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ABSTRACT: Gram-negative bacteria are some of the biggest threats
to public health due to a large prevalence of antibiotic resistance. The
difficulty in treating bacterial infections, stemming from their double
membrane structure combined with efflux pumps in the outer
membrane, has resulted in a much greater need for antimicrobials
with activity against these pathogens. Tunicate host defense peptide
(HDP), Clavanin 4, is capable of not only inhibiting Gram-negative
growth but also potentiating activity in the presence of Zn(Il). Here,
we provide evidence that the improvements of Clavanin A activity in
the presence of Zn(II) are due to its novel mechanism of action. We
employed E. coli TD172 (ArecA::kan) and the terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) assay to show
in cellulae that DNA damage occurs upon treatment with Clavanin A.
In vitro assays demonstrated that Zn(II) ions are required for the
nuclease activity of the peptide. The quantum mechanics/molecular mechanics (QM/MM) calculations were used to investigate the
mechanism of DNA damage. In the rate-determining step of the proposed mechanism, due to its Lewis acidity, the Zn(II) ion
activates the scissile P—O bond of DNA and creates a hydroxyl nucleophile from a water molecule. A subsequent attack by this
group to the electrophilic phosphorus cleaves the scissile phosphoester bond. Additionally, we utilized bacterial cytological profiling
(BCP), circular dichroism (CD) spectroscopy in the presence of lipid vesicles, and surface plasmon resonance combined with
electrical impedance spectroscopy in order to address the apparent discrepancies between our results and the previous studies
regarding the mechanism of action of Clavanin A. Finally, our approach may lead to the identification of additional Clavanin A like
HDPs and promote the development of antimicrobial peptide based therapeutics.
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he worldwide emergence of antibiotic-resistant bacteria to Gram-negative bacteria worldwide.”® With so many bacteria

has endangered the efficacy of antibiotics. Some fright- showing resistance, even to some of the antibiotics of last
ening projections estimate that antibiotic-resistant bacteria will resort, the need for novel therapeutic compounds to combat
result in the death of 2.4 million people annually by 2050, the problem is greater than ever.

. . 1 1 . .
costing in excess of $3 billion per year." Hospital acquired In recent years, host defense peptides (HDPs) have elicited

infections are responsible for the death of over 1 million
patients per year in the US alone, with the primary offenders
including the so-called ESKAPE (Enterococcus faecium, Staph-
ylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species) patho-
gens.”” Tsolates of each of these bacterial species have been
reported to contain multiple mechanisms for antibiotic
resistance, setting the stage for the fulfilment of these Received: February 4, 2020
projections.” Gram-negative bacteria, in particular, have Published: April 6, 2020
shown an alarming prevalence of antibiotic resistance. For

example, particular species of Acinetobacter and Pseudomonas

are showing resistance to all available antibiotics, and

carbapenem resistance genes from Klebsiella spp. have spread

great interest as tools to supplement our antibiotic arsenal.
Their advantages include broad spectrum activity and low
incidence of resistance development. Clavanin A (ClavA,
VFQFLGKIIHHVGNFVHGFSHVF—NH,), a 23-residue
HDP isolated from the hemocytes of the solitary tunicate
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Styela clava, has shown great promise as a novel therapeutic
against a wide range of bacterial pathogens. In vitro studies of
murine wound infection models showed improved healing and
eradication of bacteria, while in systemic infection models,
ClavA treatment resulted in increased survival for both
Escherichia coli and Staphylococcus aureus infected mice.” In
addition to this, ClavA has also been proven to be effective
against biofilms, preventing the formation of E. coli and
S. aureus biofilms and perturbing preformed biofilms of
K pneumom’ae.8

In our previous studies of ClavA, we found evidence for a
Zn(Il)-regulated intracellular mechanism of action (MoA),
which we hypothesized to involve damage to bacterial DNA.”
This hypothesis was supported by evidence of in vitro DNA
cleavage by ClavA—Zn(II) and inhibition of ClavA activity in
E. coli strains lacking the ability to transport Zn(II) ions. These
results represent a novel MoA for zinc-binding HDPs. This
remarkable finding was surprising as previous studies from
three different laboratories suggested that ClavA exerts its
activity by permeabilizing the inner and outer membranes of
Gram-negative bacteria in a stepwise manner.'’~'* Lehrer and
co-workers, who first isolated the Clavanin family, were able to
demonstrate a pH-dependent MoA for ClavA with the peptide
showing greater activity at lower pH values. This idea was later
expanded upon by van Kan et al, who proposed two
mechanisms for ClavA acting at different pH values.'>" At
neutral pH (7.4), it was concluded that the MoA of ClavA
involves nonspecific pore formation driven by hydrophobic
effects, while at low pH (5.5), the activity was hypothesized to
originate from increased permeability of the membrane to
small ions, likely the result of the interaction between ClavA
and a membrane ionophore or ATP synthase."

Zinc, the second most abundant trace metal in human cells
after iron, is an important micronutrient for many cellular
processes in mammalian cells, including DNA and RNA
synthesis, metabolism, and membrane stabilization.'**¢ More
importantly, zinc(II) deficiencies have been found to be
important in several chronic diseases, including diabetes and
neurodegenerative diseases, as well as increase susceptibility to
many infectious diseases, including HIV, malaria, and bacterial
infections.'” Important immune functions, such as phagocy-
tosis and intracellular killing, are affected by zinc deficiency.'®
Zinc(Il) ions are a common weapon used by eukaryotes to
combat bacteria. For example, zinc levels in blood serum of
infected mice can reach up to 900 uM."” Zinc is also trafficked
into the phagosome of murine macrophages infected with
mycobacteria. When infected with Mycobacterium tuberculosis,
phagosomal zinc concentrations reach up to 459 uM after 24 h
post-infection.”® Although the concentration of zinc ions
reaches very high micromolar levels, even higher concen-
trations seem to be needed for it to have a bactericidal effect.
Zinc concentrations of 1 mM have been shown to abolish the
growth of wild-type Streptococcus pneumoniae, while 250 uM
Zn(II) only delays its growth. In S. clava hemolymph, the zinc
concentration was found to be 26.7 + 7.1 uM, though it is
likely that the local concentration within phagocytic cells is
much higher.” Additionally, several HDPs have been shown to
require Zn(II) ions as important cofactors to their antimicro-
bial activities.”” The study of the synergy between ClavA and
Zn(1I) could lead to a better understanding of these systems.

