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ABSTRACT: The development of antimicrobial peptides (AMPs) as potential therapeutics
requires resolving the foundational principles behind their structure-activity relationships. The
role of histidine residues within AMPs remains a mystery despite the fact that several potent
peptides containing this amino acid are being considered for further clinical development.
Gaduscidin-1 (Gad-1) is a potent AMP from Atlantic cod fish that has a total of five His resi-
dues. Herein, the role of His residues and metal-potentiated activity of Gad-1 was studied. The
five His residues contribute to the broad-spectrum activity of Gad-1. We demonstrated that
Gad-1 can coordinate two Cu®" ions, one at the N-terminus and one at the C-terminus, where
the C-terminal binding site is a novel Cu®" binding motif. High affinity Cu?* binding at both
sites was observed using mass spectrometry and isothermal titration calorimetry. Electron par-
amagnetic resonance was used to determine the coordination environment of the Cu*" ions.
Cu?* binding was shown to be responsible for an increase in antimicrobial activity and a new
mode of action. Along with the traditional AMP mode of action of pore formation, Gad-1 in
the presence of Cu?" (per)oxidizes lipids. Importantly, His3, His11, His17, and His21 were
found to be important to lipid (per)oxidation. This insight will help further understand the in-
clusion and role of His residues in AMPs, the role of the novel C-terminal binding site, and can

contribute to the field of designing potent AMPs that bind metal ions to potentiate activity.




1. INTRODUCTION

Antimicrobial peptides (AMPs) are ubiquitous in nature as they evolved through adaptive
radiation and are currently found in prokaryotes and eukaryotes. Identifying key structural and
physicochemical patterns such as prevalence of a-helicity, cationicity, and amphipathicity, via
quantitative structure activity relationship studies or computationally based approaches!, such
as machine-learning, has shed light on the immunological role of AMPs and provided a path-
way for the translation of these ancient immune molecules into preclinical development.
Among AMPs, the most common residues are Lys, Gly, Leu, Ala, and Val, whereas the least
common amino acids are Pro, Cys, Tyr, and His. In the 3217 peptides in the Antimicrobial
Peptide Database, His appears in only 2.2% of them.? Moreover, a recent bioinformatic and
pattern recognition study found His residues are underrepresented in eukaryotes as less than
2% contain them.® Despite this low representation, there are important families of peptides,
such as the piscidins, histatins and clavanins (Figure 1), to name but a few in which His repre-
sents anywhere from 13-29% of their residues.*® Piscidins are the most common family of
AMPs present in a wide range of teleost fish taxa with broad-spectrum activity, and unlike most
AMPs, are active at high ionic strengths and low pH environments.>’ If we are to find a unify-
ing model of molecular characteristics that describe the antimicrobial properties of peptides
and use it to develop AMP therapeutics, specifically those that can take advantage of metal ions

utilized by our immune system,®’ we need to understand the role of His residues in AMPs.

The N-terminus of piscidin peptides are highly hydrophobic and conserved, with Phe and Ile
residues, which can facilitate entry into the lipid bilayer, but are less uniform at the C-terminus
(Figure 1). The N-terminus is almost always comprised of an amino terminal copper and nickel
(ATCUN) binding motif that has been shown to contribute to the multi-hit mechanism utilized
by piscidin peptides to kill pathogens. The multi-hit nature of piscidin peptides is comprised of

a membrane-active component through the formation of ion channels and lipid (per)oxidation,
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as well as an intracellular component that involves DNA binding and damage.”!*!* The broad-
spectrum activity and DNA binding is enhanced by inclusion of His and Arg residues and a
G(X)4G motif in the center of the peptides that induces flexibility and allows easier binding to
DNA.!>!1® The metal binding nature of piscidins is relevant in vivo because piscidins are found
in phagocytic cells.>’ Metal ions such as Cu?>" and Zn>" have been observed at high micromolar
concentrations in the phagocytic milieu of several species as a response to certain types of
infections.!”?° Piscidin-Cu interactions have been studied previously and revealed that piscidin
1 and piscidin 3 can induce an SOS response in Escherichia coli and piscidin 2 has been found
to have partial synergism with Cu®" against fungi.!®?! Atlantic cod ubiquitously produces the
piscidins Gaduscidin-1 (Gad-1, FIHHIIGWISHGVRAIHRAIH-NH>), Gaduscidin-2 (Gad-2,
FLHHIVGLIHHGLSLFGDR-NH>), and pis-2p, a splice variant.?> Gad-1 and Gad-2 are both
active against bacteria, however, Gad-1 is more active at physiological and low pH than Gad-
2.222% In contrast, Gad-2 is more active against the parasite Tetrahymena pyriformis than Gad-
12223 These examples showcase the impact that small modifications on the AMPs scaffold can
have on their antimicrobial activity. Gad-1 contains five His residues, one of them in the
ATCUN motif FIH, whereas the others are found in positions 4, 11, 17, and 21. As shown in
Figure 1, the H17XXXH21 motifis uncommon among piscidins, making Gad-1 a good candidate

to study the implications of multiple metal binding sites on AMPs.

Herein, Gad-1 was studied to elucidate the role of the His residues vis-a-vis metal binding
and mechanism of action. The antimicrobial activity of Gad-1 and the influence of metal bind-
ing at both sites, including the unique HXXXH motif, on the antimicrobial activity was inves-
tigated. The ability for Cu?" to bind to Gad-1 at the ATCUN and HXXXH site was probed using
electrospray ionization mass spectrometry (ESI-MS) and isothermal titration calorimetry
(ITC). Moreover, coordination geometry was studied using electron paramagnetic resonance
(EPR) to investigate the HXXXH binding site coordination and it revealed that the coordination
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is either through four nitrogen bonds or through three nitrogen bonds and one oxygen bond.
The peptide can bore holes in the membrane, however, when Cu?" is available, Gad-1 can ad-
ditionally peroxidize lipid membranes to enhance activity. This work furthers our understand-
ing of the role of His residues in AMPs and how they can potentiate antimicrobial activity. It
also broadens our knowledge on the coordination chemistry of the HXXXH motif and estab-
lishes that HXXXH bound to Cu?", a departure from the mechanism elucidated for HXXXH
with Zn?" in the marine AMP, Clavanin A.?*® To our knowledge this is the first study to ex-

amine biophysical and mechanistic advantages for AMPs with multiple metal binding sites.

