluorescence is caused by Cudependent quenching of the fluorophore s and

suggest potential intracellular interactions between Hist-5 and Cuz?+.
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fluorescence channels under each treatment condition were quantified with each dot
representing fluorescence values from indivi dual cells on experiments carried out on
three separate days. (**** indicates p < 0.0001).

3.2.4 X-Ray Fluorescence Microscopy Reveals Hist-5*induced
Changes to Cellular Cu Content and Distribution in C. albicans®

To further investigate the interplay between Hist -5 and Cu?*in C. albicangells,
we used XRF to obtain elemental distribution maps of trace metals in the cell. XRF
images show that untreated C. albicanscells exhibit low levels of background Cu that
appear to be evenly distributed throughout the image (Figure 3.5). Addition of 12.5 4 ,
Hist-5* alters the Cu distribution, localizing the Cu signal to the cell (Figure 3.5). Cells
that were treated with either 12.5 or 254 , Cu?*clearly showed an elevated Cu signal,
above background levels, that was uniformly distributed throughout the cell. Hist-5*
altered the cellular distribution of Cu in cells that were cotreated with peptide and Cu 2,

localizing the Cu signal within the cell (Figures 3.5and 3.6).

8 XRF data were collected on site at Argonne National Labs by Natalie Schulte and Joanna Camptell.
Analysis of XRF images for cellular metal content were extracted by Dr. Barry Lai at Argonne National Labs.
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Overlays of the Cu and Zn distribution maps show that Hist-5 treatment results
in the colocalization of the Cu signal with the Zn signal, compared to cells that were
treated with Cu alone (Figures 3.6A and B). Linear regression of the Cu concentration
against the Zn concentration at each position in a given image can be used to gauge the
degree of colocalization between two elements. By plotting the R 2 value for multiple
samples within a treatment group and comparing the groups against one another, we
were able to show a statistically significant increase in the Révalues for cells cotreated
with 12.54 , Hist-5* and 254 , Cu?*as opposed to cells treated with 254 , Cu?*alone
(p = 0.0271)Figure 3.6C). This confirms that Hist -5* treatment changes the ellular Cu

distribution, resulting in the colocalizat ion of the Cu and Zn signals.
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Figure 3.6: Combin ation treatment of Hist-5* and Cu?+alters Cu distribution in
the cell. (A) Overlays of Cu (green) and Zn (red) distribution maps of representative
XRF images of C. albicans cells treated with 12.5 uM Hi st-5*+1 equiv CuSO 4. Linear

regression of Cu concentration (ug/cm?) against Zn concentration (ug/cm?) at each
point in the presented image indicates the degree of colocaliz ation between the two
elements. (B) Overlays of Cu ( green) and Zn (red) distributio n maps of representative
XRF images of C. albicans cells treated with 12.5 yM CuSOu. Linear regression of Cu
concentration (ug/cm?) against Zn concentration (ug/cm?) at each point in the
presented image indicates the degree of colocalization between the tw o elements. (C)
Plot of R2values for cell s in sample against the treatment group. (* indicates p < 0.05).

In addition to elemental distribution maps , XRF imaging also allowed us to
guantify the cell-associated metal content in our samples.Cellular Fe and Zn
concentrations were largely unaffected by treatment with Hist -5*, Cu, or a combination
of peptide and Cu (Figure 3.15. We found that Hist -5* treatment did not cause a
statistically significant change in the average cellular Cu content when compared to
untreated C. albicangells (Figure 3.7). Addition of either 12.5 or 25 4 , Cu?#to the cells
resulted in a significant, but expected, increase in the average cellular Cu levels from
0.0® 4g/cmz Cuin untreated cells to 0.286 and 0.2455g/cm2Cu in the Cu treated cells (p
< 0.0001)Figure 3.7). Treatment with 12.55M Hist-5* and 1 equivalent of Cu?*resulted
in a roughly 1.5-fold increase in average cellassociated Cucompared to cells treated
with 12.5 4M Cu?*alone (p = 0.0017)Figure 3.7). Cells that were cotreated with 12.55M
Hist-5* and 2molar equivalents of Cu 2+ exhibited a roughly 3-fold increase in cellular Cu
concentration compared to cells treated with 25 4M Cu2*(p < 0.0001)Figure 3.7). These
data show that in Cu-supplemented cells, Hist-5 treatment causel an increase in celt

associated Cu content.
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Figure 3.7: Combination treatment of Hist-5* and Cu?*increases cellular Cu
levels above Cu-alone. Plot of average cell -associated Cu concentration (pg/cm 2) for
individual cells in a sample against the treatment  group. (** indicates p < 0.0l and ****
indicates p <0.000).

3.3 Discussion

Hist -5 has previously been shown to bind Cu in both Cu?* and Cu*oxidation
statesand addition of supplemental Cu 2*to the growth environment is reported to
enhance the antifungal activity of the peptide.5355 63A study investigatin g the Cu-
dependent biological activity of mutant Hist -5 peptides with reduced Cu-binding
abilities suggested that Cu*binding to Hist -5 may be important in Hist -5 fungicidal
activity. 55 Here, we present data to support the hypothesis that Hist -5 interactswith Cu
in the cell to exert its cell killing ac tivity. Through our fungicidal activity assays, we
showed that although Cu 2*improves the antifungal outcomes of Hist -5 treatment,

extracellularly supplied Cu?*is not required for peptide activity ( Figures3.2and 3.12.
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Use of Hist-5*, afluorescent metal-responsive peptide, allowed for the detection of Cu-
dependent changes to Hist-5* fluorescence both in vitro and in cells (Figures 3.1 and 3.3.
Specifically, confocal microscopy assaysrevealed reversible Cu-induced quenching of
Hist-5* fluorescence,suggestive of an intracellular Cu-Hist-5 interaction (Figure 3.4).
XRF imaging show that Hist -5* treatment altered the distributi on of Cu within the cell
and increased cell-associated Cu content Figures 3.6 and3.7). In many of these
experiments Cu?*is added extracellularly with Hist -5, however, it is likely that upon
entry into the cytosol Cu 2*is reduced to Cu*.9810Qur in vitro fluorescence data show that
both Cuz*and Cu* quench Hist-5* fluorescence.Alth ough the cellular imaging data,
presented here,cannot distinguish the oxidation state of Cu, our results of reversible Cu-
induced fluorescence quencting and peptide -induced changes to cellular Cu localization
are consistent with either oxidation state. Combined, these data provide strong evidence
that a Cu-Hist-5 interaction is occurring within the fungal cell.

In our XRF imaging data we note that His t-5* causel a change in the cellular
distribution of Cu, appearing to localize the Cu signal to specific but unidentified areas
within the c ell (Figures 3.5 and 3.§. This peptide-induced change in Cu distribution is
most visible in cells that are cotreated with Hist -5* and Cu2*compared to cells treated
with Cu 2+ alone or peptide alone (Figure 3.6). However, subtle changes to Cu
distribution are also observed when comparing Hist -5* treated cells to untreated C.

albicanscells. Both groups of cells exhibit low cellular Cu signals that do not appear to be
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much more intense than the background Cu in the image. Yet, the addition of peptide
appears to cause the Cuthat is present in the image to localize with in the cell, rather
than being nonspecifically distributed throughout the background of theimage (Figure
3.5). This indicates that Hist-5 will interact with cel lular Cu, of its own accord, without
the use of supplemental Cuz+driving the interaction. In Cu-treated cells, the Cu signalis
uniformly distributed throughout the cell body, however, when Hist-5*is added the Cu
signal appears to accumulateat hotspots on the cell. Leading us to wonder, what the
cellular marker for these Cu hotspots might be?

C. albicangells that are treated with peptide and Cu 2+ exhibit changes to their Cu
distrib ution maps which show colocalization between the Cu and Zn signals (Figure
3.6). Identifying the areas where Zn may be locali zed within the cell could lead us to
speculate aboutpossible targets of Hist-5* and Cu treatment. Although the vacuole and
zincosomes are crucial structures for Zn storage in C. albicang®tit is unli kely that the
peptide -induced Cu accumulation observ ed in XRF images is occurring in these
compartments. Hist-5 treatment is known to cause volume dysregulation in cells which
likely affects the integrity of the vacuole. 46 Additionally, the methods used to prepare
and dry mount cell samples for XRF imaging would also prevent the vacuole from
remaining intact. The metal distribution maps show Zn and Cu accumulating together at
a specific area in the cell(Figure 3.6), however, zincosomes are small vesicular

compartments that are distributed throughout the cell 1°t and would likely produce Zn
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distribution maps that are distinct from those observed in our samples Zn is also
typically concentrated in the nucleus of C. alicans where zinc finger transcription
factors bind DNA. 102105 The potential for Cu localization to the nucleus is of particular
interest as it may represent a mechanism of Cu-induced cell death by Hi st-5.

This information, in combination with the XRF data showing an increase in
cellular Cu upon Hist-5 treatment, suggests that Cu-mediated toxicity may play a role i n
Hist-5 antifungal activity. Although the relevance of ROS in the antifungal activity of
Hist-5is still an area of debate?s 106. 10%the presence of excesintracellular Cu may
support Cu-induced redox activity leading to the formation of ROS. We hypothesize that
supplemental Cu 2*improves Hist -5 fungicidal activity through a direct interaction
between peptide and Cu that causes hyperaccumulation of Cu in the nucleus, leading to
cdl death. Further investigation into the location of Cu accumulation in the cell is
needed, although we propose the nucleus as goossible site of Cu buildup, other
organelles such as themitochondria could be of interest as another possible target of
Hist-5.52 While our data support a Cu -toxicity mechani sm for cell death, others have
suggested that Hist -5 may sequester Cu from C. albicansausing Cu-starvation
response?33 Overall, our results provide evidence for a direct interaction between Hist -5
and Cu in the cell which result in changes to cellular Cu levels and distribution that may

cause an increase in Hist5 fungicidal activity.
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3.4 Methods
3.4.1 Materials and General Methods

Chemicals and solvents were obtained from commercial suppliers and used as
received unless otherwise noted. Stock solutions of Cu?* (45mM), Fe3* (100mM), Mn 2+
(100mM), Zn 2+ (10 mM), and Co?* (10 mM) were prepared from CuSO 4-5H:0,
FeCk:6H20, MnCl2-4H:0, ZnCl2, and CoClin Milli -Q water. Cu* solutions were
prepared and stored in a Siemens MBraun glovebox under an inert N 2 atmosphere by
dissolving [Cu(CH sCN)4]PFs in anhydrous acetonitrile and subsequently standardized
using bicinchoninate (BCA). The concentration of Cu * solutions was determined from
the absorption at 563 nm due to the CUBCA):E OO x O1 R wopQ cord)iPAibykY wi,
solutions of propidium iodide (PI, Sigma -Aldrich) were prepared at 5 mg/mL in DMSO,

aliquoted, frozen, and stored in the dark when not in use.