In order to further understand the Zn(II) based DNA
cleavage mechanism and to illuminate the apparent disparity in
mechanisms of action for ClavA, we utilize a number of
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chemical, biological, and computational methods. Altogether,
we were able to not only present a computationally derived
mechanism of ClavA—Zn(II) DNA cleavage but also propose
an explanation for the various reported mechanisms of action
ascribed to ClavA.

B RESULTS

Zn(ll) Potentiates the Antimicrobial Activity of ClavA
against Gram-Negative Pathogens. We have previously
shown that, when ClavA is combined with Zn(II), the activity
of the peptide against E. coli is increased. In order to determine
if this activity potentiation is unique to E. coli, we tested the
activity of ClavA and ClavA—Zn(II) against the Gram-negative
ESKAPE pathogens, including some multidrug-resistant
clinical isolates. Gram-negative pathogens are of great interest
due to the difficulty of penetrating their double membrane
structure, with the outer membrane containing lipopolysac-
charide (LPS) and lipid A, which aid in defending the bacteria
against cationic AMPs.”"** Additionally, Gram-negative
bacteria contain efflux pumps that remove not only small
molecules from the cytoplasm and periplasm but also many
AMPs. The results of testing ClavA and ClavA—Zn(II) against
Gram-negative bacteria are summarized in Table 1. In every

Table 1. Clavanin A Minimum Inhibitory Concentrations
against Various Wild-Type and Drug-Resistant Bacteria

ClavA ClavA— Zn(11)
MIC Zn(IT) MIC  fold increase in MIC
bacterial strain (uM) (uM) ClavA activity (uM)
E. coli MG1655“ 64 4 16-fold 1024
E. coli TD172 8 2 4-fold 4096
E. coli AR Bank 64 8 8-fold 2048
#0114°
K. pneumoniae AR >256 128 >4-fold 8192
Bank #0113°
A. baumannii 32 8 4-fold 1024
Naval-17°
P. aeruginosa >256 64 >8-fold 2048
PAO1
P. aeruginosa AR >256 64 >8-fold 2048
Bank #0229°
E. cloacae AR 256 64 4-fold 2048

Bank #0136

“Taken from ref 9. bMultidrug—resistant clinical isolate. Zinc ion
concentrations are 2 times that of the peptide.

case, we observed a decrease in the minimum inhibitory
concentration (MIC) upon incubation of the peptide with
Zn(1I) at double the peptide concentration, which correlates to
an increase in activity. Importantly, this improvement in
activity is also seen in multidrug-resistant ESKAPE pathogen
clinical isolates and multidrug-resistant E. coli, though the
Zn(II) based potentiation against E. coli AR Bank #0114 is not
quite as pronounced as for the wild-type E. coli.”® The activity
of ClavA against P. aeruginosa and K. pneumoniae was above
the limit of detection of the experiment, so they can only be
said to show at least 8- and 4-fold improvements, respectively,
while activity against A. baumannii and Enterobacter cloacae
each improved 4-fold upon the addition of Zn(II). While none
of these quite reached the 16-fold improvement seen against
E. coli, the activity potentiation observed is still very promising
for the effectiveness of ClavA—Zn(II) against other Gram-
negative pathogens. Additionally, the fact that ClavA—Zn(II)
showed improvement against multidrug-resistant clinical

https://dx.doi.org/10.1021/acsinfecdis.0c00051
ACS Infect. Dis. 2020, 6, 1250—1263
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isolates provides further evidence of how effective ClavA is as
an antimicrobial compound.

These results indicate a strong synergy between ClavA and
zinc ions when coupled with the MIC values for Zn(II) against
these pathogens (Table S1). The lowest MIC recorded for
Zn(1I) was 1 mM against E. coli MG16SS and A. baumannii
Naval-17, which is still double the highest zinc concentration
used in any of the ClavA—Zn(II) MIC measurements. In many
cases, the MIC of Zn(II) with ClavA is a full order of
magnitude lower than the MIC of Zn(II) alone. This
improvement in activity clearly indicates strong synergism
between ClavA and Zn(II) ions.

Clavanin A Shows Nuclease Activity In Cellulae.
Although we have shown evidence that ClavA—Zn(II) can
damage DNA in an in vitro assay,” proof of this damage in
cellulae is absent. In order to prove that this activity occurs
within living bacteria, we employed E. coli TD172
(ArecA::kan) in which the gene for the DNA repair protein
RecA has been deleted. Treatments that lead to DNA damage
will thus be more potent as the ArecA strain is less capable of
repairing the damage. Both ClavA and ClavA—Zn(II) show
improved activities against E. coli TD172 as compared with
wild-type E. coli (Table 1), though the 2-fold increase in
activity for ClavA—Zn(II) does not represent a significant
change. It is likely that the range of 2—4 uM represents the
absolute minimum amount of ClavA—Zn(Il) required to
inhibit growth through DNA cleavage. The fact that both
ClavA and ClavA—Zn(II) approach this minimum amount in
the ArecA E. coli provides more concrete evidence that DNA
damage is important to the activity of ClavA.

While MICs against E. coli TD172 provide evidence that
E. coli that are incapable of repairing DNA damage are more
susceptible to ClavA and ClavA—Zn(II), these results do not
definitively prove that DNA damage is occurring, nor can they
quantify the amount of damage. With that aim in mind, we
employed the terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay, which fluorescently labels
strand breaks to allow for quantification. As can be seen in
Figure 1, the DNA damage caused by ClavA—Zn(II) is steady

18
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1.6i

155
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156

Time

ClavA
ClavA-Zn

Figure 1. TUNEL assay results for ClavA and ClavA—Zn showing the
fold increase in DNA damage over the untreated control.

across all time points at about 75% higher than baseline,
whereas ClavA alone takes more time to reach the same level,
with the two showing statistically identical levels of damage
after 4 h. It is likely that ClavA—Zn(II) is causing immediate
DNA damage due to the abundance of Zn(II) ions available
for binding, while ClavA alone takes longer to achieve
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statistically similar levels due to the need to scavenge zinc
ions from the E. coli themselves. These results provide proof
that the ClavA—Zn(II) complex is capable of damaging DNA
in intact bacterial cells.