2. EXPERIMENTAL METHODS

2.1 Materials

* Any water used was obtained from a Barnstead NANOpure Diamond filtration system with
a 0.2 micron pore size filter. All chemicals are from Sigma Aldrich unless otherwise specified.
All media that was used had a pH of 7.0 +/- 0.1 unless otherwise specified.

2.2 Peptide synthesis and purification

Peptide synthesis and purification methods have been previously published.?” Gad-1, H3A.
H4A, H11A, H17A, and H21A was synthesized in our lab, however, additional Gad-1, H3A,

and H17A peptide was purchased from Atlantic Peptides. The peptides were all purified to
>94% before using.

2.3 MIC and MBC measurements

All minimum inhibitory concentration (MIC) assays utilized sterile 96-well polypropylene
round bottom plates (Grenier). A 105 uL aliquot of the peptide, at 256 uM, was prepared in
Mueller Hinton Broth (MHB) media. In column one of the plate, 100 pL of the peptide solution

was plated. A 2-fold serial dilution was done until column 10. A sterility control contained 100



uL of MHB and a positive control consisted of 50 uL MHB and a 50 pL aliquot of bacteria. A
10 mL MHB culture was inoculated with two to five colonies of E. coli M(G1655 and incubated
at 37°C for four hours (midlog phase OD600~0.4). A 50 uL aliquot of the inoculum was added
to all wells except the sterility control, making the final concentration of cells 5X10°. Plates
were examined after 18-20 hours. The MIC was determined based on visual turbidity, with the
MIC being the lowest concentration where growth did not occur. The minimum bactericidal
concentration (MBC) was subsequently determined by plating 10 pL of inoculum to a Luria
Broth (LB) plate at MIC concentration and two times the MIC concentration. The plate was
incubated for 18-20 hours at 37°C and colony growth was observed. MIC and MBC values are
reported as the mode and the data is representative of at least three trials. The MIC in the pres-
ence of triethylenetetramine (TETA) was run with 400 uM TETA that was added to the media
to ensure that there was no labile Cu® ions. When using Vibrio harveyi and Aeromonas hy-
drophila LB with 2% and 1% NaCl, respectively, was used, as these are optimal growth con-
ditions for these pathogens. The MIC and MBC plates were grown for three days at room tem-

perature.
2.4 Time Kkill kinetics measurements

Two to five E. coli MG1655 colonies were inoculated in a 10 mL MHB culture and incubated
at 37°C for four hours. The bacteria were diluted in MHB media to 1X10° cells. Peptide solu-
tions at a concentration of 8 uM were prepared in MHB media in a volume of 350 pL. The
peptide solutions were added to 350 uL of diluted E. coli in a 5 mL polypropylene tube. The
positive control consisted of 350 uL of MHB inoculated with 350 pL of E. coli. The samples
were incubated at 37°C in a shaking incubator. At each time point the samples were diluted
appropriately (up to 10,000 fold) into MHB and 100 pL was plated and spread on LB plates

immediately after adding the bacteria at zero-hour and then at one-hour, two-hour, and four-



hour time points. Plates were incubated for 18-20 hours at 37°C and colonies were counted to

quantify the inhibition of growth. The data presented is representative of three trials.
2.5 ESI-MS experiments

A 10 mM Cu?* stock was prepared with CuSO4 in H20. Peptide (20 pL, 50 uM) was mixed
with Cu?" in H,O using a ratio of 1:5 peptide:Cu?" and incubated for 30-60 minutes before
injection. The samples were run on a 4000-Q TRAP LC/MS/MS system by Applied Biosys-

tems.
2.6 ITC experiments

Peptides (300 uM) were diluted with either 2-(N-morpholino)ethanesulfonic acid (MES)
buffer at pH 5.5 or 3- (N-morpholino) propanesulfonic acid (MOPS) buffer at pH 7.0 and de-
gassed for 20 minutes. The peptides were titrated with anywhere from 3000 to 10,000 uM Cu?*
at 25°C over 20 injections, using a Nano-ITC from TA Instruments. The stir rate was 300 rpm.
Cu®* into buffer was used as a blank and was subtracted from all measurements. Two trials
were averaged and analyzed on NanoAnalyze software (v3.11.0) from TA Instruments. The
data was fit to a multiple site fitting model (lowest residual model was used for Gad-1) or an
independent binding model. MOPS buffer-metal interactions were corrected for Kq and AH

using Quinn et al.?®

2.7 EPR experiments

Sample concentrations ranged from 200 pM to 1 mM peptide, depending on the solubility in
MOPS buffer at pH 7.0. A ratio of 1:0.9 peptide:Cu*" was used and the sample was prepared in
10% glycerol in either MOPS buffer at pH 7.0 or in MOPS buffer and trifluoroethanol (TFE)
(50:50). The samples were transferred to quartz EPR tubes and frozen in liquid nitrogen. Sam-

ples were run at 50 K using liquid helium on a Bruker cw-ESR EMX spectrometer with X-