3.4.2 Quantification of Peptide Stock Solutions

Peptide stock solutions were prepared as previously described in Chapter 2.
Briefly, lyophilized peptide was dissolved in Milli  -Q water (~50 mg/mL) and the peptide
stock solutions were stored at -20 °C in sealed cryogenic storage vials. The concentration
of peptide stock solutions was deJ1 UODOT EwUUDPOT wUT 1 wWEEUOUEEOEIT wU]
1450 Mecm\)22E O E wt | k wO O w dd GmitfisfohHisO Y and/ Hist-5*, respectively.
Absorption spectra were recorded in Lcmquartz EUYT OUT UwOOwWE w5 BYDPEOw" EU

spectrophotometer.
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3.4.3 Fluorescence Spectroscopy
3.4.3.1 Cu?*Quenching of Hist -5* Fluorescence

Fluorescence spectra were collected in a 5 mm quartz StarnaMicro fluorometer
cell using an Edinburgh Instruments FS5 Fluorometer. Emission spectra for Hist-5* were
collected over 412¢ 600 nm with an excitation wavelength of 405 nm, using 2.0/2.0 nm
excitation/emission bandwidths. Fluorescence of12.54 , Wist-5*in PPB was monitored
as a function of increasing equivalents of CuSQsor Na=2SOsas an anion control. The
fluorescence emission from the two fluorophores were identified by wavelength ranges
from 412 ¢ 499 nm for Mca and 500¢ 600 nm for ABD. The sum of the fluorescence
signal for each fluorophore was plotted as a function of equiv alents of metal added to
visualize the metal-dependent changes to Hist-5* fluorescence.

For fluorescence quenching experimentsof Hist-5* at its optimal wavelengths,
emission spectra were collected over 340t 530 nmand 410¢ 700 nmwith excitation
wavelengths at 325 nmand 385 nm for the Mca and ABD fluorophores, respectively.
Fluorescence of254 , Hist-5* in PPB was monitored as a function of increasing
equivalents of CuSQu. The fluorescence signal for Mca at 392 nmand ABD at 510 nm
was plotted as a function of equivalents of metal added to visualize the metal -dependent

changes to Hist-5* fluore scence
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3.4.3.2 Cu*Quenching of Hist -5* Fluorescence®

Curwas prepared from [Cu(CH sCN)4]PFsin a Siemens MBraun glovebox as
described in the above materials and generalmethods section. A working solution of
Cu*was drawnintoa50% + w' EODOU O O wU a WdnGHe plavebok] addplated w i
in a Nzenvironment created by liquid nitrogen. wU OO U U P OO wO-b*intPPBwasuy , w' B U
prepared and sealed with a septum in a 5 mm quartz Starna Micro fluorometer cell.
Atmospheric O 2was removed from the peptide solution by bubbling argon gas into the
sealed cuvette for 30 min. Fluorescencespectra were collected using an Edinburgh
Instruments FS5 Fluorometer. Emission spectra for Hist-5* were collected over 412¢ 600
nm with an excitation wavele ngth of 405 nm, using 2.0/2.0nm excitation/emission
bandwidths. Fluorescence ofHist-5* was monitored as Cu*from the syringe was titrated,
in0.625 + WP OEUI O1 00U O wb O.TkedlubiedcentelemissiorErank thetioU U |
fluorophores were identified by wavelength ranges from 412 ¢ 499 nm for Mca and 500¢
600 nm for ABD. The sum of the fluorescence signal for each fluorophore was plotted as
a function of equivalents of metal added to visualize the metal-dependent changes to
Hist -5* fluorescence.After the final Cu * addition, a colorimetric Cu*chelator,
bathocuproine disulfonate (BCS), was added to both the cuvette containing Hist-5* and
Cu* and the syringe containing Cu*to verify the integrity of Cu*throughout the

experiment. A change in color of the solutions from clear to orange was observed in the

9 Cutsolutions were prepared by Dr. Anna Gallo.
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cuvette and the syringe, giving a qualitative indication that Cu *was the Cu source for
these experiments.

For fluorescence quenching experiments of Hist-5* at its optimal wavelengths,
emission spectra were collected over 340t 530 nm and 410t 700 nm with excitation
wavelengths at 325 nm and 385 nm for the Mca and ABD fluorophores, respectively.
Fluorescence of664 , Hist-5* was monitored as Cu*from the syringe was titrated, in
0.624L increments, into the sealed cuvette. The fluorescence signal for Mca at 392 nm
and ABD at 510 nmwas plotted as a function of equivalents of metal added to visualize

the metal-dependent changes to Hist-5* fluorescence

3.4.4 Yeast Strains and Culture Conditions

were performed with C. albican<linical isolate SC5314, which was obtained from the
American Type Cultur e Collection (ATCC). Prior to all exp eriments, C. albicansvere
streaked onto yeast peptone dextrose (YPD, Gibco) agar plates from frozen glycerol
stocks and incubated at 30 °C for 24 h. A single colony was used to inoculate 5 mL YPD
or SD+ media, which was then incubated at 30 °C, 200 rpm owernight for 16 + 18 h or 24

h, respectively, to stationary growth phase.

3.4.5 Synthetic Defined (SD) Media

All tris -buffered synthetic defined media formulations were prepared from

Chelex-treated Milli -Q water with individu al addition of media components to al low for
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rigorous control of metal content. To deplete trace metals from water prior to media
preparation, Milli -Q water was treated with Chelex 100 resin 10@ 200 mesh sodium form
via batch method (50 ¢g/L, Bio-Rad Laboratories). A concentrated stock of SD media not
containing Cu?, Fe*, Mn2*, or Zn?* (10® SD-) was prepared in the Chelex-treated MilliQ
water by adding glucose and yeast nitrogen base (YNB) ingredients at 1G
concentrations. YNB components were added indivi dually to avoid trace metals present
in commercial YNB mixtures. To prepare working 1X SD medium, 10 3 SD- was diluted
into Chelex-treated water (1:10), and Ultra-Pure Trist HCI (VWR) was added to a final
concentration of 50 mM. The pH of the media was adjusted to 7.4 using 1.0M HCI or
NaOH pellets, this media was then filter -sterilized. Finally, CuSO4, FeCk, MnCl2, and
ZnClz2were added, as appropriate to create either individual metal dropout or metal

complete media (SD+).

3.4.6 Candidacidal Assays
3.4.6.1 Microdilution Assays

C. albicansvere cultured overnight in YPD, as described above, and diluted to an
optical density at 600 nm absorption (ODsog) of 0.07 in PPB pH 7.4 and used as the
working culture. Peptides to be tested were serially diluted 2 -fold in PPB from aqueous
stocks and plated in a clear, flat-bottomed 96-well plate. Under metal supplemented

EOOEPUDOOUOWhY wawera@ddedltoyalywels., huy' YRy, + wOl wlOT T whp OU OB

culture of cells were then added to the 96-well plate, containing PPB, peptide, and Cu?*
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to a final OD oo 0f 0.035 and a final volume of 200 uL per well. Final concentrations of

peptide and Cu#+are indicated in the figure axes. For each experiment, a peptidefree

positive growth control and a cell -free, negative control were included. This plate was

incubated for 1.5 h at 37 °C, 200 rpm to allow time for peptide to interact with cells. After
POEUEEUDPOOOwWhY ws + WEOPQ@UOUU Wi Uvél piatd coniamiOge Ul wp i Ul
PUNY wy + w8/ #wOl EPEwPDPUT wEwi DPOEOwY & pl@d wadi wl YY ws +
then incubated for 48 h at 30 °C, 200 rpm. Allmedia plates were covered with air -

permeable AeraSeal film (Sigma) to minimize evaporation. Fungal growth was

evaluated via ODeoo using a PerkinElmer Victor3 V multilabel plate reader at 0, 24, and

48 h. ODsoo values were normalized to the positive growth control and adjusted by

subtracting the 0 h timepoint readings from other timepoint data at 24 and 48 h, to

remove any background signal from YPD. Data and error bars are representative ofthe

average and standard deviation between three biological replic ates, each with three

technical replicates per experiment. Final 48 h timepoint data is reported by plotting

ODsooreadings versus peptide concentration.

3.4.6.2 Two -dimensional Broth Microdilution Checkerboard Assays

C. albicansvere cultured overnight in SD+ med ia, as described in the yeast
strains and culture conditions section and diluted to an OD so000f 0.07 in PPB pH 7.4 and
used as the working culture. Peptides to be tested were serially diluted from aqueous

stocks 2fold in PPB, right to left along the row in a clear, flat-bottomed 96-well plate.
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CuSOswas serially diluted from agueous stock in water, down the column of the plate.
OPGUOUU WOl whhwy ws +wOil wlOT 1 whpOUODOT wielmeie Ul wdi wE

containing PPB, peptide, and Cu?, to a final OD s000f 0.06 and a final volume of 200 pL

per well. Final concentrations of peptide and Cu?*in the plate are indicated in the figure

axes. This plate was incubated for 1.5 h at 37 °C, 200 rpm. After incubation, 13 + w

CuOl EPEwPPUT wEwWi BOEOwWYOOUOIT wdi mediyplateswerax I Uwpbl OO0¢

covered with AeraSeal film and incubated for 48 h at 30°C and fungal growth

measurements were taken as described abovdn the microdilution assays section. OD so0

values were normalized to the positive growth control and adjusted by subtracting the

0 h timepoint readings from other timepoint data at 24 and 48 h, to remove any

background signal from the media. Data are representative of three biological replicates,

each with three technical replicates per experiment. To visualize the results, a final

heatmap was generated in GraphPad Prism using average ODwoovalues from the

biological repli cates at 48 h. Concentrations of petide and Cu?*indicated in the figure

represent the amount of peptide and Cu?* present in the preincubation plate.

3.4.6.3 Spot Assays

C. albicansvere cultured overnight in YPD, as described in the yeast strains and
culture conditions section. Cells from the ove rnight culture were then diluted either

1:100 or 1:50 in 5 mL fresh YPD media. The subculture was allowed to grow to an ODsoo
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of 1.0 at 30°C, 200rpm. Cells were pelleted at 5000 rpm for 20 min to remove excess

media and then resuspended in PPBpH 7.4.COOUwb 1 Ul wOUI EUI Btapd U1 whl 8
the desired concentrations of CuSOs for a total incubation time of 30 min at room

temperature. 45 + WEODGBUOUU WO wOT 1 wxl xUPEI wEOEwWOI UEOQwUU]
agar plates at 0, 5, 15, and 30 min timepoiits. The plates were incubated for 48 h at 30°C,

cell treatment conditions were considered candidacidal if colonies w ere unable to grow

wit hin the 48 h incubation time.