In addition to the results obtained from the TUNEL assay,
we were also able to use DNA damage to provide further
evidence for the conclusion that Hisl7 and His21 are
responsible for the Zn(II) based activity of ClavA. The results
of an in vitro DNA cleavage assay using ClavA—HI17A and
ClavA—H21A (Figure S1) show that there is no DNA cleavage
in the presence of Zn(II) when either of the proposed histidine
residues is absent from the sequence.

Further evidence for DNA as the target of ClavA—Zn(II)
can be observed in the MIC values obtained using all the p-
amino acid forms of ClavA. The MICs observed for p-ClavA
and p-ClavA—Zn(II) against E. coli MG16SS were both found
to be 32 uM, showing none of the potentiation usually
observed for the zinc-containing peptide. Often, HDPs with
achiral targets, such as the membrane, will show a minimal
change in MIC when p-amino acids are used, whereas those
with chiral targets, like DNA, will see diminished alctivity.m_27
The change in MIC from 4 to 32 uM for ClavA—Zn(1l) is
indicative of a peptide with a chiral target, further promoting
the likelihood of DNA as the target molecule.

Quantum Mechanics/Molecular Mechanics (QM/MM)
Calculations Allow for the Determination of the
Nuclease Mechanism of ClavA—Zn(ll). The electrostatic
surface potential and helical wheel projection of ClavA
displaying its amphipathic character are shown in Figure S2.
In the a-helical conformation, the hydrophilic and lipophilic
residues are located on opposite sides of the peptide. Every
pose provided by molecular docking shows that the positively
charged hydrophilic side of ClavA binds to the negatively
charged major groove of DNA, while the hydrophobic side of
ClavA is exposed to the water solvent. In the lowest energy
docked pose, ClavA occupies the major groove of DNA and
interacts through multiple hydrogen bonds and CH-z
interactions and Zn(II) ion is located ~8 A away from the
closest phosphate group of DNA. During the MD simulations
using this pose, the Zn(II) ion rapidly approaches the
phosphate group of DNA and binds the negatively charged
oxygen atom in a monodentate fashion. In the equilibrated
structure, residues Lys7, His10, His11, Asnl4, His17, and Ser
20 of ClavA are responsible for retaining its position in the
major groove of DNA through hydrogen bonding with
phosphate groups, while His10 and Hisl7 associate through
CH-—r interactions with cytosine base pairs. These interactions
also help to maintain the a-helicity of the fragment of ClavA
that is inserted in the major groove of DNA. The small root-
mean-square-fluctuations (RMSFs) support the overall stability
of the a-helical structure of ClavA (Figures S2 and S3).

In the most representative structure derived from the MD
simulations, the Zn(II) ion is found to interact with His17,
His21, a phosphate group (in the monodentate form), and
three solvent water molecules (Figure 2).

This structure was subsequently utilized to investigate the
mechanism of DNA hydrolysis by ClavA through a hybrid two-
layer (QM/MM) ONIOM approach.”*7*° In the mechanism,
the Zn(II) ion is proposed to be involved in the Lewis acid
activation, nucleophile activation, and generation of a good
leaving group.”’ ™ In the optimized structure of the reactant
(R), Zn(II) is coordinated to two histidine residues (His17
and His21), one hydroxyl ion (—OH), a water molecule, and a

https://dx.doi.org/10.1021/acsinfecdis.0c00051
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Figure 2. MD equilibrated structure of the ClavA—Zn(II) complex used for the QM/MM (ONIOM) calculations. Some hydrogen atoms and
solvent water molecules were omitted for clarity. Nitrogen in blue, phosphorus in orange, and oxygen in red.
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Figure 3. Proposed mechanism for the DNA hydrolysis by the ClavA—Zn complex.

phosphate group of DNA (Figure 3). The binding of a water
molecule to the Zn(II) ion and the interactions with another
water and phosphate groups significantly lower its pK, value.
This lowering of the pK, of water to generate a hydroxyl
nucleophile through metal coordination and hydrogen bonding
is a common feature of metallohydrolases.’®*” Additionally,
two water molecules (W' and W?) are also present at the active
site. These water molecules form a hydrogen bond network
between the Zn(II) bound OH group and the phosphate
groups, including Cyl0 and Cytll of DNA (Figure 2).
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Furthermore, due to the Lewis acidity of the Zn ion, the
scissile P—O bond (1.53 A) of DNA in R is elongated by 0.05
A in comparison to the bond (1.48 A) in its free form. In the
first step, the Zn(II) bound OH functions as a base and
abstracts a proton from W? through the bridging W' water, i.e.,
the W» -» W' — OH(Zn) pathway. This chain of proton
transfer causes the formation of a nucleophile (—OH) close to
the phosphate group, which simultaneously attacks the
electrophilic phosphorus (P) atom and cleaves the scissile
phosphoester [P—O(Cyt10)] bond (Figure 3). This concerted

https://dx.doi.org/10.1021/acsinfecdis.0c00051
ACS Infect. Dis. 2020, 6, 1250—1263
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Figure 4. Micrographs of E. coli that have been (A) untreated or treated with (B) ClavA for 30 min, (C) ClavA for 60 min, (D) ClavA for 120 min,
(E) ClavA—Zn(1I) for 60 min, and (F) ClavA for 60 min at neutral pH. Scale bars are S ym. Solid white boxes indicate ClavA Type A,, while

dashed white boxes indicate Type A,.