Band bridge. X-band data was collected with a microwave frequency of 9.32 GHz. The micro-
wave power was 0.06325 mW and the sweep width was 1200 G. The spectra were collected
and averaged using 4 to 12 scans. Titration samples were run and aliquots of Cu®* stock in
MOPS were added and the sample was run again. MATLAB and Xenon Nano Biospin Bruker
software was used to produce spectra and find g values. The simulation was carried by Aniso-
SpinFit program. It is a built-in program in Bruker’s Xenon software, which is designed for the

simulation of the solid or frozen system.
2.8 Circular dichroism (CD) measurements

The peptides were diluted to 50 uM in 300 pL of H2O or a 50:50 H>O:TFE mixture. They
were run on the Applied Photophysics n*-18C instrument in a 0.1-cm quartz cuvette at room
temperature. Each sample was run with two replicates at 1.0 nm intervals from 250-190 nm.
The bandwidth was 3 nm. When metal ions were added to the peptide samples, they were in-
cubated for 45 to 60 minutes before analysis. The data was input into Beta Structure Selection

(BeStSel) algorithm (http://bestsel.elte.hu/index.php) to determine the secondary structure.?
2.9 B-galactosidase leakage assay

E. coli, transformed with the plasmid pUC19, was grown to an OD600 of 0.4 to 0.6. The cells
were induced by 1 mM isopropyl B-D-1thiogalactopyranoside for one hour and washed with 5
mL of phosphate buffered saline (PBS) with a pH of 7.4, three times for ten minutes. The cells
were resuspended to a culture volume of 10 mL of pH 7.4 PBS. A 75 pL aliquot of bacteria was
incubated with 75 pL of peptide, diluted in pH 7.4 PBS, at a final concentration of 2 uM. The
samples were incubated at 37°C for one hour. The tubes were centrifuged for ten minutes at
4°C. A 100 pL aliquot of supernatant was added to 50 pL of 8 mg/mL o-nitrophenyl-B-D-ga-
lactopyranoside (ONPG, freshly prepared) in PBS. The 150 pL was plated in a 96-well plate
and read at 405 nm every five minutes for one hour. The data is represented as a percentage

where 0.1% Triton X-100 is 100%. The negative control was PBS mixed with ONPG and this
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was subtracted from all values before calculating the percentages. Data from the one-hour time

point was used and a total of three to four trials were done to confirm the activity.
2.10 Lipid (per)oxidation assay

MWFI1, fabR::kan recD::Tnl0, an E. coli strain with a high number of unsaturations in the
bilayer, was grown for four hours and washed three times with 20 mM 2-[4-(2-hydroxyethyl)pi-
perazin-1-yl]ethanesulfonic acid (HEPES) and 100 mM NaCl buffer at pH 7.4. Cells were re-
suspended in 10 mL of buffer and diluted to 2X107 cells. Peptide solutions were prepared in
buffer at two times the final concentration (4 pM). An aliquot of 50 pL of diluted bacteria and
50 uL of peptide solution were added and incubated for two hours at 37°C. Once the treatment
concluded, 100 pL of trichloroacetic acid (1% w/v) was added to each sample, followed by 800
uL of colorimetric reagent (106 mg thiobarbituric acid, 10 mL of 0.7 M NaOH, and 10 mL of
20% acetic acid). Samples were vortexed and added to a dry heat block at 97°C for 60 minutes.
Samples were put in a -20°C freezer for 10-20 minutes to cool to room temperature. Samples
were centrifuged for ten minutes at 4°C and a 200 puL aliquot was added to a 96-well black
plate in duplicate. The fluorescence was recorded at 530 nm excitation and 550 nm emission
and relative fluorescence intensity is reported using an Agilent CARY Eclipse fluorimeter.
Standards (0-5 M) were run using 1,1,3,3-tetramethoxypropane, diluted in buffer. Data is rep-
resentative of four to five trials and the standard error is reported. A student t-test was used to

determine statistical significance.

3. RESULTS AND DISCUSSION

3.1 Antimicrobial assays suggest that four His residues are essential to the activity of

Gad-1



Gad-1 has previously been tested against Gram-negative and -positive pathogens, in addition
to a parasite and showed <10 uM activity with almost all of the tested strains.?? Here, Gad-1
was tested against the fish and human Gram-negative pathogens V. harveyi, A. hydrophila, and
E. coli. The role of the His residues on the activity was probed through His to Ala mutant
peptides. V. harveyi and A. hydrophila were tested to learn more about the efficacy of Gad-1 in
the natural system, as these bacteria often infect cod fish. Gad-1 had low micromolar activity
against both fish pathogens (Table 1) and was bactericidal at MIC concentrations based on the
MBC, while the mutants lacking His residues had varied activity. In V. harveyi, H3A, H4A,
and H11A mutants had lower activity when compared to Gad-1; however, H3A, H11A, and
H17A were observed to be less active against 4. hydrophila. Against E. coli, His3, His11, and
His17 were the most important residues for antimicrobial activity as their mutations to Ala

resulted in a decreased activity.

We hypothesize that H3A and H17A mutants likely have lesser activity due to the possibility
of His3 and His17 being engaged in Cu** binding.!%*° We tested this hypothesis by determining
the MIC in the presence of TETA, an extracellular chelator with high affinity for Cu®" used to
treat acute copper intoxication.*! Atomic absorption spectroscopy has shown that MHB con-
tains ~80 pM Cu?*,*? an amount that is sufficient to metallate Gad-1. The addition of TETA to
the susceptibility assay reports on the requirement for Cu?* ions by the peptide.>? In the pres-
ence of TETA, all of the peptides had an MIC identical to the H3A mutant suggesting that Cu**
binding elicits a stronger bactericidal response and activates an additional mode of action in

Gad-1.