3.4.7 Confocal Fluorescence Microscopy
3.4.7.1 General Microscopy Parameters and Setup

Confocal images were acquired with a Zeiss 880 Ariyscaninverted Confocal
microscope using Plan Apochromat 63x/1.4 oil objectives. Images were taken at 25 s
intervals from 0 + 5 min, unless otherwise stated. The images were obtained as 1620
optical slices per wavelength spaced 0.5 um apart along the Z-axis. Images presented are
cells in the middle of a Z-stack after 5 or 30 min of treatment and are representative of
cells in experiments conducted on three separate days. he 405 nm diode laser was used
to excite Hist-5* and fluorescence was detected over 408 499 nm and 500t 600 nm for
the two fluorophores on Hist -5*. Generally, Fiji software was used for image acquisition
and processing. MATLAB ver.R2021b (MathWorks Natick, MA) software was used to
conduct bulk imag e intensity analysis and determine corrected total cell fluorescence

(CTCF) values per cell for all images, the full MATLAB script may be accessed in the
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supporting information of a previously published paper .°7 Each dot in the fluorescence
intensity plots represents CTCF values of individual cells in images from experiments

performed on separate days.

3.4.7.2 Preparation of C. albicans for Microscopy

C. albicansvere cultured overnight in YPD, as described in the yeast strains and
culture conditions section. Cells from the overnight culture were then diluted either
1:100 or 1:50 in 5 mL fresh YPD media. The subculture was athwed to grow to an OD e0o
of 1.0 at 30 °C, 200 rpm. Cells were pelleted at 5000 rpm for 20 min to remove excess
media and then resuspended in PPB pH 7.4 for imaging. All e xperiments were
performed using live cells, at room temperature, suspended in PPB and plated into an

ibidi p -Slide 18 well to a final volume of 40 &4 + wx 1 Uwpki OO

3.4.7.3 Effects of Cu2* Addition on Hist -5* Uptake

C. albicansvere prepared for microscopy as described in the preparation of C.
albicangor microscopy section. Cells were treated with 12.54 , Hist-5* and the desired
concentrations of CuSQs or Na2SOs as an anion control. Uptake of Hist -5* is shown in the
microscopy images after 5 min at RT and MATLAB software was used to perform image
intensity analysis and plot CTCF intensity for each treatment condition. Statistical
differences in CTCF values between treatments were calculated using an ordinary one-

PEaw -.5 wbhbbPUl w#UOOI UUzUwOUOUDXxOI WEOOXxEUPUOOWU
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3.4.7.4 Effects of Cu?/TPEN on Hist -5* Fluorescence

C. albicansvere prepared for microscopy as described in the preparation of C.
albicandor microscopy section. Cells were initially treated with 12.5 4 , Hist-5*+12.5% ,
CuSOQOsat RT and imaged for 2.5 min via timelapse microscopy. These cells were then
exposed to 12.55 , wO - O - -Felakis(2-pyridylmethyl)ethylenediamine (TPEN) and
imaged for a further 5 min. Recovery of Hist -5* fluorescenceafter 5 min treatment with
the chelator is shown in th e microscopy images. MATLAB software was used to perform
image intensity analysis and plot CTCF intensity for each treatment condition. Statistical
diff erences in CTCF values between treatments were calculated usig an ordinary one-
way ANOVAwith # UOOI UUz UwOUOUDxXx Ol WEOGOXxEUDPUOOWUI U0 wb O
3.4.7.5 Effects of BCS Addition on Hist -5* Uptake

C. albicansvere prepared for microscopy as described in the preparation of C.
albicangor microscopy section. Cells were treated with 12.5 4 , Hist-5* and the desired

concentrations of the metal chelator BCS Uptake of Hist -5* is shown in the microscopy

images after 5 min.

3.4.8 Preparation of C. albicans for X-ray Fluorescence Imaging*°

C. albicansvere cultured overnight in YPD, as described in the yeast strains and

culture conditions section. Cells from the overnight culture were then diluted either

10 Silicon nitride windows wer e generously provided by Professor Hugh Harris at the University of
Adelaide
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1:100 or 1:50 in 5 mL fresh YPD media. The subculture was allowed to growto an ODsoo
of 1.0 at 30°C, 200 rpm. Cells were pelletedat 5000 rpm for 20min and washed three
times, once with acetate buffer and twice with PPBto remove excess media The cells
were then resuspended in PPB pH 7.4and treated with the desired concentrations of
Hist-5* and CuSQs. Treated C. albicangells, 1.5uL, were mounted onto 5 mm 3 5 mm 3

500 nmsilicon nitride windows ( Norcada) and dried using a heat gun.

3.4.9 X-ray Fluorescence Microscopy!!

XRF elemental distribution maps of the C. albicangells were collected on the 2-
ID-D beamline at the Advanced Photon Saurce (APS), Argonne National Laboratory,
Lemont, lllinois . The beam was tuned to an incident energy of 10 keVusing a Si(111)
double-crystal monochromator and Fresnel zone plates (Xradia, Pleasaiton, CA) to
focus the X-ray beam. X-ray fluorescence was monitored using a silicon drift energy
dispersive detector (Vortex EM, Sll Nanotechnology, Northridge, CA), set90° to the
incident beam. The fluorescence signal was collected fromC. albicas cells under a He
atmosphere in an initial coarse scanwith a 100ms dwell time and 4 pm steps. Smaller
regions containing individual cells were selected for higher resolution scans at100ms
dwell time and 0.25um step size. For thehigher resolution scans, the integrated

fluorescence spectra were extracted from the images and fit with modified Gaussians to

11 XRF data were collected on site at Argonne National Labs by Natalie Schulte and Joanna Campbell
Analysis of XRF images were analyzed and data on cellular metal content were extracted by Dr. Barry Lai at
Argonne Nationa | Labs.
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determine the average elemental content in pg/cm? and quantification was performed by
comparison to the corresponding measurements on thin-film standards NBS-1832 and
NBS-1833 (National Bureau of Standards, Gaithersburg MD). The average elemental
content pg/cm? of the coarsescans was extracted from per pixel fits of the fluorescence
images. Analysis was performed by Dr. Barry Lai at the APS using MAPS software.
Metal concentration values were extracted and plotted versus treatment type and
statistical differences in the data were calculated using an ordinary one-way ANOVA
with a multiple comparisons test in GraphPad Prism. Metal concentration values per
pixel for a specific metal were plotted against values from another metal and fit to a
linear model in GraphPad prism. The R2 values for each cell sample in a treatment group
were then plotted versus treatment type and statistical differences in the data were
calculated using an ordinary one -way ANOVA with a multiple comp arisons test in

GraphPad Prism.
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3.5 Supporting Information
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Figure 3.8: In vitro quenching of Mca fluorescence by Cuz*and Cu*. Emission
spectra of Hist -5* excited at 325 nm upon titration of (A) CuSOasinto 25 4M Hist-5* in
PPB or(B) [Cu(CH sCN)4]PFs into 66 #M Hist -5* in PPB(C) Percent fluorescence
emission of the Mca fluorophore at 392 nm plotted as a function of added Cu. Error
bars in represent the standard deviation between three replicate titrations

experiments.
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Figure 3.9: In vitro quenching of ABD fluorescence by Cu?*and Cu*. Emission
spectra of Hist -5* excited at 385 nm upon titration of (A) CuSOainto 25 M Hist -5* in
PPB or (B) [Cu(CH sCN)4]PFsinto 66 4M Hist -5* in PPB (C) Percent fluorescence
emission of the ABD fluorophore at 531 nmplotted as a function of added Cu. Error
bars in represent the standard deviation between three replicate titrations

experiments.
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Figure 3.10: Supplemental Cu 2*increases the fungicidal activity of Hist -5. C.
albicans cells were preincubated with increasing concentrations of Hist -5 (purple) or
Hist -5+10uM CuSO 4(blue) for 1.5 h at 37°C in PPB pH 7.4. Aliquots were
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resuspended in YPD, and cell growth was measured by OD s00 after 48 h incubation at
30°C. Data and error bars represent the average from three biological replicates .

12.5 uM Hist-5* 12.5 uM Hist-5* 12.5 uM Hist-5* 12.5 uM Hist-5*
+12.5 uM BCS +100 y(MBCS +200 uM BCS +2 mM BCS

Brightfield

Fluorescence

Figure 3.11: BCS causes aggregation of Hist-5*. Confocal fluorescence
microscopy images of C. albicans cells treated with 12.5 4M Hist -5* and increasing
concentrations of added BCS at RT for 5 min in PPB. Scale bar = 104m.
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Figure 3.12: Cu is not required for Hist -5 fungicidal activity. C. albicans cells
were pre-incubated in PPB pH 7.4 for 1.5 h at 37 °C with increasing concentrations of
Hist -5 and CuSOas as indicated in the figure a xes. Aliquots were resuspended in 50
mM Tris -buffered synthetic defined Cu -free media (SD -Cu), pH 7.4, and cell growth
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was measured by OD s0o after incubat ion for 48 h at 30 °C. Values represent the
average from three biological replicates.
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Figure 3.13: Addition of 25% , TPEN rescues Cuinduced quenching of Hist -5*
fluorescence. Confocal microscopy images of C. albicansE1 OOUwUOUI EUI EwbBDUT w
Hist -5*+2 equiv CuSOasfor 2.5 min at RT in PPB, followed by the addition of 25 4%, w
TPEN, as indicated with an arrow; images were collected over 5 min at RT in PPB.
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Figure 3.14: Cu2* does not affect PI fluorescence . Confocal microscopy images
of C. albicanscells coOU1 EUIT E wb b UT -6+715 ripiditim iuodide @ndl
increasing concentrations of CuSO sfor 5 minatRTin PPB.2 EE Ol wWEEU w4 why ws O
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Figure 3.15: Cellular Zn and Fe levels are largely unaffected by treatment with
Hist -5* and Cu?*. Plots of average cell-associated Zn (left) and Fe concentrations
(right) (ng/cm 2) for individual cells in a sample against the treatment group. (**
indicates p <0.Q).
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4 Examination of the Role of Zinc Binding on the Zinc-
modulated Biological Activity of Histatin-5%

4.1 Background and Significance

Histatin -5 (Hist-5) is an antimicrobial peptide found in human saliva whos e
primary function is to defend the oral cavity from microbial infections, including against
the fungal pathogen Candida albicanéC. albican?24 32 61.62Hjst -5 has been shown to bind
metal ions, with varying affinities in vitro, including Cu*2*, Ni2*, Fe*3+ and Zn2*5356. 63,109
Metal ions also play a role in modulating the antifungal activity of Hist -5.55%.97Reports
of the effects of Zn2*supplementation on Hist -5 fungicidal activity have been varied as
different studies have seenboth increases and decreases to the antifungahctivity of the
peptide in the presence of Zn2+.56%8.977Zn-binding h as also been reported to alter the
secondary structure of Hist-5, inducing alpha-helical conformation and promoting
membrane fusion and dimeriz ation in some cases’ 5668 While these studies highlight the
range of effects Zn?* has on Hist-5 activity, the link between these Zn-induced changes
and Zn-binding to the peptide has gone largely unexplored.