process occurs with a barrier of 30.2 kcal/mol, and the
optimized transition state (T1) is shown in Figure 3. This is
the rate-limiting step of the entire mechanism. The reason for
this high barrier is the low acidity of W” in the major groove.
The removal of W' in the model significantly increases the
barrier for this process by 6.2 kcal/mo], i.e., 36.4 kcal/mol from
the corresponding reactant. Additionally, a direct attack by the
Zn(II) coordinated —OH nucleophile, without the assistance
of both W' and W, takes place with a barrier further higher by
11.1 kcal/mol, i.e., 41.3 kcal/mol from the reactant. These
results show that in this ligand environment the Zn(II) bound
—OH is a weak nucleophile. Furthermore, the formation of the
pentavalent phosphorane intermediate created by the direct
Zn(1I)—OH nucleophilic attack is endothermic by 45 kcal/
mol. In the intermediate (Inl), formed through T1, one of the
DNA strands is broken to create a negatively charged cytosine
(Cyt1007) fragment (Figure 3). Since this charged fragment is
not a good leaving group, the formation of Inl is endothermic
by 20.7 kcal/mol from R. Due to the bulkiness of the Cyt100~
fragment, it cannot move and accept a proton from the —OH
nucleophile that is now coordinated to the P atom. Therefore,
the neutralization of this fragment requires two additional
steps. In the next step, from Inl, the proton from the
nucleophile through W' is transferred to the nonesterified O
atom. This step occurs with a small barrier of 1.7 kcal/mol
from Inl, and the optimized transition state (T2) is shown in
Figure 3. The intermediate (In2) formed in this step is
exothermic by 23.2 kcal/mol from the reactant R. In In2, the
Cyt10 fragment is ideally located to abstract the O'H proton.
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In the final step, this transfer takes place with an extremely low
barrier of 0.5 kcal/mol from In2 (Figure 3). The product (P)
with the neutral form of the Cytl0 fragment is exothermic by
30.7 kecal/mol.

Kinetic Isotope Effects Support the Computationally
Derived Mechanism. In order to validate the results of our
computational calculations, we performed DNA cleavage
experiments with ClavA—Zn(II) in H,O and D,O as solvents
(Figure S4). The rate constants were calculated for each with
kpo = 9.17 X 107° s7" and kp o = 3.67 X 107° 57/, resulting in
an isotope effect of 2.5. This solvent isotope effect is consistent
with the proposed mechanism in which one or more of the
proton transfer steps are fully or partially rate limiting.

Phenotypic Analysis Reveals Multiple ClavA Mecha-
nisms of Action. Despite the compelling evidence indicating
that ClavA is capable of cleaving DNA in the presence of zinc
ions, it cannot be ignored that almost all of the published
research on the HDP indicates that it is membrane active.'*”"
We have shown previously that ClavA has antimicrobial
activity in the absence of zinc ions, which would indicate that
ClavA has at least two mechanisms of action depending on the
environment of the peptide. In order to further explore the
mechanisms employed by ClavA, we hypothesized that
bacterial cytological profiling (BCP) will allow for the
observation and differentiation of the ClavA mechanisms of
action. BCP is based on the idea that antibiotics that act on the
same pathway or target will likewise cause the same phenotypic
changes in treated bacteria.’® This technique has been
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Table 2. Summary of the ClavA Mechanisms of Action

Slightly longer than untreated E. coli, normal ring-shaped

Diffuse membrane staining, blue and green stained DNA

Longer than Type A1, most cells have two nucleoids, normal

Damage Type General Features
Type A1
membrane
‘:"
Type A2 )"
Type N

membrane

previously applied to the study of the MoA for small molecule
antibiotics and anticancer metal—ligand complexes.*”*’

The study of the antimicrobial effect of any molecule via
BCP begins with phenotypic analysis of the treated cells. The
first step in this process is to collect and analyze micrographs of
E. coli treated with ClavA. The morphology of the bacterial
membranes was measured via staining with FM 4-64 (Figure 4,
red), and its permeability was reported by SYTOX green
(Figure 4, green), a cell impermeable DNA dye. The cell
permeable DNA stain DAPI (Figure 4, blue) was also used to
identify and measure nucleoid morphology and multiplicity.
These images are analyzed for size and shape of the membrane
and nucleoid as well as the relative intensity of the DNA dyes.

After treating E. coli with ClavA for 60 min at pH S.5, we
observed two distinct phenotypes (Figure 4C). The first
phenotype, indicated by the solid white box, was longer than
the untreated E. coli (Figure 4A) but maintained the same
overall appearance with a ring of red for the membrane and
blue DNA inside. Cells displaying the second phenotype,
indicated by the dashed white box, maintained a similar overall
size to the untreated cells but with a diffuse red signal
throughout and with DNA stained both blue and green. We
called these two phenotypes Type A; and Type A,
respectively, due to the acidic pH at which they are observed.
Approximately 60% of the cells show Type A; damage and the
remaining 40%, Type A, after 60 min of treatment (ClavA
damage types are summarized in Table 2). On the basis of
these results, we conclude that, at low pH, ClavA is actually
working via two different mechanisms of action.

We hypothesized that these two mechanisms of bacterial
damage were based on exposure time to ClavA. To test this, we
modified the treatment time from the original 60 min to 30
and 120 min, represented by Figure 4B,D, respectively. After
30 min of treatment, the predominant MoA for ClavA is Type
A, with about 80% of cells falling into that category. The ratio
flips at 120 min, with 75% of the cells exhibiting the Type A,
phenotype. This would indicate that the initial interaction of
ClavA with E. coli results in Type A; damage, with Type A,
appearing after, and possibly as a result of, Type A,.

Since ClavA is potentiated by Zn(II) at low pH, we next
determined if and how the addition of Zn(II) affected the
phenotype of the treated E. coli. As can be seen in Figure 4E,
ClavA—Zn(II) treatment results exclusively in damage
resembling Type A,. The visual similarities between E. coli
treated with ClavA—Zn(II) and Type A, damage point to the
likelihood that these two mechanisms are the same and that
the Type A, MoA results from scavenging Zn(Il) ions from
E. coli or the media.
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Next, we determined if and how these mechanisms differ
from the activity of ClavA at neutral pH since van Kan et al.
postulated a different MoA under those conditions, namely,
nonspecific pore formation."> Figure 4F shows cells treated
with ClavA at pH 7.4. It can be observed that these cells are
longer than either untreated or ClavA Type A; damaged E. coli
and that most (~88%) of these cells have two nucleoids
(Figure 4F). The MoA that resulted in this visually distinct
phenotype is referred to as ClavA Type N, due to the neutral
pH at which this phenotype appears.