Since peptides with an HXXXH motif have been reported to enhance their activity in the
presence of Zn** ions,??63334 the susceptibility of E. coli towards Gad-1 was tested in MHB
supplemented with Zn** ions. Gad-1 does not have potentiated antimicrobial activity in the

presence of Zn** ions, as there was no change in the MIC values, even in the presence of ten
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equivalents of Zn?" (Table S1). This observation led to the conclusion that Zn** may not be
relevant to the activity of Gad-1, therefore, we focused on Cu?" interactions for the rest the
experiments. The metal binding investigated here, seems to have more of an influence on the
activity against A. hydrophila due to the loss of antimicrobial activity in the absence of residues
His3 and His17, which are likely associated with metal binding sites. This phenomenon has
also been observed in Drosophila, where certain AMPs can be more active against specific
pathogens.*>*¢ Similar to AMPs found in Drosophila,**>° Gad-1 may have also evolved to be
more active against this pathogen because it commonly infects Atlantic cod fish. Overall, Gad-
1 has antimicrobial activity against a variety of Gram-negative bacteria that is potentiated in

the presence of Cu?".

In addition to using MIC measurements, time kill kinetics (TKK) data using E. coli was uti-
lized to determine which residues were important to the bactericidal activity of Gad-1. The
peptides were tested at 4 uM, which was chosen to avoid the concentration of Gad-1 being
much larger than MIC concentrations. The results show that mutating any of the His residues
in Gad-1 resulted in a decreased bactericidal activity, including complete abolishment for the
H3A, H17A, and H21A (Figure 2). Interestingly, the H4A mutant had similar activity early on

but it started deviating after 4 hours.
3.2 Cu?* can bind to both the ATCUN and HXXXH motif

To examine the ability of Gad-1 to bind to metal ions and elucidate the role of each His
residue in metal binding, ESI-MS was used. Addition of five equivalents of Cu" ions resulted
in the formation of singly and doubly metallated species hinting at the possibility of an addi-
tional metal site besides the ATCUN motif (Figure 3A). To determine what residues were im-
portant for the binding of the second Cu®" ion, we synthesized the H3A-H11A and H3A-H17A
double mutants. When using the H3A-H17A double mutant there was no holo-species identi-

fied, whereas the H3A-HI11A double mutant formed a 1:1 complex (Figure 3B). This result
11



suggests that His17 is required for Cu®** binding on the second binding site, most likely the

H17XXXHb> sequence (Figure 3C).

3.3 EPR evidence indicates that the Cu?* is binding in a square planar coordination at

the ATCUN and HXXXH sites

To gather more information about the environment of the Cu?* binding sites, we used X-band
EPR in Cu?" coordination complexes of Gad-1 and its mutants. In Figure 4, the spectra show
the X-band EPR data collected at 50 K for Gad-1, the H3A mutant, and the H17A-H21A double
mutant in MOPS buffer at pH 7.0. The addition of 0.9 eq. of Cu?** to Gad-1 and the double
mutant resulted in species that displayed rhombic spectra, whereas H3A showed an axial spec-
trum under the same conditions, indicating that the ATCUN motif gives rise to the thombic
spectrum, while the HXXXH binding site is axial. All of the samples showed some residual
unbound Cu?*, which is exemplified by the extra aqua-Cu peak at ~2600 G’ that may have
resulted from inadequate binding or peptide solubility issues at high concentrations. The spe-
cies that were observed for both binding sites are type II Cu complexes that display square
planar coordination with A|| values of 120-200 G, which is the preferred coordination for Cu**
(Table 2).*® Another metric that was used to confirm coordination was g||/A| values, where
130-150 cm indicates slightly distorted square planar.’ The g|/A| values for all three peptides
tested confirms a slightly distorted square planar coordination for both binding sites EPR has
been used previously to characterize the ATCUN binding, which shows peaks at ~2800, 3000,
3200, 3250, and 3400 G.***! The average g| value for the ATCUN motif is 2.19, A | of 0.020
cm’!, and gt is 2.05.* In Figure 4A, the H17A-H21A spectrum displays a distorted square
planar coordination that is expected for the ATCUN motif, although peaks are slightly left
shifted.’*® The H17A-H21A double mutant had a g| and gL value that is slightly higher than
traditional ATCUN motifs, while the A | value was slightly lower expected. These slight devi-

ations from average may be due to weak coordination to the nitrogen from His4 because higher
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g| values are consistent with binding to an increased number of nitrogens.*® Five coordinate
species of Cu?* are not uncommon, although they have not been reported for ATCUN-Cu?*
complexes.*** A study on the ATCUN-containing AMP  piscidin 3
(FIHHIFRGIVHAGRSIGRFLTG-NH>) bound to Ni*" recently showed His4 is in close prox-
imity to the metal center and could be involved in binding.** An ATCUN site binding to Cu**
can easily accommodate a fifth ligand as demonstrated by the Cu(Il) complex of neuromedin

C (GNHWAVGHLMNH>) which contains a cation-n interaction with the indole ring of the Trp

residue.*®

In regards to the HXXXH motif, the H3A spectrum revealed an axial orientation and likely
square planar coordination due to the values aligning with known square planar complexes,
where gL is greater than 2.0, g| is greater than 2.1 and A | is between 160 to 210 10 cm™.%
When H3A was titrated with Cu?*, there appeared to be super hyperfine splitting (shf) from
3200-3300 G (Figure S2). Seven lines in the shf region is indicative of coordination to three
nitrogen atoms, while nine lines is indicative of coordination to four nitrogen atoms.*”*® It was
inconclusive how many lines and further experiments could not clarify the shf, however, there
are at least seven lines and therefore at least three nitrogen atoms coordinated to the Cu?* likely