An initial study using isothermal titration calo rimetry (ITC) suggested that Hist -
5 could bind up to three equivalents of Zn?*with two high affinity sites ( Ka=1.2 x 10M-1
and 1.0 x 16M1) and one low affinity site (9.4 x 16 M) in 10 mM Tris-HCI buffer, pH

7.453 Another ITC study showed that H ist-5 bound 1 equivalent of Zn2*with micromolar

12The work described in this chapter was highly collaborative, and individual cont ributions are mentioned
in footnotes throughout.

109



affinity (K ¢ = 2.6x 105M) in 20 mM MES buffer, pH 6.7.%8 Hist-5 is primarily thought to
bind Zn 2+ions using the HEXXH 1 motif 54 which is commonly found in Zn -
metalloproteases® 65'H-NMR studies of Hist-5 and Zn?identified H15 and E16 as
critical residues involved in Zn -binding by the peptide. 5* A second Zn-binding site near
the N-terminus, H3XXXH?7, was proposed by Cragnell et al.e8¢ While Gusman et al.
hypothesized that the two high affinity Zn -binding sites involved coordination with two
adjacent histidine residues, bis-His sites, H7/H8 and H18/19.53 A later study using
circular dichroism (CD) and UV resonance raman spectroscopy confirmed the
involvement of H18 and H19 in Hist-5 Zn-binding. &3

In this study we synthesized a seriesof fluorescent and non-fluorescent mutants
of Hist-5 (Table 4.1)to determine the role of specific amino acids on Zn2*binding in the
Zn-dependent biological activity of Hist -5. Specific residues proposed to be involvedin
Zn-binding were exchanged for non -interacting alanine residues, with each mutant
peptide containing disruptions to a different Zn -binding site. We foun d that mutations
to one Zn-binding site at a time are not sufficient to alter the Zn-dependent activity of
Hist-5. However, our data do provide evidence of the importance of the bis -His sites in
the biological activity of Hist -5.

Table 4.1: Names and ssquences of Hist-5 mutant peptides .

Peptide Sequence

Hist-5 DSHAKRH "H8GYKRKFHEPKH ¥H 1SHRGY
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Hist-5 (H7,8A) DSH3AKR A7ASGYKRKFH 1SE16KH 18H 1SHRGY
Hist-5 (H15A, E16A) DSH3AKRH "H8GYKRKFA 15A 1K H 18H 19SHRGY

Hist-5 (H18,19A) DSH3AKRH "H8GYKRKFH 15E16K A 18A 1SHRGY

Hist-5* DSH3AKRH "H8G(Mca)KRKFH 1SE16K H 18H 19SHRG(ABD )
Hist-5*(H15,19A) DSH3AKRH "H8G(Mca)KRKFA 1SE18KH 18A 1°SHRG(ABD)
4.2 Results

4.2.1 Hist-5*(H15,19A) Retains Zn-dependent Antifungal Activity and
Internalization Similar to Hist-5*

We have previously documented that Zn2*inhibits the antifungal activity and
internalization of Hist-5 and a fluorescent analogueof Hist-5, Hist-5*,in C. albicang” To
determine whether the previously observed Zn -dependent changes were the result of
binding interaction s between the peptide and Zn2*, we synthesized a fluorescent Hist-5
peptide with a mutated Zn -binding site , Hist-5*(H15,19A). Two-dimensional broth
microd ilution checkerboard assays were performed toinvestigate the effects of Zn2*on
Hist-5*(H15,19A) fungicidal activity (F igure 4.1). In these experiments,C. albicansells
suspended in PPB were exposed to varying concentrdions of Zn2+and Hist-5*(H15,19A)
prior to incubation in a metal controlled synthetic defined medium (SD +). Under these
conditions, Hist-5*(H15,19A) exhibited fungicidal activity against C. albicansells, killing
>99%o0f cells at doses of6.3 UM peptide (Figure 4.1). As cells were exposed to increasing

concentrations of Zn#, the antifungal activity of Hist-5*(H15,19A) was reduced. In cells
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treated 50 M supplemental Zn 2%, doses of 50uM Hist-5*(H15,19A) only resulted in
~60% cell death fFigure 4.1). The concentration of Hist -5*(H15,19A) needed toachieve
>99% cell killing, in the presence of50 UM Zn2*, was outside of the range tested in these
assays.These data are similar to thepreviously reported inhibitory effect of Zn2*on Hist-

5* antifungal activit y.?’
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Figure 4.1: Fungicidal activity of Hist -5*(H15,19A) is inhibited by increasing
concentration of Zn 2+, C. albicans cells were pre-incubated in 1 mM potassium
phosphate buffer ( PPB) pH 7.4 for 1.5 h at 37 °C with increasing concentrations of
Hist -5%(H15,19A) and ZnCl 2 as indicated in the figure axes. Aliquots were
resuspended in 50 mM Tris -buffered synthetic defined (SD+), pH 7.4, and cell growth
was measured by OD s00 after incubatio n for 48 h at 30 °C. Values represent the
average from three biolog ical replicates.

Confocal microscopy was usedto observe changes to peptideuptake and
internalization as a function of Zn 2+addition. Cytosolic fluorescence of Hist-5*(H15,19A)
was observed in C. albicangells within 5 min of exposure to the peptide (Figure 4.2).
Addition of 12 .50r 25uM Zn2*inhibited Hist -5*(H15,19A) internalization and caused

the peptide to localize to the cell surface (Figure 4.2). The results of these assays
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involving Hist -5*(H15A,19A) and Zn2* show Zn-dependent behavior of the peptide that
is nearly identical that of the previously tested Hist -5* peptide.?” This indicat esthat the
mutations made to H15 and H19 do not alter the Zn-dependent biological activity of this

mutated fluorescent Hist-5* peptide as originally hypothesized.

12.5 pyM Hist-5*(H15,19A) 12.5 pyM Hist-5*(H15,19A)

12.5 pM Hist-5*(H15,19A) +12.5 yM ZnCl, +25 uM ZnCl,
. Gn < g ‘.\‘ r )

Brightfield

Fluorescence

Figure 4.2: Zn2* supplementation induces adhesion of Hist-5*(H15,19A) to the
cell surface. Confocal fluorescence microscopy images of C. albicans cells treated with
12.5 pM Hist -5*(H15,19A) or varying concentrations of ZnCl 2 (1, or 2 eq. Zr?*) at RT for

5min in PPB. Scale bar = 10 pm.
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4.2.2 Effects of Zn?* Supplementation on the Fungicidal Activity of
Hist-5 Mutant Peptides®®

To further investigate the potential role of Zn-binding sitesin the Zn-dependent
biological activity of Hist-5, three nonfluorescent Hist-5 mutant peptides were
synthesized: Hist-5(H7,8A), Hist-5(H15A,E16A), and Hist-5(H18,19A). Key residues
predicted to be involved in Zn -binding at the H3XXXH7and HSEXH 18H 19 sites on Hist-5
were changed to alanine residues to prevent peptide -metal binding interactions. The
fungicidal activity of the three mutant peptides was then assessed usingcheckerboard
assays varying the concentrationsof peptide and Zn 2+(Figure 4.3). We found that the
two bis-His mutant peptides, Hist-5(H7,8A) and Hist -5(H18,19A), were not biologically
active against C. albicansat the highest concentrations of peptide tested (Figure 4.3).
Treatment with 50 uM Hist -5(H7,8A) or Hist-5(H18,19A) alone only resulted in 44% and
56%cell death, respectively (Figure 4.3A). Addition of 3.1 uM Zn z*improved the
antifungal activity Hist -5(H7,8A), allowing the peptide to kill 90% ofcells at doses of 3.1
UM (Figure 4.3A). A similar improvement in fungicidal activity was observed with Hist -
5(H18,19A) in the presence of 3.1 uM Zr#*, in which 84% cell killi ng was achieved at
doses of 3.1 uM peptide (Figure 4.3B) However, t his initial improvement to the
antifungal activity of the bis-His mutant p eptides upon addition of Zn2, proved to be

concentration dependent, asthe antifungal activity of the peptides began to decrease

13 Checkerboard assaysof mutant Hist -5 peptides were performed by Sean Gaoand Joanna Campbell
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with increasing concentrations of added Zn?*(Figures 4.3A and B). Unlike the two bis-
His mutant peptides, Hist -5(H15A,E16A) retained its fungicidal activity exhibiting 90%
cell killing at doses of 6.3 UM peptide (Figure 4.3C). As cells were exposed to increasing
concentrations of Zn#, the fungicidal activity of Hist -5(H15A,E16A) decreased
Treatment with 50 uM Zn 2*|ed to a 4-fold increase in the dose required to induce 90%

cell killing, from 6.3 to 25puM Hist -5(H15A,E16A) (Figure 4.3C).
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Figure 4.3: Effects of Zn 2*on the fungicidal activity of Hist -5 mutant peptides.
C. albicans cells were pre-incubated in 1 mM PPB pH 7.4 for 1.5 h at 37 °C with
increasing concentrations of desired peptide and ZnCl :as indicated in the figur e axes.
Ali quots were resuspended in 50 mM Tris -buffered synthetic defined (SD+), pH 7.4,
and cell growth was measured by OD soo0 after incubation for 48 h at 30 °C. Values
represent the average from three biological replicates.
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4.2.3 Supplemental Zn?* Inhibits Membrane Activity and
Internalization of the Hist-5 Mutant Peptides

We have previously shown that the ability of Hist -5 to permeabilize cell
membranes s inhibited by the addition of Zn 2+°7 To determine whether the mutant Hist -
5 peptides share this behavior, we used confocal microscopy to observe changesin
peptide membrane activity as a function of Zn 2+ addition. We found that all three of the
Hist-5 mutant peptides were able to permeabilize the fungal cell membrane, allowing
entry of the fluorescent dye propidiu m iodide (PI) into the cytosol (Figure 4.4A). Itis
worth noting that although Hist-5(H7,8A) and Hist-5(H18,19A) were not able to
effectively kill C. albicangells in our checkerboard assays, both peptideswere still able
to cause disruptions to the cell membrane. Supplementation with either 1 or 2
equivalents of Zn2* prevented the mutant peptides from exerting their membrane
activity (Figures4.4B and4.8). Thus, despite the modifications made to the Hist-5 Zn-
binding sites, the mutant peptide s retained the same Zn-dependent membrane activity

observed with native Hist -5.
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Figure 4.4: Zn2* supplementation inhibits the membrane activity of  Hist-5
mutant peptides . Confocal fluorescence microscopy images of C. albicans cells
treated with (A) 12.5uM desired peptide and 7.5 uM propidium iodide (P1) or (B) 12.5
UM Hist -5, 7.5 uM PI, and 12.5 uM ZnCl z at RT for 5 min in PPB. Scale bar = 10 um.