Identification of Mechanisms of Action through
Principal Component Analysis. For a more quantitative
approach to data analysis, we employed principal component
analysis (PCA), which is a statistical treatment that reduces the
dimensionality of a large data set, while minimizing the loss of
variance. In this procedure, the set of measurements of possibly
correlated variables are orthogonally transformed into values of
uncorrelated variables, called principal components. The first
principal component reflects the variable with the highest
variance, followed by the second principal component with the
second highest variance, and so on. Commonly, the values of
the first, second, and third principal components are used for
presenting the visual 2D and 3D plots. We have elected to use
the 2D plot as the variance in the third dimension was
minimal.

Figure 5 shows a PCA plot of the data pertaining to the
various mechanisms of action for ClavA presented above.
(Data collected for all treatments and used for PCA can be
found in Tables S2 and S3.) It is clear from the plot that Type
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Figure 5. PCA plot of the ClavA treatments with model AMPs. The
boxes indicate treatments that cluster together.
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A, and Type N are found in different regions of the plot, while
Type A, and ClavA—Zn(II) cluster together. These results
corroborate what was found through phenotypic analysis,
namely, that Type A}, Type A,, and Type N mechanisms are
all different and that the MoA corresponding to Type A, is the
same as that of ClavA—Zn(II).

PCA can be more informative when used in conjunction
with treatments of a known MoA. When these established
treatments cluster with the treatment of interest, it indicates
that their mechanisms of action likely share the same target
molecule or pathway. For this study, we used six HDPs with
well-defined mechanisms of action: (i) magainin 2, a
membrane active HDP known to form toroidal pores in the
membranes of both Gram-positive and Gram-negative
bacteria;*'~* (ii) buforin II, an HDP that binds to DNA
after crossing the cellular membrane of bacteria without
damaging it;**~*¢ (iii) indolicidin, a nonlytic peptide with an
internal target capable of creating pores in the inner and outer
membranes of Gram-negative bacteria;**® (iv) ixosin, an
HDP that exerts its activity against the membrane through
oxidative damage utilizing bound Cu(Il), resulting in
membrane perturbation;*”*° and (v—vi) piscidin 1 and 3,
which have been shown to bind both the membrane and
DNA.”" Piscidin 1 interacts more strongly with the membrane,
while piscidin 3 interacts more strongly with DNA. Micro-
graphs for each of the established HDPs can be found in Figure
Ss.

On the basis of the varied mechanisms of action presented
above, it is no surprise that all of our model peptides localize in
different parts of the PCA plot (Figure S). ClavA Type A,
clusters with indolicidin, indicating that Type A; damage is
likely similar to that inflicted by indolicidin. ClavA Type N
clusters with piscidin 1 and 3 but does not cluster with
magainin 2. This indicates that ClavA at neutral pH interacts
with the membrane in a manner similar to the two piscidins,
and it does not form pores akin to magainin 2 as previously
believed."’ In contrast with both Type A; and Type N, Type
A, does not cluster with any of the established peptides and
instead only clusters with ClavA—Zn(II), which serves to
emphasize the uniqueness of the MoA proposed for ClavA—
Zn(II) and supports the observation that these mechanisms of
action are the same from the phenotypic analysis.

Membrane Interaction Studies Reveal the Lack of
Pore Formation in Model Membranes. While we have
explored in detail the MoA of ClavA TypeA,, it is also
important to take a closer look at Type N and Type A,.
Considering both of these have been described previously by
van Kan et al. as membrane based and each clusters with HDPs
that have membrane activity as a part of their MoA, we decided
to explore how ClavA interacts with the membrane at pH 7.4
and 5.5."° First, we performed circular dichroism (CD)
spectroscopy in the presence of lipid vesicles in order to
study the interaction of the peptide with the membrane, the
results of which are summarized in Figure 6. (Full CD spectra
can be found in Figure S6.) At pH S.5, ClavA achieves over
90% a-helical content at a peptide to lipid ratio of 1:80, while
at pH 7.4, only about 40% a-helix is observable. The K values
for the peptide membrane interactions at pH 5.5 and 7.4 are
330 + 20 and 390 + 30 uM, respectively, which indicate that
while the interactions at low and neutral pH are clearly
different, as shown by the difference in helical content, they are
roughly the same overall strength.
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Figure 6. a-Helical content vs peptide to lipid ratio as determined by
CD spectroscopy. X-axis values are the lipid portion of the peptide to
lipid ratio.

Many membrane active HDPs have been reported to form
pores, especially magainin 2, while others, such as piscidin 1
and 3, can insert into the membrane and kill bacteria without
the formation of transmembrane pores. With this in mind, we
next sought to determine if nonmetalated ClavA behaves more
like the former or the latter. The techniques employed in this
determination were X-ray diffraction (XRD) and combined
surface plasmon resonance and electrical impedance spectros-
copy (SPR/EIS). XRD was employed in order to look for the
presence of membrane thinning, usually associated with the
formation of transmembrane pores. SPR/EIS performed on
tethered bilayer membranes allows for simultaneous detection
of the interaction of ClavA with the membranes (SPR) as well
as pore formation through decreased resistivity (EIS). The
results of XRD experiments (Figure S7A) indicate that, at pH
7.4, ClavA appears to remain on the surface of the membrane,
resulting in membrane thickening, which is in direct contrast to
the membrane thinning observed for magainin 2.°> Addition-
ally, SPR/EIS indicates that the ClavA interaction with the
membrane does not result in the formation of pores (Figure
S7B). In fact, ClavA appears to increase the resistivity of the
membrane, the opposite effect of what would occur during
pore formation. These results together indicate that, while
ClavA may be interacting with the membrane, it is doing so in
a way that is fundamentally different from magainin 2. Further
study of the effect of the ClavA interaction with bacterial
membranes is necessary to fully understand what is occurring
in the Type N and Type A, mechanisms.