two of which are from the imidazole rings of His17 and His21.3®

To clarify what ligands are
coordinated to Cu®" at the HXXXH site, a Peisach-Blumberg plot was used and the g|| and A |
values for the H3A spectrum corresponds to either 2N20, 3N 10, or 4N atoms due to overlap
in the chart.*’ It may be possible that the proximity of Argl8 and the amidated C-terminus
could contribute other nitrogen ligands but the data is inconclusive at this time.’*>? We are
currently further investigating the coordination using 2D NMR techniques. Using the collective

data, the coordination at the HXXXH site is likely to two imidazole rings and either two other

nitrogens or one nitrogen and a water molecule.
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When Gad-1 was titrated with Cu®" (Figure 4B), there were clear changes in the spectra as
more Cu?* was added, which reinforced the idea that there are two different types of Cu?* bind-
ing. There is an appearance of a new peak at 3250 G that likely corresponds to the HXXXH
site and can be linked to the second site due to g values that resemble the H3A sample. There
is a growing peak at 3200 G that resembles the signal obtained when 0.9 equivalents of Cu**
were added to Gad-1 in 50% TFE, a solvent combination that promotes helicity (vide infra)
(Figure 4C (boxed)) and it likely corresponds to the HXXXH site. Simulations were utilized to
determine how many species were present when H3A and the H1 7A-H21A double mutant were
exposed to Cu?* (Figure 5). It was confirmed that the H3A spectrum with 0.9 equivalents of
Cu?* only consisted of one species in MOPS buffer and was different from the spectrum of the
H17A-H21A double mutant. This data supports the conclusion that there are two different bind-
ing modes for Cu*" in Gad-1, one being the ATCUN motif and the other being the HXXXH
motif. Interestingly, the H17A-H21A double mutant had one major species and one minor spe-
cies, based on the simulation data. The HXXXH motif could be binding Cu®" through the im-
idazole of His17, His21, with either one water molecule and an additional nitrogen or two
nitrogens, possibly from Arg18°°>? and the amidated C-terminus in a square planar fashion.
His4 is likely able to weakly coordinate to Cu?** in the ATCUN motif to further stabilize Cu**
binding.

3.4 Gad-1 has two high affinity Cu?" binding sites at low and physiological pH

ITC was utilized to determine the binding affinity of Cu?* at both binding sites, along with
thermodynamic and stoichiometric constants. It was expected that the ATCUN motif would
have high affinity binding for Cu?**.>>"> Titrations were done in MOPS buffer (pH 7.0) and
MES buffer (pH 5.5) using 300 uM peptide and varied concentrations of Cu**. Gad-1 was used
to determine the binding constant for both sites by fitting to a multiple site model (Figure S3).

Low and physiological pH were used to investigate any differences in binding affinity and to
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determine whether the binding is relevant within the range of pH evaluated. It is well known
that buffers interact with metal ions to some extent, therefore, a correction for the presence of
MOPS buffer at pH 7.0 was used, however, there was no available correction for MES buffer
or any other Good’s buffer at pH 5.5, therefore, buffer correction could only be done for the
pH 7.0 titration.?® The stoichiometries, n (Table 3), are close to 1, as expected for the complex-
ation of one Cu?" ion to each binding site. Deviations from n = 1 are observed and are either
due to slight errors in solution concentrations or an artifact of fitting the data to a two-site
model, which has been observed before by Zhang et al.>*>’ By manipulating the concentrations
in the software, the n value can be forced to be 1, but this may result in a different, poorer fit
to the data and was not done here.’>” At pH 7.0, the ATCUN binding site exhibited high affin-
ity for Cu®* ions (Kq = 5.46 x 101> M), consistent with other ATCUN sites such as those in
histatin 5 and human serum albumin.>®*° This value is also similar to the AMP piscidin 1, which
has a reported Kq of 3.29 x 1073 M, and shares a His residue in position 4 that may contribute
to the stability of binding by forming a hydrophobic fence.!® The second binding site, which
we assign to the HXXXH sequence, has a weaker binding towards Cu?* (5.92 x 1071 M). At
pH 5.5, the uncorrected Kq values were lower for the two binding sites as expected due to the
competition for protonation of the atoms coordinating to the metal ions. Similarly, to the results
at pH 7.0, the ATCUN binding was stronger than the HXXXH binding by three orders of mag-
nitude (Table 3). The binding constant at the second site was also measured using an H3A
mutant. The values at pH 7.0 and pH 5.5 coincided well with the measured value in the wild
type, validating the multiple binding site model (Table 4). The H4A mutant yielded similar
binding constants and thermodynamic parameters at both pH values compared to the wild type.
Interestingly, a double HI 7A-H21A mutant was tested and the data collected at pH 7.0 fit to a
multiple binding site model, while at pH 5.5 the binding was fit to an independent binding site

model. The values at pH 5.5 coincided with the thermodynamic values that were observed for
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the ATCUN site with the wild type and H4A peptides (Table 4). There may not be binding to
the second site here due to protonation of the His residues that may initiate metal binding. In
terms of the pH 7.0 conditions, the values for the ATCUN site are also similar to the wild type
conditions, however the Kq value for the second site was significantly weaker by two orders of
magnitude (Table 4). We expected that based on the other evidence that the second binding
event would not have occurred when His17 and His21 were removed, but it is clear that these
residues are required for stronger binding interactions. We are currently investigating this dis-
crepancy with 2D NMR techniques to enhance our understanding of the binding interactions at

the C-terminal site.