To investigate changesto the location of Zn2*as a function of peptide treatment
in C. albicanswe used zinquin (ZQ) asa fluorescent Zn-responsive sensor.We showed

that cells treated with ZQ and 2 equivalents of Zn2*to Hist-5 exhibited localized
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fluorescence around the cell perimeter (Figure 4.5). Exposure of C. albicansells to the
Hist-5(H15A,E16A) mutant and the same concentrations of ZQ and Zn2+also resulted in
a fluorescence signal on the cell surfacg(Figure 4.5). ZQ-Zn-associated fluorescence was
also observed alongthe cell periphery in cells treated with Hist-5(H7,8A) and Hist-
5(H18,19A) (Figure 4.5). Interestingly, the pattern of the fluorescence signalin cells
treated with either of the bis -His mutants, though clearly localized at the cell surface,
was distinct from the fluorescence signal observed in cells treated with Hist-5 or Hist-
5(H15A,E16A). Treatment with Hist -5(H7,8A) or Hist-5(H18,19A) resulted in a punctate
fluorescence pattern, while treatment with Hist-5 or Hist-5(H15A,E16A) yielded a
continuous, smooth outline of fluorescence around the cell (Figure 4.5). This cell surface
localization of the flu orescencesignal under excessZn?+ conditions is similar to the effect
observed with the fluores cent peptides Hist-5* and Hist-5*(H15,19A) where Zn2*

additio n blocked internalization of the peptides, resulting a buildup of the fluorescent
peptides outside the fungal cell. The combination of the Zn2*imaging data with ZQ in
conjunction with the imaging data from membrane activity assays and the images of
labeled Hist -5* and Hist-5*(H15,19A), as a function of Zn2* concentration, provide
evidence that uptak e and internalization of the three Hist -5 mutant peptides are likely

inhibited by Z nz+addition , resulting in restraint of the peptides to the cell surface.

118



25 uM Hist-5 + 50 uM Zn 25 pM Hist-5(H7,8A) 25 pM Hist-5(H15A,E16A) 25 pM Hist-5(H18,19A)
+75 UM Z2Q + 50 uM Zn +75 uM 2Q + 50 uM Zn +75 uM ZQ + 50 uM Zn +75 uM ZQ

Brightfield

Fluorescence

Figure 4.5: Hist -5 mutant peptides localize Zn -responsive ZQ fluorescence to
the cell surface. Confocal fluorescence microscopy images of cells treated with 25
UM desired peptide, 75 UM ZQ, and 50 uM ZnCl zat RT for 5 min in PPB. Scale bar =
10 pm.

4.2.4 Zn-binding Affinities for Hist-5 Mutants are similar to Native
Hist-514

Circular dichroism (CD) spectroscopy was used to determine how modifications
to the peptide sequencealtered the secondary structure of the Hist-5 mutants, Zn2*was
titrated into a solution containing peptide in trifluoroethanol ( TFE). Although Hist-5
favors a random coil conformation in aqueous solutions, in these experiments we used
TFE as an organic solvent to provide a membranelike environ ment in which Hist -5
adopts a more ordered, alpha-helical secondary structure .2%31 We observed adecrease in

ellipticity at 222 nm u pon additio n Zn#, indicating a loss of alpha helical structure with

14CD and ITC experiments were conceived of and conducted by Sean Gao
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increasing concentrations of Zn2+in all mutant peptides (Figure 4.6). The similarity in the
CD signals of the mutant peptidesin response to Znz* coupled with the flatlining of the
spectra, make the data difficult to interpret further than to say that the mutations do not
appear to drastically alter the secondary structure of the mutant peptides with or

without added Zn 2+,
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Figure 4.6: Zn-induced changes to the secondary structure of His t-5 and mutant
peptides. Titratio n of 0 ¢ 100 uM ZnCl zinto 5 uM desired peptide in 98% TFE Data
represent the average of three scans.

To determine how disrupti ons to the Zn-binding sites altered the Zn2* affinity of
Hist-5, we performed ITC with the mu tant Hist-5 peptides and found that the different

mutations did yield significant changes to the Zn -bindi ng affinit ies of the mutant
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peptides (Figure 4.7). Here, we report the calculated affinities for Hist -5, Hist-5(H7,8A),
and Hist-5(H18,19A) ITC data fit U O WE @ DIV 1 U > wm@bE KO- 113x% 10,
0.66x 10, and 0.72x 1GM-L, respectively. The Zn-binding stoichiometry was also largely
unchanged for the mutant peptides with the bis -His mutants showing a binding
stoichiometries close to 1,n = 1.01 am 1.05 for Hist-5(H7,8A) and Hist-5(H18,19), and
Hist-5 having a binding stoichiometry slightly greater than 1, n = 1.29. These data show
that the mutant Hist -5 peptides are still able to bind Zn?, likely because the mutations
only knock out one Zn-bindin g site and thus the mutants show similar Zn -dependent

biological activity as Hist -5.
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Figure 4.7: Representative thermograms and isotherms for Zn binding to Hist -5
mutant peptides. Titration of 0.75¢ 1.2 mM ZnCl zinto (A) 30 uM Hist -5, (B) 45 uM
Hist -5(H7,8A), or (C) 45 uM Hist -5(H18,19A) at 25 °C in 50 mM HEPES pH 7.4 + 100

mM KCI. Data were fit to a one set of sites binding model.
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4.3 Discussion

Zn2*has been shown to alter the biological activity of Hist -5, however the
potential role of Zn -binding in t he Zn-dependent activity of the peptide has not been
thoroughly explored. 57-58.97In our initial studies, we sought to design a fluorescent Hist-5
peptide that was unable to bind Zn?* by modifying specific residues inthe HEXXH Zn-
binding site . However, it became clearthrough fungicidal activity assays and
microscopy images using the Hist-5*(H15,19A) mutant peptide that disruption of th e
HEXXH site did not yield the expected changeso the Zn-dependent peptide activity
(Figures 4.1 and 4.9. Therefore, three nonfluorescent Hist -5 mutant peptides were
synthesized all containin g modifications of specific residues presumably involved in Zn -
binding at different sites on the peptide. Despite the changes made to the Znbinding
sites of the mutant peptides, they all generally retained Zn -dependent antifungal and
membrane activity (Figures 4.3t 4.5). However, our data reveal some interesting points
regarding the importance of specific histidine res idues in the antifungal activity Hist-5
and its interactions with Zn?-.

Evaluation of the fungicidal activity of the mutant peptides identified histidine
residues from the two bis-His sites as critical for fungicidal activity of Hist -5 (Figures
4.3A and B). While H18 and H19 have been shown to be necessary foHist-5 Zn-binding
and the importance of the bis-His sites in the biological activity of Hist-5 have been

previously proposed, 53 83here we present data documenting the effects of the removal of
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the bis-His sites on both the antifungal activity and the Zn-dependent activity of Hist -5.
Although two other mutations were made to residues within the HSEXXH 1 binding
site, Hist-5(H18,19A) was the only peptide, apart from Hist -5(H7,8A), to exhibit altered
biological activity ( Figure 4.3B), highlighting the im portance of both bis-His sites in the
function of Hist -5. Although Hist -5(H7,8A) and Hist-5(H18,19A) were not biologically
active against C. albicansthe two peptides were still able to permeabilize the cell
membrane (Figure 4.4A). Traditionally, the memb rane disruptiv e activity of Hist -5 has
been considered an indicator of its cell killing ability, however, our data suggest that
membrane disruption and fungicid al activity may be separate events20.52 Perhaps the
bis-His mutant peptides are able to permeabilize the membrane and enter the cell,
however, removal of the key histidine residues leaves the peptide unable to exert its
antifungal activity. The bis -His mutant peptides were also unique in the ef fects they had
on the ZQ-Zn fluorescence response. Treément with either peptide, in the presence of
excess Zri¥, resulted in a punctate, irregular fluorescence pattern around the cell
perimeter (Figure 4.5). Although the basis of this result remains unclear, the data
continue to emphasize the importance of the bis-His sites in regulating the behavior of
Hist-5.

Although the bis -His mutant peptides did not exhibit potent fung icidal activity,
on their own, the peptides were subject to concentration-dependent changes to their

antifungal activity as a function of Zn2+addition. We noted that supplementation of 3.1

123



KM Zn 2+led to an increase in the cell killing activity of both pe ptides, however, addition
of increasing concentrations of Zn2+ ultimately inhibite d peptide antifungal activity
(Figures 4.3A and B). This initial Z n-induced boost to the fungicidal activity of the bis -
His mutant peptides may be related to the previous reports of low concentrations of Zn 2+
improving the antifungal activity of sublethal doses of Hist-5.57.97

Despite the ability of the bis-His mutant peptides to distinguish themselves from
the other Hist-5 mutants, all of the peptides that were investigated in this study still
exhibited Zn -dependent changes to their biological activity. The persistence of thiszZn-
effect is likely due to the fact that the Hist-5 mutant peptides were still able to effectively
bind Zn 2+ (Figure 4.7).53.56.63.68Thus, disruption of one site still allow s Hist-5 to interact
with and bind Zn 2+to produce Zn-dependent biological activity as observed in this and
other studies.5”.%8 97 A peptide with modifications to both the HXXXH and HEXXH Zn 2
sites of Hist-5, such as a double bisHis mutant peptide, would be key to further

understanding on the role of Zn -binding the Zn -dependent activity of Hist -5.