B DISCUSSION

In this study, we were able to more definitively prove a
hypothesis we presented in our previously published work;’
namely, not only is the antimicrobial activity of the HDP
ClavA potentiated by the presence of zinc ions, but also
ClavA—Zn(II) is capable of functioning as a metallonuclease
within live bacteria. We were also able to propose a probable
mechanism for the cleavage of DNA through the application of
the QM/MM method. This mechanism is particularly novel, as
most metallonucleases cleave DNA via activated water
molecules in the primary coordination sphere, whereas
ClavA—Zn(II) utilizes a secondary coordination sphere water
molecule to cleave the phosphoester bond in the DNA
backbone.

In addition to all of the mechanistic work on ClavA, we were
also able to expand the scope of the Zn(II) based potentiation
of ClavA to encompass not only E. coli but also all of the
Gram-negative ESKAPE pathogens, including some multidrug-
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resistant clinical isolates. These results seem to imply that
ClavA—Zn(II) will show a similar potentiation against all
Gram-negative pathogens. This finding is of particular
importance as Gram-negative bacteria are particularly difficult
to treat with conventional methods due to their double
membrane structure.”’ Gram-negative bacteria have a sig-
nificantly lower success rate than Gram-positive bacteria when
it comes to drug screening tests, with P. aeruginosa reporting
up to 1000-fold fewer successes than Gram-positive
pathogens.” The successful application of ClavA—Zn(II) to
the treatment of these difficult pathogens could help to
encourage the development of peptidic antibiotics for the
treatment of Gram-negative infections as well as the develop-
ment of new strategies for bypassing the particularly resilient
Gram-negative membrane.

Many transition metals, when presented in sufficient
quantities, have proven to be toxic to bacteria, and zinc is no
exception. We have shown that the MIC values for Zn(II)
against the bacteria used in this study are all in the low
millimolar range, while in the MIC experiments for ClavA—
Zn(II), the highest concentration of Zn(II) used is 512 uM.
When the fractional inhibitory concentration (FIC) is
calculated, it is clear that the interaction of ClavA with Zn(II)
ions is synergistic, with bacterial growth inhibition occurring at
much lower concentrations than for each alone.

We were also able to bridge the gap between our results,
which show that ClavA can act on DNA, which results in
growth inhibition, and the results first proposed by van Kan et
al. that provide evidence for ClavA as a membrane active
peptide.”> We accomplished this through the utilization of
BCP. As a means of studying mechanisms of action, BCP has
been utilized with small molecule antibiotics and anticancer
organometallic compounds, but never before has BCP been
applied to the study of HDPs.”>* Through the application of
BCP, we were able to determine that ClavA has at least three
different mechanisms of action, which are dependent on pH
and zinc concentration.

ClavA is not the first instance of a peptide for which the
literature appears to conflict regarding the MoA, especially
when the apparent disagreement is between membrane based
and internal mechanisms of action. For example, indolicidin
was first believed to create membrane pores for its
antimicrobial activity.>* It was later discovered that indolicidin
can bind to DNA, interfering with replication, transcription,
and translation.”” It is likely that with varied treatment
conditions, including incubation time and peptide concen-
tration, BCP would result in different phenotypes for
indolicidin treated cells. Another HDP for which the literature
is inconsistent is tachyplesin, which has been shown to target
LPS, membrane phospholipids, and the minor groove of
DNA.>>~* Piscidin 3 has been shown to be membranolytic, as
are many members of the piscidin family, though the MIC has
been shown to be largely controlled by a DNA based
MoA.>™®" The fungal defensin, plectasin, has also been
identified to act on two distinct targets; though in contrast to
the other examples presented above that show the membrane
and DNA as the primary targets, plectasin has been shown to
bind Lipid II, inhibiting cell wall biosznthesis and membrane
embedded potassium ion channels.”””°* In each of these cases,
the application of BCP could streamline the process of
determining the MoA, though it is necessary to have a set of
peptides with well-defined and agreed upon mechanisms of
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action, such as buforin II and magainin 2, before this method
can be applied on a larger scale.

Together, the data presented in this study and the previous
work on ClavA”" allow us to propose the following as the
most complete MoA for ClavA to date (Figure 7). At neutral

A

iR

Figure 7. MoA of ClavA (A) at neutral pH (Type N) involves
membrane disruption as previously proposed.® (B, C) Type A, at pH
S.5 starts with the proposed binding of ClavA to the ionophores,
distorting their gating6 followed by indolicidin like DNA synthesis
inhibition, and (D) Type A, at pH S.5 in which ClavA—Zn(II) cleaves
DNA as previously shown.” Orange helices represent ClavA; green
circles represent Zn(II) ions.

pH, ClavA exerts its activity by causing nonspecific membrane
damage, likely resulting in the loss of the proton motive force
and the leakage of cellular contents (Type N, Figure 7A). This
activity is supported by the clustering of Type N with the
piscidins in the PCA plot (Figure 5) as well as work performed
by van Kan et al., which shows that, at neutral pH, ClavA can
dissipate the transmembrane potential and can cause leakage of
calcein from model membranes.”> On the basis of the
elongated appearance of the cells treated at pH 7.4 (Figure
4F), this activity appears to inhibit the ability of E. coli to
properly divide.

When the pH is lowered to 5.5, as typically happens in
phagosomes, the mechanism changes to involve binding to
membrane embedded ion channels, as presented by Juliano et
al. and van Kan et al. (Figure 7B).”"* Additionally, we have
shown via CD that there is a strong membrane interaction at
pH 5.5 (Figure S6A), which could allow the translocation of
ClavA into the cytoplasm. Once there, ClavA binds to DNA
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and inhibits DNA synthesis in a similar manner to indolicidin,
which is supported by Figure S (Type A,, Figure 7C).