Coordination to Zn>" at one site on Gad-1, likely the HXXXH site, was also shown using MS
(Figure S1). The Ky for the second binding site was also assessed using Zn>" at both pH condi-
tions, however, no correction factors are available for these buffer conditions with Zn?*, there-
fore, it is difficult to compare the values to Cu®* binding (Table S2). Although the comparison
is difficult to make here, it is likely that Cu®" will have stronger affinity than Zn?" for the bind-
ing sites according to the Irving-Williams series.®® The binding at pH 7.0 yielded a K4 of
2.831x10"*and the thermodynamic parameters were consistent with metal binding (-AH, +AS).
These values are consistent with a Zincon binding titration that showed that the K¢ must be
weaker than 12.6 uM because the peptide could not outcompete Zincon (Figure S1). The Kg at
pH 5.5 was at the lowest limit of detection for the ITC (>1 x 10~ M) indicating that the binding
is likely too weak to measure with this method. /n vivo these Kq values would likely be lesser,
possibly by several orders of magnitude due to higher salt concentrations and other components
of the cellular milieu. However, based on these binding affinities, it is likely that the ATCUN
motif plays an important role throughout all the pH range found in acidophilic granulocytes,
whereas the HXXXH binding site plays a larger antimicrobial role at physiological pH rather
than at lower pH.®""%? In vivo, both sites in the peptide can utilize metal-mediated activity and
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will be effective at killing extracellularly in a phagocytic burst.*!*> AMPs with multiple binding
sites may be more adaptable due to their ability to strongly bind metal under varied pH condi-
tions and in different cellular spaces when compared to other AMPs that may not be able to

bind metal.

3.5 Holo-Gad-1 does not have increased helical stability

It has been observed that the antimicrobial activity of several AMPs is affected by the change
in helicity, where the relationship is typically directly proportional. CD was employed to de-
termine the secondary structure of the peptides. The peptides showed a high percentage of a-
helicity in 50:50 TFE:H>O and were disordered in H,O (Figure 6). This is consistent with ex-
isting data on Gad-1 that reported an a-helical structure in POPG, POPC, and SDS micelles
based on CD and NMR experiments.>* H4A and H21A had the lowest degree of helicity fol-
lowed by Gad-1, while H3A, H11A, and H17A were the most helical (Table 5). Interestingly,
the helicity of H4A and H21A decreased but the 3-sheet character increased significantly com-
pared to Gad-1 and the other mutant peptides. Based on the helical wheel diagram (Figure S4),
some of these changes in helicity are unexpected. Substitution of His21 should not result in a
large change compared to Gad-1 because it is at the end of the sequence. Additionally, the
substitution of His3, His4, and His17 were expected to yield higher helicity due to these resi-
dues being surrounded by hydrophobic residues such as Phel, Trp8, Vall3, and [1e20 but His4
was less helical than Gad-1. Hisl11 is part of the G(X)4G helix breaking motif yet it yielded a
higher percent helicity. This may be due to the propensity for Ala residues to induce helicity
when not placed in hydrophilic regions of the peptide.®® The secondary structure of Gad-1 in
the presence of metal ions did not change substantially and cannot be responsible for the in-
creased activity of the holo-Gad-1 species. Our group has previously shown that there is not a

large change in CD spectrum or helicity of a peptide when they are metal bound.?® Figure 6C
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shows the same trend with Gad-1, where in the presence of excess Cu®* there was no change
in helicity (Table 5). Overall, secondary structure of Gad-1 is consistent with previously col-
lected data, indicating it forms an a-helix in the presence of TFE and that there is no clear
stabilization of secondary structure upon metal binding that can account for increased antimi-

crobial activity.

3.6 Holo-Gad-1 targets membranes, forms pores, and peroxidates lipids via ROS for-

mation

Since we did not observe a strong correlation between helicity and antimicrobial activity, we
decided to look at other possible factors affecting the activity of Gad-1. A number of AMPs
have been shown to permeabilize the bacterial membrane.!®*5 The ability to form pores in
the membrane is modulated in part by amphipathicity of the peptide, therefore, Gad-1 should
have at least some membranolytic activity due to the near perfect amphipathic nature of Gad-
1 (Figure S4). The peptides were tested for membrane activity against E. coli using a 3-galac-
tosidase leakage assay. All mutant peptides had similar membranolytic activity compared to
Gad-1, which is consistent with a one amino acid substitution that should not drastically alter
amphipathicity (Figure 7A). The peptides were all ~50% lytic at 2 pM compared to Triton X-
100, even considering that the mutants are at sub-MIC concentrations (Table 5). This suggests

that at least part of the lethality of Gad-1 is modulated by pore formation.

The possibility of a multi-hit nature of Gad-1 led to testing of another probable mechanism
of action, namely lipid (per)oxidation, likely to occur when lipids are exposed to Cu-bound
ATCUN-AMPs.% Lipid (per)oxidation can occurred by Fenton-like chemistry that produces

reactive oxygen species (ROS).’

For example, the tick ATCUN-AMP ixosin, was previously
shown to have greater lipid (per)oxidation abilities compared to its H3 A mutant, which cannot

bind to Cu?".% Other non-metalloAMPs and antibiotics can also use ROS to kill pathogens and
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contribute to their bactericidal activity.%®%° Using a standard thiobarbituric acid reactive sub-
stances (TBARS) assay with an E. coli mutant containing an increased concentration of un-
saturated lipids, Gad-1 and its mutants were analyzed for production of lipid (per)oxidation.
Gad-1 and the mutants were all seen to peroxidize lipids to some extent (Figure 7), however,
when one equivalent of Cu?" was preincubated with peptide, the amount of lipid (per)oxidation
increased 1.4, 2, and 1.7 times for Gad-1, H4A, and H17A, respectively. Under the assay con-
ditions, Cu®" alone did not elicit any notable (per)oxidation when tested at 8 and 16 uM, indi-
cating that if the Cu** was not able to bind the peptide it would not have significantly changed
the amount of basal lipid (per)oxidation. Due to the nature of the assay, it is also plausible that
cellular death can lead to oxidative process that do not depend directly on the ATCUN-Cu?*
complex, as it has been seen for several antibiotics.®®*’%"! The addition of the Cu®** chelator
TETA inhibited the amount of lipid (per)oxidation, which strengthens the argument that this
lipid (per)oxidation originates from the presence of Cu** and the peptide. These results confirm
that His3 is important to the ROS formation propagated by holo-Gad-1, much like other
ATCUN-peptides. The H11A mutant did not produce a significant amount of lipid (per)oxida-
tion, a phenomenon that we cannot explain at the moment and should be investigated further.
It may be possible that the increased helicity of the H11A mutant could be involved, however,
there is no direct evidence to support this. Incubation of cells with the H17A and H21A mutants
resulted in decreased lipid (per)oxidation as compared to the wild type when the additional
metal ion was present, suggesting that Cu?* bound to this second binding site can also produce
ROS to contribute to increased oxidative damage. This is not surprising as a number of Cu**
complexes containing ligands with N and O donor atoms produce ROS.”>7* Molecular dynam-
ics simulations done by Khatami ef al. showed that the 3rd and 17th residues in Gad-1 interact
with lipids in the bilayer, thus, it is possible that upon Cu®" binding, the lipids are directly