4.4 Methods
4.4.1 Materials and General Methods

Chemicals and solvents were obtained from commercial suppliers and used as
received unless otherwise noted. A stock solution of Zn 2 (10 mM) was prepared from
ZnClzin Milli -Q water. Stock solutions of propidium iodide (PI, Si gma-Aldrich) and

zinquin free acid (ZQ, 2-methyl -8-(toluene-p-sulfonamido) -6-quinolyloxyacetic acid,
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Santa Cruz Biotechnology Inc.) were prepared at 5 mg/mL in DMSO, aliquoted, frozen,

and stored in the dark when not in use.

4.4.2 Peptide Synthesis

Peptides were synthesized as previously in Chapter 2. Briefly, all peptides were
synthesized using rink amide resin (Protein Technologies) on a Protein Technologies PS3
automated peptide synthesizer. Fmoc- protected amino acids were purchased from
Chem-Impex Internati onal Inc. unless aherwise stated. Amino acid coupling was
achieved using HBTU in the presence of Nmethylmorpholine in DMF for 30 min cycles.
20% piperidine in DMF was used to deprotect Fmoc groups during the synthesis. Prior
to cleavage, the resin was wahed three times with 1 ¢ 2 mL glacial acetic acid, then
dichloromethane, followed by m ethanol. Side chain deprotection and cleavage from the
resin were achieved by treatment with 5 mL of a solution containing 95% TFA, 2.5%
EDT, and 2.5% TIS for 3.5 h unde N2 gas to yield crude peptides. A continuous flow of
N2 gas was used to evaporate TFAto a volume of 2 mL. Peptides were precipitated and
washed three times with diethyl ether, and dried in air prior to purification.

4.4.3 Peptide Purification

Peptides were purif ied using a Waters 1525 reversephase Binary HPLC Pump
on a Waters XBridge PrepC18 Column (10 um OBD, 19 mm?3 250 mm) with a 40 min
linear gradient from 3 to 97% acetonitrile to water, with 0.1% TFA. Peptides were

detected using a photodiode array set at 280 nm for nonfluorescent Hist-5 mutant
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peptides and 325 nm for Hist-5*(H15A,19A). Purity was validated to >95% using HPLC
on a Waters XBridge Peptide BEH C18 Column (130A, 10 um, 4.6 mn# 250 mm) and the
masses of the peptides were confirmed by ESIMS.

Hi st-5*(H15,19A) sequenceDSHAKRHHG(Mca)KRKFAEKHASHRG(ABD)
calculated mass: 3124.4, found (M + 4H*) 781.2m/z (Figure 4.9).

Hist-5(H7,8A) sequence DSHAKRAA GYKRKFHEKHHSHRGY, calculated mass:
29032, found (M + 6H*) 4849 m/z (Figure 4.10A).

Hist-5(H15A,E16A) sequenceDSHAKRHHGYKRKF AA KHHSHRGY, calculated
mass:2910.5 found (M + 4H+) 728.7m/z (Figure 4.10B)

Hist-5(H18,19A) sequence DSHAKRHHGYKRKFHEK AA SHRGY, calculated

mass:29032, found (M + 5H+) 581.7m/z (Figure 4.10C).

4.4.4 Quantification of Peptide Stock Solutions

Peptide stock solutions were prepared as previously described in Chapter 2.
Briefly, lyophilized peptide was dissolved in Milli  -Q water (~50 mg/mL) and the peptide
stock solutions were stored at -20 °C in sealed cryogenic storage vials. The conentration
of peptide stock solutions was determined UUD O1T wOT | wEEUOUEEQOEI wUI EEDPO
1450 MMremVK wWE O E wt | k wO ONeopydodHishyb Doy Hysy -5, respectively.
EUOUxUDPOOwWUxI EUUEwWPI Ul wUl EOQUET EwbOwhwWEOWBUEUU

spectrophotometer.
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4.4.5 Yeast Strains and Culture Conditions
%UOT EOWUUOEOUwWPI Ul wOEPOUEDPOI EwPOw! kuwi OaEI U
were performed with C. albicanglinical isolate SC5314, which was obtained from the
American Type Culture Collection (ATCC). Prior to all experiments, C. albicansvere
streaked onto yeast peptone dextrose (YPD, Gibco) agar plates from frozen glycerol
stocks and incubated at 30 °C for 24 h. A single colony was used to inoculate 5 mL YPD
or SD+ media, which was then incubated at 30 °C, 200 rpm overnight for 16+ 18 hor 24

h, respectively, to stationary growth phase.

4.4.6 Fungicidal Activity Assays of Hist-5 Mutant Peptides Against C.
albicans

C. albicansvere cultured overnight in SD+ media (full recipe in Chapter 2), as
described in the yeast strains and culture conditions section. The overnight culture was
then diluted to an OD e00 0f 0.07 in PPB pH 7.4 and used as the working culture. Peptides
to be teged were serially diluted from aqueous stocks 2-fold in PPB, right to left along
the row in a clear, flat-bottomed 96-well plate. ZnClzwas serially diluted from aqueous
stock in water, down the column of the plate. Aliquots of 180 4 +of the working cultur e
of cells were then added to the 96 well plate, containing PPB, peptide, and Zn?, to a final
ODsooof 0.06 and a final volume of 200 pL per well. Final concentrations of peptide and
Zn2+in the plate are indicated in the figure ax es.The plate was incubated for 1.5 h at 37
S"Owl YYwUxO8w 1 Ul UwPOEUEEUDPOOOwWhY wsy +wEOPZUOUUW
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new SD+ media plates were covered with AeraSeal film and incubated at 30°C. Fungal
growth was evaluated via OD s00 Using a PerkinElmer Victor3 V multilabel plate reader at
0, 24, and 48 h. Ol values were normalized to the positive growth control and

adjusted by subtracting the 0 h timepoin t readings from other ti mepoint data at 24 and
48 h, to remove any background signal from the media. Data are representative ofthree
biological replicate s, each with three technical replicates per experiment. To visualize the
results, a final heatmap was generated in GraphPad Prism using average ODsoovalues
from three biological replicates at 48 h. Concentrations of peptide and Zn 2+ indicated in

the figure represent the amount of peptide and Zn 2+ present in the preincubation plate.

4.4.7 Confocal Fluorescence Microscopy
4.4.7.1 General Microscopy Parameters and Setup

Confocal images were acquired with a Zeiss 880 Ariyscan Inverted Confocal
microscope using Plan Apochromat 63x/1.4 oil objectives. Images were taken at 25 s
intervals from 0 ¥ 5 min, unless otherwise stated. The images were obtained as 1620
optical slices per wavelength spaced 0.5 pum apart along the Z-axis. Images presented are
cells in the middle of a Z-stack after 5 or 30 min of treatment and are representative of
cells in experiments conducted on three sparate days. The 405 nm diode laser was used
to excite Hist-5* and fluorescence was detected over 408 499 nm and 500t 600 nm for
the two fluorophores on Hist -5*. Pl was excited using the 488 nm line of the argon ion

laser and fluorescence was detectedover 6004 700 nm.ZQ was excited with a 405 nm
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diode laser and fluorescence was detected over 42@ 600 nm.Fiji software was used for
image acquisition and processing.
4.4.7.2 Preparation of C. albicans for Microscopy

C. albicanavere cultured overnight in YPD, as descibed in the yeast strains and
culture conditions section. Cells from the overnight culture were then diluted either
1:100 or 1:50 in 5 mL fresh YPD media. The subculture was allowed to grow to an ODso
of 1.0 at 30 °C, 200 rpm. Cells were pelletedat 5000 rpm for 20 min to remove excess
media and then resuspended in PPB pH 7.4 for imaging. All e xperiments were
performed using live cells, at room temperature, suspended in PPB and plated into an

ibidi p -Slide 18 well to a final volume of 40 4 + wx 1 IV wbp |

4.4.7.3 Effects of Zn 2+ Addition on Hist -5*(H15,19A) Uptake

C. albicansvere prepared for microscopy as described above in the preparation
of C. albicand OUWOPEUOUEOxawUl EUPOOS w" Hi®G(HIEIBAYT wOUI EU
and the desired concentrations of ZnCl.. Uptake of Hist-5*(H15,19A)is shown in the

microscopy images after 5 min.

4.4.7 .4 Effects of Zn 2* Addition on the M embrane Activity of Hist -5 M utant Peptides

C. albicanavere prepared for microscopy as described in the preparation of C.
albicangfor micro scopy section.Cl OOUwb 1 Ul wUOUI EUI E wkrobttkidesited k w4 , w/
peptide, and the desired concentrations of ZnClz. Uptake of Pl is shown after 5 min
treatment.
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4.4.7.5 Fluorescence M icroscopy of ZQ -Zn(ll) Complexes

C. albicansvere prepared for microscopy as described in the preparation of C.
albicangfor microscopy section. Cells were treated with 7k w4 , w9 0 Oaithekdastred
peptide, and the desired concentrations of ZnCl.. Fluorescence signals from ZQZn

complexes are shown after 5 min in the microscopy images.

4.4.8 Circular Dichroism Spectroscopy

All CD spectra were collected using an AVIV Model 435 CD spectrometer with a
1 nm bandwidth at 25 °C. For titration experiments of 0 + 100 uM ZnCl 2 were titrated
into a 1 cm quartz cuvette containing 5 uM desired peptide in 98% TFE. The full CD
spectrais shown from 260¢ 190 nm. Scans were taken using 1 nm steps witha 6 s

averaging time. Data reported are the average of three scans.

4.4.9 Isothermal Titration Calorimetry

ITC experiments were carried out at 25 £ 0.2 °C using a Malven/MicroCal
PEAQ-ITC. Titrations were performed in triplicate or quadruplicate and results are
reported as the average and standard error of the mean. Samples were buffered at pH
7.4 with 50 mM HEPESand 100 mM added KCI. The pH was adjusted to account for the
temperature dependence of pH for each buffer. A typical experiment consisted of 30t 45
UM peptide titrated with 0.75 ¢+1.2 mM ZnClzin matched buffers. After an initial delay of
60 s, an injection of 0.4 pL then 18 injections of 2 pL were titrated into the reaction cell

with each injection separated by 120 s. The sample cell was stirred at 750 rpm to ensure
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thorough mixing. The heat associated with the last few injections quantifies the heat of

dilution, which was subtracted from the heat of each injecto Ow U U D O T widi.1 Twi? @dpu-0u
setting. The ITC data are presented as the baselineadjusted differential power versus

time in the upper panel and the integrated, concentration -normalized heat per injection

versus molar ratio of titrant -to-titrand in the lower panel. Data were analyzed with a

2. 00 w21 Owdi w2bpUIl U? wE b O HE AhalysisGé&ftivadaustpplidddy wOT T w/ $
MicroCal.