The interaction of ClavA with currently unidentified
transmembrane ion channels has some effect on their gating,
allowing the free exchange of ions between the cytoplasm and
the extracellular space. It is this change to ion permeability that
likely allows for an increase in the intracellular Zn(II)
concentration in bacteria (Figure 7B). ClavA, either free
floating or DNA bound, can bind to some of the newly
increased concentration of Zn(II) ions, allowing for subse-
quent DNA hydrolysis (Type A,, Figure 7D). Clavanins were
isolated from phagocytic cells of S. clava and postulated to be
delivered into their phagosomes when required.*>*® Although
there are no reports on zinc ion trafficking inside S. clava
phagocytic cells, high micromolar concentrations of free zinc
ions have been shown to accumulate inside phagosomes of
macropha§es in response to certain bacterial pathogens or
stimuli.®”* Tt is likely that the phagocytic cells in which the
Clavanins are found to behave in a similar fashion to their
murine and human counterparts. ClavA has also been found in
cytoplasmic §ranules, which are commonly secreted at the site
of infection.®® In conditions outside of the Zn(II) enriched
phagosome, ClavA would need to get Zn(II) from the bacteria
themselves; however, the free pool of zinc ions within a
bacterium is low, with most of the zinc bound within bacterial
enzymes and virulence factors.””’® One possible explanation
for why ClavA exhibits these multiple mechanisms of action is
that, in order to have free Zn(II) available to bind, ClavA
needs to first kill some of the bacteria via a different MoA,
thereby increasing the local concentration of labile Zn(II) ions.

Type A, on its own would likely be only bacteriostatic,
though this cannot be observed because ClavA will eventually
scavenge Zn(Il) ions from the bacterium or surrounding
media, resulting in the Type A, mechanism. This is supported
by the previously reported time kill kinetics data in which
ClavA caused culture sterilization in 4 h, while ClavA—Zn(II)
accomplished the same feat in half the time.” The potentiated
activity that is observed when Zn(II) is added to the culture
medium comes from the increased availability of those zinc
ions. The proposed mechanisms also explain the 16-fold
decrease in MIC as normally ClavA needs to get inside and
scavenge Zn(II) from the bacterium.

As with all mechanistic studies on HDPs, it is important to
note here that one MoA cannot fully characterize the behavior
of a population of HDPs. This has been shown recently in a
study utilizing bacterial spheroplasts to study the localization of
buforin IT and magainin 2.”" In this work, it is highly possible
that, in our low pH experiments, some small percentage of the
ClavA population may never transition from Type A; to Type
A,. It may mean that the cells treated with that subset survive,
or they may be killed through a yet undiscovered mechanism.

B CONCLUSIONS

In conclusion, we demonstrate through in cellulae, in silico, and
in vitro assays that the tunicate HDP, Clavanin A, uses Zn(II)
ions to achieve DNA damage. QM/MM calculations predicted
the nucleophilic attack of a hydroxyl group to an electrophilic
phosphorus to cleave the scissile phosphoester bond with an
activation energy of 30.2 kcal/mol; a prediction that is
bolstered by the observed normal kinetic isotope effect.
Combined phenotypic analysis, CD spectroscopy, and SPR/
EIS show that Clavanin A is a “dirty” drug, using three
mechanisms of action to inhibit the growth of Gram-negative
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bacteria. The identification that ClavA—Zn(II) showed
improved activity against multidrug-resistant clinical isolates
provides further evidence that metallopeptides constitute a
promising antimicrobial family, and additional studies are
warranted to fully elucidate their mechanisms of action and
potential therapeutic applications. The evidence of synergy
between ClavA and Zn(Il) and the other results presented
above inform on the literature for metallopeptides and, in
addition, show the utility of studying known HDPs in the
presence of biologically relevant metal ions, including Cu(II),
Fe(II), and Zn(II).

B MATERIALS AND METHODS

Bacterial Culture Conditions. Bacteria treated under low
pH conditions were grown in LB media containing 50 mM
MES buffer at pH S.5. For the neutral pH experiments,
bacteria were grown and treated in standard MHB media at
pH 7.4. Cells were incubated at 37 °C and 234 rpm to mid log
phase (ODgp= 0.4—0.6).

Minimum Inhibitory Concentration Determination.
Minimum inhibitory concentrations (MICs) for ClavA and
ClavA—Zn(II) were determined via the broth microdilution
method, which has been previously described.”” Briefly,
bacteria were grown to mid log phase (ODggp= 0.4—0.6),
diluted to a final concentration of 1 X 10° cfu/mL, and treated
with serially diluted peptide for 18 h. All of the growth media
used contained 50 mM MES buffer at pH 5.5. MIC was
determined as the concentration of peptide at which no growth
could be visually observed. The data presented represent the
mode of three trials. For all experiments containing ClavA—
Zn(11), the peptides were incubated with ZnCl, for 30 min at
room temperature at 2X the maximum concentration used,
with the maximum zinc concentration of any of these assays
being 512 uM.

When the MIC values for Zn(II) were determined, a similar
process was utilized. Diluted bacteria were treated with ZnCl,,
and MICs corresponded to the lowest concentration at which
no growth could be observed visually. Values were measured at
pH 5.5 and 7.4 and were found to be identical. Results
represent the mode of three trials.

TUNEL Assay. The TUNEL assay has been described
previously.”? Briefly, an overnight culture of E. coli was washed
in PBS. The cells were then treated with MIC concentrations
of ClavA and ClavA—Zn(II), with aliquots removed at 1, 2,
and 4 h. A negative control was performed with PBS and a
positive control, with 0.75% H,O,. After incubation, cells were
fixed and dyed; then, propidium iodide and fluorescein labeled
cells were measured via flow cytometry. Data presented
represent the average of three trials, and the error bars are
standard error from the mean.