exposed to ROS produced by the ATCUN and HXXXH sites.”
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4. CONCLUSIONS

Piscidins are a diverse family of AMPs that have potent activity and an unusual presence of
His residues. Gad-1 is a member of this family that contains five His residues and is potent
against human and fish Gram-negative bacteria. Our studies hint at a multi-hit mechanism for
Gad-1 and reveal a potential role for the His residues in the sequence. This is important because
a multi-hit mode of action increases the lethality of the AMPs and may confer an advantage for
the host as pathogens find it more difficult to develop resistance. It is likely that the multi-hit
mechanism of Gad-1 is not limited to pore formation and lipid (per)oxidation since at least
one piscidin peptide, piscidin 3, has been found to enter cells at sub-MIC concentrations and
damage bacterial DNA. We are currently investigating other intracellular and metal-mediated
modes of action of Gad-1. We conclude that a key role for the presence of all these His residues
is to take advantage of the pool of Cu®" ions found in phagosomes and other sites of hosts
battling pathogens. Based on ESI-MS and ITC data, Gad-1 was shown to be able to bind Cu**
with high affinity at the ATCUN and HXXXH sites. The Cu®* environment in both coordination
sites was investigated using EPR. Our studies revealed that the HXXXH site binds to the metal
ion along with either two other nitrogen atoms or one other nitrogen and one water molecule
in a square planar geometry. Additional insight from EPR experiments revealed that His4 is

also coordinating Cu?* at the ATCUN binding site to further stabilize metal binding.

Overall, this work adds to the understanding of AMPs, specifically the role played by His
residues. It is clear that to obtain a holistic theory of AMPs, we need to define the foundational
principles that characterize His-rich AMPs. This knowledge can later be applied to the design

of AMPs that can combat antibiotic resistant pathogens.

Supporting Information
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Supporting Information includes: Table S1, MIC values of Gad-1 with supplemented Zn*";
Figure S1, Mass spectrometry data of Gad-1 with Zn?" and a Zincon titration assay showing
low affinity binding; Figure S2, EPR spectrum of H3A in MOPS buffer (pH 7.0) showing shf
splitting; Figure S3, ITC binding curve for Gad-1, fit with a multiple binding site model; Ta-
ble S2, Thermodynamic values from ITC experiments with Gad-1 and Zn*"; Figure S4, Heli-

cal wheel diagram of Gad-1
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Figure 1. Alignment showing piscidin peptide with
ATCUN motifs. Conservation of His residues in posi-
tions 3, 4, 11, and 17 is shown here. UniProt accession
numbers are as follows if available: Piscidin-1
Q8UUGO, Piscidin-2 Q8UUG?2, Piscidin 3 POCO006,
TP3 LOCMD2, TP4 LOCKG3, Gaduscidin-1
D4HRB8, Gaduscidin-2 E2EZU3, pis2p E7D8W6,
Dicentracin P59906, Mandarin Fish Moronecidin
Q2VWHS, Yellowtail Kingfish Piscidin
AOATW6FCAL, Almaco Jack Piscidin
AOA2P1CNR?7, Sablefish Piscidin C3KHIS8, Striped
Beakfish Piscidin M4ZUGS, and Greater Amberjack
Piscidin AOA3G2LYX4.
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Figure 2. TKK data showing that Gad-1, H4A, and
H11A are bactericidal at 4 uM, while the other mutants
are associated with Cu?* binding residues are bacterio-
static at 4 uM against E. coli in MHB (pH ~7.0).
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Figure 3. ESI-MS data for peptide in the presence of five
times Cu?*. (A) Mass spectrum for Gad-1 with peaks that
corresponded to 1:1 and 1:2 Gad-1:Cu?* stoichiometry
confirming that Gad-1 can bind to up to two Cu?" ions.
(B) The necessity for His3 and His17 for Cu®* binding
was revealed in the spectrum for the H3,17A mutant,
where no peaks were associated with bound peptide. (C)
The spectrum of H3A-H11A shows 1:1 binding of the
Cu?" at the HXXXH site that does not involve His11, in
addition to apo-peptide.
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Figure 4. EPR spectra recorded at 50 K in 10% glycerol using microwave frequency of 9.32 GHz, microwave power was
0.06325 mW, and power attenuation of 35 dB. (A) EPR spectra in MOPS buffer at pH 7.0 with 0.9 equivalents Cu?*" com-
paring H3A (dashed line), Gad-1 (dotted line), and H17A-H21A (solid line), where Gad-1 appears to display multiple
species. (B) Gad-1 titration in MOPS buffer at pH 7.0 with up to 2.0 equivalents of Cu?*, showing the addition of peaks
corresponding to the ATCUN and HXXXH sites. (C) EPR spectra of Gad-1 in 50% TFE:MOPS buffer with 0.9 equivalents
Cu?" exhibits multiple species (boxed) when the peptide is in a helical conformation that correspond to the ATCUN and
HXXXH sites. (D) Cu?*-ATCUN complex. (E) Cu?-HXXXH complex, where X is nitrogen and X; is either water or
nitrogen.
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Figure 5. Simulation data (dashed line) for EPR com-
pared to experimental data 1 in MOPS buffer (solid
line). (A) H3A was confirmed to form one species with
0.9 equivalents of Cu?*, likely the HXXXH site bound
to Cu?". (B) H17A-H21A with one major and one minor
species in the presence of 2 equivalents of Cu?'.
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Figure 6. CD data represented by mean residue ellipticity (MRE). (A) 50 uM of disordered peptides in H,O (B) a-
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activity.
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Figure 7. (A) P-galactosidase data indicating percent
leakage of cellular contents in the presence of 2 uM pep-
tide relative to 0.1% Triton X-100 in pH 7.4 PBS, where
the absorbance of cells alone was subtracted out. (B) Li-
pid (per)oxidation as assessed by a standard TBARS as-
say using 20 mM HEPES and 100 mM NacCl buffer at
pH 7.4, where “+” denotes that 2 pM Cu?* was added to
4 uM peptide. The fluorescence of the cells alone was
subtracted from other values before plotting. Gad-1 and
H4A both significantly (where * is p<0.05 and ** is
p<0.01) increase lipid (per)oxidation levels in the pres-
ence of Cu®", while H3A, H11A, H17A, and H21A
showed no change in amount of lipid (per)oxidation
with Cu?". This data highlights the importance of Cu?*