4.5 Supporting Information

12.5 uM Hist-5 12.5 uM Hist-5(H7,8A)  12.5 uM Hist-5*(H15A,E16A) 12.5 uM Hist-5(H18,19A)
+ 25 pM ZnCl, +25 uM ZnCl, +25 uM ZnCl, +25 uM ZnCl,

Brightfield

Fluorescence

Figure 4.8: Zn2* blocks the membrane activity of Hist -5 mutant peptides .
Confocal fluorescence microsc opy images of C. albicans cells treated with 12.5 uM
desired peptide, 7.5 uM PI, and 25 uM ZnCl :at RT for 5 min in PPB. Scale bar = 10

pm.
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Figure 4.9: HPLC trace of Hist-5*(H15,19A). Analytic HPLC trace of Hist -
5*(H15,19A) detection at 325 nm, retentio n time ~14.1 min.
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Figure 4.10: HPLC traces of Hist-5 mutant peptides. Analytical HPLC traces o f
(A) Hist -5(H7,8), (B) Hist-5(H15A,E16A), and (C) Hist -5(H18,19A) detection at 280 nm
with retention times of 13.5 min, 14 min, and 13.5 min, respectively.
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5 Investigation of Histatin-5 Uptake and Internalization
in Candida albicans

5.1 Background and Significance

The fungicidal mode of action of the antimicrobial peptide histatin -5 (Hist-5) has
been an active area of research for decade®: 4% 52.77. 7Qver this time, researchers have
developed a general working model for how His t-5 exerts its antifungal activity against
the opportunistic fungal pathogen Candida albicangC. albicany First, Hist-5 binds to cell
wall heat shock proteins Ssal/24+-43then the peptide uses polyamine transport proteins
Dur3/31 to translocate across the membrane** 45and once internalized the peptide has
been shown to disrupt a variety of intracellular processes and organelles resulting in cell
death.#6.48.49. 52, 11qnternali zation of Hist -5 has been widely considered a requirement for
its antifungal activity %0 52however, fundamental questions surrounding Hist -5 uptake
and internali zation into the fungal cell remain.

In this chapter we explore and characterize factors thataffect Hist-5
internalization and uptake under two different conditions: a minimal salt buff erand a
more physiologically relevant synthetic saliva buffer. Althoug h most studies assessing
Hist-5 internalizat ion and antifungal activity have been conducted n dilute phosphate
buffer, Hist-5 is a salivary peptide that must function in the high salt environment of the
oral cavity. Therefore, we utilized a synthetic saliva buffer that has similar ionic strength
to that of saliva to interrogate how Hist -5 behavesunder conditions similar to the native

conditions in the oral cavity.

133



Researchers have suggestedrree possible mechanisms of Hist-5 internalization
in dilute ph osphate buffer.40.77.79. 11IThe proposed uptake pathways are transport-
mediated uptake, receptor-mediated endocytosis, and peptide -induced membrane
permeabilization . Studies by the Edgerton lab identified energy-dependent transport of
Hist-5 involving the peptide binding to cell wall proteins Ssal and Ss&,*+3 followed by
direct transport int o the cytosol through polyamine transporters Dur3 and Dur31. 4445
Removal of Ssal and Ssath C. albicangesulted in decreased uptake and antifungal
activity of Hist -5, indicating the importance of these proteins for Hist -5 internalization. 42
Additional ly, expression of transport proteins Dur3 and Dur31 in the naturally Hist -5-
resistant fungal speciesCandida glabrataenders the organism susceptible to Hist-5
fungicidal activity. 112Helmerhorst et al. observed localization of fluorescein -labeled
Hist-5 to the mitochondria and dissipation of mitochondrial membrane potential,
leading the researchers to suggest the mitochondria as an intracellular target of Hist-5.52
Together, these studies supportthe role of transport -mediated uptake of Hist -5 as a first
step in the fungicidal activity of the peptide.

Receptor-mediated endocytosis hasalso beenreported as a means of Hist5
internalization, trafficking the peptide to the fungal vacuole. 40 7®Mutant C. albicansells
deficient in endocytosis showed reduced vacuolar uptake of Hist -5, indicating the
importance of thi s process in peptide internalization. 4> 7*However, vacuolar lo calization

of Hist-5 is noncytotoxic and primarily occurred in cells treated with 5 uM Hist-5, thus
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receptor-mediated endocytosis is not thought to be involved in the antifungal activity of
Hist-5.7°

The third proposed mode of Hist-5 internalization involves adirect interaction
between Hist-5 and the cell membrane resulting in membrane permeabilization and
peptide uptake. 2 79Reseachers observed simultaneous entry of Hist -5 and fluorescent
indicators of membrane integrity, p ropidium iodide (PI) and rhodamine B , into the cell
cytosol; suggesting membrane disruption as a pathway for Hist-5 uptake.52 "9Hist-5 was
also shown to adopt an alpha-helical secondary structure, conducive to pore formation,
in the presence of model membranes? 3t Additionally, Hist -5 treatment resulted in the
release ofsmall molecules K+and ATP from cells, indicating defects in the cell
membrane.46. 4Whi le these dataprovide evidence of membrane lysis occurring in cells
treated with Hist -5, a consensus orthe role of membrane permeabilization in Hist -5
uptake has not been reached A critical discrepancy in the literature centers on whether
membrane disrup tion takes place immediately upon exposure to Hist-5 or after Hist-5
has been internalized by the cell. Mochon et al. observed concurrent internalization of 50
KM Hist-5 and PI via a single perturbation in the cell membrane.” Conversely, Jang et al.
observed internalization of 15.5 and 31uM Hist-5 followed by internalization of Pl , after
201 25 min.“° The experimental differences in these studies led researchers to
hypothesize that Hist -5 may utilize one or a combination of the proposed pathways for

peptide uptake, depending on peptide concentration.”” 11|n these studies, we used live-
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cell fluorescence imaging of our fluorescently -labeled Hist-5* peptide to further
investigate the potential role of peptide -induced membrane disruption on Hist -5
internal ization .

The previously mentioned studies examining Hist-5 internalization and
antifungal activity have all beenconducted in dilute phosphate buffer, however there
are few published studies of Hist -5 activity in an environment that mimics the oral
cavity.® A possible explanation for this gap in knowledge is that t he antifungal activity
of Hist-5 is known to be negatively affected by high ionic strength and salt content of the
surrounding environment. 32 113115 This effect is commonly referred to as the masking
effect in which high salt con centrations in buffers or growth media inhibit Hist -5
fungicidal activity by masking electrostatic interactions that facilitate peptide binding
and subsequent internalization across the cell wall. 115 The Djoko lab has recently adapted
previously used formula s for artificial saliva 116 117to create synthetic saliva buffer that
has a similar ionic strength to that of saliva which may be used for studies with Hist -5.20
In the second half of this chapter, we investigate how Hist-5 antifung al activity and
internalization are affected in the high ionic strength environment of synthetic saliva

buffer.
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5.2 Results and Discussion

5.2.1 Hist-5* Causes Immediate Disruption of the Fungal Cell
Membrane Allowing Simultaneous Uptake of Hist-5* and
Membrane Impermeable Dye Propidium lodide

The membrane disruptive activity of Hist -5 has been a topic of debate in the
literature as it is unclear whether Hist-5 acts directly on the membrane or if the effects of
membrane permeabilization are a downstre am result of Hi st-5 toxicity. 4> *Here, we
used live-cell fluorescence imaging of our fluorescently -labeled Hist-5* peptide, in 1 mM
potassium phosphate buffer pH 7.4, to visualize Hist -5* uptake. C. albicansells treated
with 12.5uM Hist -5* exhibited cytosolic fluorescence of the peptide within 5 min of
exposure (Figure 5.1). Under these conditions, we did not observe Hist -5* fluorescence
in the vacuole, likely because the concentration of peptide used was aove the threshold

needed to induce vacuolar localization. 40 79

12.5 uyM Hist-5* 150 s 225s 300s
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Figure 5.1: Inter nalization of Hist -5* into C. albicans cells. Timelapse
microscopy images of cells treated with 12.5 4 , Hist-5* at room temperature (RT)
over 5 min in 1 mM potassium phosphate buffer (PPB) pH 7.4. Scale bar = 104m.

Ot":,(, )

To determine the effects of Hist-5* on the membrane, cells were cotreated Hist5*
and a small cationic, membrane-impermeable dye, PI, as a fuorescent indicator of

membrane integrity. Timelapse fluorescence microscopy images revealed the concurrent
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appearance of fluorescence signalsfrom both Hist -5* and PI (Figure 5.2). Uptake of 12.5
UM Hist -5* and 7.5uM Pl into the cell cytosol occurred im mediately and was sustained
throughout the 5 min imaging timeframe (Figure 5.2). These data show that Hist-5* was
able to rapidly permeabilize the cell membrane, allowing for simultaneous leakage of PI
into the cell. We did not observe a 20t 25 min delay in Pl uptake with the addition of
Hist-5, as previously described by Janget al.#? Instead, our imaging data more closely
reflect the reports of immediate Hist -5-induced membrane disruption by Mochon et al.”™
It has been suggested the membrane lytic effecs of Hist-5 observed by Mochon et al.
were driven by the high concentration of peptid e used in experiments, 50uM.40.77. 79, 111
However, our data utilizing 12.5 pM Hist -5* show that rapid membrane
permeabilization can be achieved at physiologically relev ant concentrations of Hist-5,
roughly 15 ¢ 30 uM.28 Together these data support the possibility of a membrane-

disruptive model for Hist -5 internalization.
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Figure 5.2: Simultaneous i nternalization of Hist -5* and Pl into C. albicans

cells. Timelapse micr OUEOx a wbOET I UwoOi wEl 00U wladd 76561 wb D UT u
Pl at RT over 5 min in PPB pH 7.4. Scale bar = 104m.