binding on the multi-hit mechanism of action for Gad-
1
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Tables

Table 1. Summary of MIC and MBC values (uM) for Gad-1 and mutants in MHB (pH ~7.0), where * indicates that
the metal chelator TETA was added.

MIC MBC
Peptide E. coli  *E. coli V. harveyi  A. hydrophila | E. coli *E. coli V. harveyi  A. hydrophila
Gad-1 2 16 8 16 2 16 16 16
H3A 16 16 32 >128 16 32 32 --
H4A 2 16 32 16 2 32 32 16
HI1A 8 16 64 >128 8 16 64 --
H17A 8 16 16 >128 8 32 32 --
H21A 4 16 16 16 4 16 32 16
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Table 2. EPR data for peptide-Cu?* complexes (1:0.9 peptide:Cu**) represented by calculated g factor and hyperfine split-
ting (A), where g|/A| and gl/AL for Gad-1 is g-/A: and gy/Ay due to the rhombic spectrum

Peptide gL ALx10* (cm™) gx Axx10* (em™) g Ax10* (em™)  g)/A|

Gad-1:Cu** 2.079 121 2.008 100.8 2.266 158.99 142.53
H3A:Cu? 2.052 166.5 -- -- 2.265 175.08 129.35
H17A-H21A:Cu?" | 2.079 116 -- -- 2.268 160.16 141.62

42



Table 3. Best fit parameters of ITC data for Cu?* binding with corrected values for MOPS buffer (pH 7.0) for Gad-1
and the H4A mutant, where both can coordinate two Cu?* ions.

MOPS Buffer pH 7.0 MES Buffer pH 5.5

Gad-1 H4A Gad-1 H4A

ATCUN HXXXH ATCUN HXXXH | ATCUN HXXXH ATCUN HXXXH
Ka (M) 546 <1013 592x 101 219x10° 3.99x10° | 9.32x 107 1.07x10* 1.70x107  1.37 x 10*

13

n 1.62 1.31 1.21 1.15 0.70 0.80 0.99 0.68
AH -0.95 -25.23 -1.70 0.39 11.4 -15.86 10.38 -0.086
(kJ/mol)
AS 120.25 27.17 112.55 46.50 153.7 22.84 164.5 78.19
(J/molK)
AG -36.80 -33.33 -35.23 -14.25 -34.43 -22.67 -38.64 -23.39
(kJ/mol)
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Table 4. Best fit parameters of ITC data for Cu?* binding with cor-
rected values for MOPS buffer (pH 7.0) for the H17A-H21A double
mutant and H3A mutant.

MOPS Buffer pH 7.0 MES Buffer pH 5.5

H17,21A  H17,21A H3A H17,21A H3A
ATCUN HXXXH

Ka (M) 1.18 x 1013 2.88 x 10 4.22 x 101 8.26x 107 2.00x 10*
n 1.03 1.20 1.39 0.93 1.05
AH -4.11 -40.37 -2.46 4.73 -15.12
(kJ/mol)

AS 121.05 11.73 46.62 132.45 20.14
(J/molK)

AG -40.18 -43.87 -16.36 -34.74 -21.21
(kJ/mol)
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Table S. Summary of percent helicity and percent -
sheet in 50:50 TFE:H20 and percent leakage of f-ga-
lactosidase as compared to Triton X-100

Peptide Percent Percent Percent
B-sheet Helicity Leakage

Gad-1 7.1 43.8 51.64
H3A 5.8 56.6 58.36
H4A 18.4 332 45.44
H11A 4.8 56.4 38.15
H17A 0 50.9 42.59
H21A 20.1 343 38.64
1:2 Gad-1:Cu** 8.9 43.7 -

1:5 Gad-1:Cu?* 7.6 43.9 --
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Graphical Abstract

Gaduscidin-1 (Gad-1) is a His-rich antimicrobial peptide that can bind to two Cu?* ions with high affinity at neutral
and low pH. Cu®* potentiates the antimicrobial activity against Escherichia coli and activates the ability for Gad-1 to
(per)oxidize lipids, as well as form pores in bacterial membranes.
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