12.5 uM Hist-5*

7.5uM PI

5.2.2 Hist-5* Treatment Results in a Buildup of Fluorescence at
Specific Areas on the Fungal Cell

Upon further inspection of our mi croscopy images, we noticed the presence
small areas of high fluorescence intensity in some of the cells treated with 12.5uM Hist -
5* (Figure 5.3A). Using timelapse microscopy to capture the early events of Hist-5*
internalization, we observed an initial b uildup of Hist -5* at specific areas on the fungal
cell, followed by internalization of the peptide which seemed to originate from the
bright spot of fluorescence Figure 5.3B). In cells that were cotreated with Hist -5* and Pl,
an intense area of PI fluorexence appearedon the cell which colocalized with the bright
spot from Hist -5* (Figure 5.4). Taken together the data indicate that the appearance of
these bright spots of fluorescence intensity are associated withpeptide -induced

membrane damage that allows entry of Hist-5* and PI into the fungal cell. Mochon et al.
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allowed entry of Hist-5 and dye molecules Pl and rhodamine B into C. albicansells.”® At

this spatially restricted are a, they noted a buildup of fluorescein -labeled Hist-5,

indicated by a punctate area of fluorescence at the cell surface’® The spots we detect

with Hist -5* are similar to the spatially disrupted site d escribed by Mochon et al. In both

cases, appearance ofhe spot coincided with peptide internalization and membrane

disruption, facilitating uptake of the membrane impermeable dye Pl ( Figure 5.4).7

Although Mochon et al. initially investigated the potential origins of the spatially

restricted site, they ultim ately concluded that the site was a random manifestation or a

yet unknown cell surfa ce marker that interacted with Hist-5.
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Figure 5.3: Appearance of the bright spot of Hist -5* fluorescence in C. albicans
cells. (A) Timelapse microscopy images ofcells OUT EUIl Ewbp P UT -6fatlRd k ws , w' D
over 5 min in PPB pH 7.4. Scale bar = 104m. Yellow arrows indicate areas of spot
occurrence and (B) yellow boxes indicate representative cells that are enlarged to
show early instance s of Hist -5* internalization from the bright spot.
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Figure 5.4: Simultaneous detection of colocalized bright spots of Hist -5* and Pl
fluorescence. 3 DOl OEx Ul wOPEUOUEOxawbOET I Uwndtistusad OOU w0 U |
7.54 , Bl at RT over 5 minin PPB pH 7.4. Yellow arrows indicate areas of spot
occurrence. Scale bar = 104m.

5.2.3 The Bright Spot of Fluorescence Preferentially Localizes to
Areas of Cell Polarity®®

To further investigate the appearance of these spdts, images of cells treated with
12.5uM Hist -5* over 30 min were analyzed and the spots that appeared were
categorized by their location on the cell. Spots were categorized based on two factors
(Figure 5.5): 1) does thespot appear on a mother or daughter cell and 2) does the spot
appear at a cell pole or along the cell body? A total of 1061 cells were analyzed from a

collection of images and of those cells spots appeared on 492 of thecells. Some

15 Analysis of microscopy images for spot occurrencewas conducted by Sean Gao anddanna Campbell.
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representative images arepresented showing spot appearance at different locations on
the cell, indicated by the different color arrows ( Figure 5.5C). Additionally, examples of
cells that internalized Hist -5* but do not exhibit clear appearance of a spot are circled in
yellow and also shown in Figure 5.6C. The fact that spot appearance does not always
occur in cells that show cytosolic fluorescence of Hist-5* indicates that spot formation is
not a required step for Hist -5* uptake. It is possible that we are observing two
populations of cells that utilize different pathways for cellular uptake in which, cells that
exhibit spots internalize Hist -5* via direct membrane lysis, whereas cdls that do not

show evidence of spot formation internalize peptide via a different route.
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Figure 5.5: Schematics of C. albicans cell anatomy. (A) Graphical
representation of mother and daughter fungal cells followe d by a representative
brightfield image of C. albicans cells in which mother and daughter cells are
indicated with correspo nding yellow and red arrows. Scale bar = 104m. (B) Graphical
representation of the three major areas of the fungal cell with example microscopy
images showing spot appearance at the distal pole (blue arrow), proximal pole (green
arrow), and the cell body (purple arrow). (C) Representative images of cells treated
with hul & k w4 -5*uat REF 0v@r 30 min in PPB pH 7.4. Multicolor arrows indicate the
presence of the bright spot in some cell and its localization on the cell. Yellow circles
indicate cells in whic h Hist -5* is internalized without the appear ance of the bright

spot. Scale bar = 104m.
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Of the cells that exhibited spot formation, we found that the spot was statistically
more likely to appear on a mother cell as opposed to a daughter cell (p = 0.0395)Figure
5.6A). The fungal cell anatomy of budding yeast, such asC. albicansis defined by three
major areas:the proximal pole, the distal pole, and the cell body (Figure 5.58 and C).118
119 The proximal pole is the junction between a mother and daughter cell. The distal pole
is the area of the @Il opposite the site of bud formation which is found on either the
mother or daughter cell. Lastly, the cell body encompasses areas of the cell that ae not
sites of cell polarity or bud formation. Division of the cell into these distinct areas
allowed us to further analyze the location of spot formation in our microscopy images.
Although there was no significant difference in spot occurrence between the proximal
pole, distal pole, and cell body; grouping of the distal and proximal poles together
revealed a preference for the spot to appear atareas of cell polarity as opposed to
somewhere along the cell body (p < 00001)(Figure 5.6B). The evidence of preferential
spot ocaurrence presented here is in contrast to findings reported my Mochon et al. in
which they concluded that appearance of the spatially restricted site did not correlate
with appearance at areas of cell polarity.” However, the researchers in this study used
C. albicangells in the hyphal form to identify areas of cell polarity rather than t he yeast
form of cells in which t hey had previously identified and characterized the spatially

restricted area.” Our data show that C. albicanells, in the yeast form, that are exposed
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to Hist-5* exhibit bright spots of peptide fluorescence that preferentially appear at sites

of cell polarity.
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Figure 5.6: Quantification of the occurrence of spot appear ance in C. albicans
cells treated with Hist -5*. Appearance of the spot is categorized by (A) its presence on
a mother or daughter cell and (B) its location on an individual cell. Error bars
represent the 95% confidence interval for the data set. (* indic ates p < 0.05, ***
indicates p < 0.0001, n =139,

5.2.4 Effects of Metal Supplementation on Appearance and Location
of the Bright Spot

In previou s chapters we have seen documented the effects of metal
supplementation on Hist-5 internalization in dilute phospha te buffer. We showed that
addition of 1 or more equivalents of Zn 2+ inhibited Hist -5* uptake, causing the peptide to
adhere to the cell surface ¥ Supple mental Cu2*was shown to cause quenching Hist-5*

fluorescence in live cells. Given the precedent for metal-induced changes to Hist-5

145



internalization and fluorescence, we analyzed the instance of spot occurrence in cels
treated with 12.5 uM Hist -5* and a range of concentrations of added Cu2*and Znz.

Cells that were treated with 12.5 uM Hist -5* and submolar equivalents of Cu2*
exhibited formation of the previously described bright spots of fluorescence (Figure 5.7).
Spot appearance was also observed in cdb treated with equimolar concentrations of
Cuz(Figure 5.7). Cu-induced quenching of Hist -5* fluorescence was observed in the
images of Cu-treated cells, making detection of the spots more challenging. In these
cells, spots were more readily identified i n the early time points of imaging, as the
buildup of fluorescence intensity would dissipate in some cells over the course of the
experiment (Figure 5.7). Despite the challenges in initially identifying spot appearanc e in
the Cu-treated cells, we found that Cu?* supplementation did not alter the instance of
spot appearancewhen compared to cells treated with Hist -5* alone (Figure 5.8A).
Analysis of the location of spot appearance in Cu-treated cells proved to be largely
inconsequential. There was no preference for the spot to appear oneither a mother cell
or a daughter cell (Figure 5.8B) Additionally, there was no statistically significant
backing for the spot to occur at areas of cell polarity (Figure 5.8C). These dda are in
contrast to spot data collected from cells treated with Hist -5* alone in which the spots
exhibited preferences for appearanceon a mother cell or at a cell pole (Figure 5.6). Thus,
Cu-treated cells exhibit roughly the same number of spots, however the spot appearance

is no longer preferentially localized to specific areas of the fungal cell.
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Figure 5.7: Detection of bright spots in Cu-treated cells. Timelapse microscopy
images of cells treated wi UT whul & k e8%andiD.501 @qiv. CuSOs at RT over 5 min
in PPB pH 7.4. Yellow arro ws indicate areas of spot occurrence. Scale bar = 104m.
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Figure 5.8: Quantification of the occurrence and localization of spot
appearance in Cu-treated cells. C. albicans cells treated with 12.5 4 , Hist-5* and
increasing concentrations of CuSO 4 after 30 min exposure were analyzed based on (A)
spot appearance as a function of CuSO 4 addition, (B) spot appearance on a mother or
daughter cell, and (C) spot appearance at different locations on the cell . Error bars
represent the 95% confidence interval for th e data set. Statistical analyses were
conducted for cells in each treatment condition n = 22, n = 20, n = 43, and n = 20for
cells treated with 0.25, 0.5, 1, and 2 equiv. Cu?, respectively.

We observed internalization of Hist -5* along with the appearance of spots in cells

treated with submolar equivalents of Zn2*(Figure 5.9). Cells that were treated with
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equimolar concentrations of Hist -5* and Zn?* did not internalize the peptide, instead the
peptide adhered to the cell surface (Figure 5.9). However, spot formation still occurred
in cells that were treated with 1 equivalent of Zn 2*(Figure 5.9).Our previous data
suggested that spot appearance was associated with membrane disruption as both Hist-
5* and Pl appeared to internalize from the spot location (Figures 5.3 and 5.4, however
the presence of spots on cells that do not internalize Hist5* (Figure 5.9) indicates that
spot appearanceis not always a precursor for Hist -5 uptake as previously hypothesized.
There were no statistically significant differen ces in the instance of spot appearance in
Zn-treated cells compared to Hist-5*treated cells (Figure 5.10A). Zn-treated cells did not
exhibit a preference for spot appearance on either a mother or daughter cell (Figure
5.10B. However, spot appearance wasstatistically more likely to occur at areas of cell
polarity in cells treated with half an equivalent or more of Zn 2+, p < 0.0001for cells
treated with 0.5 and 1 equivalent of Zn2*and p =0.0045for cells treated with 2

equivalents of Zn2* (Figure 5.100.
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Figure 5.9: Detection of bright spots in Zn -treated cells. Timelap se
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over 5 min in PPB pH 7.4. Yellow arrows indicate areas of spot occurrence. Scale bar =

105m.
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Figure 5.10: Quantificat ion of the occurrence and localization of spot
appearance in Zn-treated cells. C. albicans cells treated with 12.5 4 , Hist-5* and
increasing concentrations of ZnCl z2after 30 min exposure were analyzed based on (A)
spot appearance as a function of ZnCl 2 addition, (B) spot appearance on a mother or

daughter cell, and (C) spot appearance at different locations on the cell. Error bars
represent the 95% confidence interval for the data set. Statistical analyses were
conducted for cells in each treatment condit ion n = 29, n =35, n =85, and n =41for
cells treated with 0.25, 0.5, 1, and 2 equiv. Zn#, respectively. (** indicates p < 0.01 and
**** indicates p < 0.0001)
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