Computational Details. Molecular Dynamics (MD)
Simulations. The structure of ClavA was obtained from the
protein data bank (PDB ID: 6C41).”* The initial ClavA—
Zn(II) structure in which His17 and His21 were coordinated
to the Zn ion was built and energy minimized using the
YASARA software.”” The CAAGACGGCCCCGGCCC nu-
cleotide sequence’® of E. coli TD172 DNA was built using the
Avogadro software.”” The HDOCK Web server was used to
explore the binding poses of the ClavA—Zn(II) complex to
DNA.”® In all the docked structures, ClavA—Zn(II) was
located in the major groove of DNA. Two different ClavA—Zn
binding poses were used as the starting structures for molecular
dynamics (MD) simulations: i.e., (1) ClavA—Zn(II) is bound
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in a perpendicular manner inside the major groove of DNA,
and (2) ClavA—Zn(II) is bound parallel to the major groove of
DNA (Figure S8). All 200 ns all-atom MD simulations in
aqueous solution were performed using the GROMACS-
4.5.6”° program utilizing the CHARMM36™ force field. This
force field was reported to reproduce the key structural features
of ClavA and ClavA—Zn(II) in our previous work.*" The
ClavA—Zn—DNA complex was placed in the cubic box of 10 X
10 X 10 nm dimension. The shortest distance from the edge of
the box to the surface of the complex was 1.0 nm. The Particle
Mesh Ewald method®” was used to compute the electrostatic
interactions, and for both Coulombic and van der Waals
interactions, a 1.2 nm cutoff distance was maintained. TIP3P%
water was used as a solvent, and Na* and CI~ were added to
neutralize and to maintain the physiological ion concentration
(154 mM) of the system. The starting structures for MD
simulations were energy minimized for 3000 steps using the
steepest descent method. The simulations were performed
using a constant number of particles (N), pressure (P), and
temperature (T), ie, NPT ensemble. SETTLE®** algorithm
was used to constrain the bond length and angle of the water
molecules, and LINCS®® algorithm was employed to constrain
the remaining bond lengths. The trajectories were computed
for each model with a time step of 2 fs. Cluster analysis was
utilized to obtain the most representative ClavA—Zn(II)—
DNA structure from the MD simulations. The ClavA—Zn(II)
and DNA binding energies were calculated by utilizing the
Molecular Mechanics Poisson—Boltzmann Surface Area (MM-
PBSA) method.*® A comparison of the binding energies shows
that the structure in which ClavA was bound in a perpendicular
fashion inside the major groove of DNA is 37.0 kcal/mol lower
in energy than the second structure (Figure S8).

QM/MM Calculations. All hybrid two-layer QM/M
(ONIOM) calculations were performed using the Gaussian
09 (ONIOM) software package.”” ONIOM utilizes a
subtractive method in which the MM energy [Eyp (model)]
of the QM (model) part is subtracted from the sum of the QM
energy of the model [Eqy (model)] and MM energy [Eyy
(real)] of the whole (real) system, i.e., Eoniom (QM/MM) =
Equ (model) + Eypy (real) — Epy (model). This subtraction
method corrects the artifacts introduced by the link atom.”®
The ONIOM optimization procedure uses macro/micro-
iterations,”” and the electrostatic interactions between the
QM and the MM part were treated by mechanical embedding
(ME). The QM region was composed of a Zn(Il) ion, His17,
His21, two cytosine nucleotides, a hydroxyl ion, and one to
three water molecules (depending on the reaction mechanism)
as shown in Figure 2. The remaining part of the system was
included in the MM layer. The ClavA—Zn—DNA complex was
surrounded with explicit water molecules (2139 water
molecules; MM layer) to stabilize the highly negative charge
of DNA. The QM layer was optimized without any geometric
constraints using the hybrid B3LYP® exchange-correlation
functional. The Lanl2dz basis set (for the Zn atom) with the
corresponding Hay-Wadt effective core potential (ECP)*” and
the 6-31G(d) basis set (for the remaining atoms in the QM
layer) were used. The MM layer was modeled using the
AMBER force field.”®”' The energies of the optimized
structures were further improved by performing single-point
calculations using the large basis sets, e.g., Lanl2tz for Zn and
triple-C 6-311+G(d,p) for other atoms. Hessians were
calculated at the same level of theory as the optimizations to
confirm the nature of the stationary points along the reaction
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coordinate. The transition states were confirmed to have only
one imaginary frequency corresponding to the reaction
coordinates. Zero-point vibrational, thermal, and entropy
corrections were added to the final energies (at 298.15 K
and 1 atm). The helical wheel projection of ClavA was
obtained from NetWheel online Web server.”> VMD,”*
YASARA,”® ChemDraw, and Chimera” programs were used
for the visualization of the MD trajectories and preparation of
the figures used in this study.

DNA Cleavage. DNA cleavage experiments were per-
formed as previously described.” Briefly, 10 uM base pair
pUC19 was incubated with 1 yM ClavA—Zn(II) for the
indicated times in MES buffer at pH 5.5. The reaction was
stopped using 3X loading dye containing 1 mM EDTA prior to
loading on the 1% agarose gel containing ethidium bromide,
and the gel was run at 100 V for 90 min. Gels were imaged
using a Bio-Rad GelDoc XR+ Imager and quantified using
Image Lab 5.0 software. D,O samples were prepared from
samples dissolved in H,O by lyophilization and dissolution in
D,0. This was repeated 3 times to ensure solvent exchange.

The kinetic isotope effect was determined by plotting the
concentration of supercoiled pUC19 vs time in order to obtain
rate constants for D,O and H,O. The kinetic isotope effect was
then calculated by dividing ky o by kp,o.

Confocal Fluorescence Microscopy. E. coli cultures were
inoculated in culture media described above and grown to an
ODyg of about 0.5 and treated with equal volumes of host
defense peptides (HDPs) at a final concentration of each
peptide’s MIC value. These were incubated for 1 h on a
shaking incubator at 37 °C, followed by staining with 1 ug/mL
FM 4-64, 2 pg/mL DAPI, and 0.5 yuM SYTOX Green for 30
min. FM 4-64 selectively stains bacterial membranes while
DAPI and SYTOX Green both stain DNA and are cell
permeable and impermeable, respectively.

These changes from the protocol by Nonejuie et al.*® were
required because many HDPs have been shown to completely
sterilize cultures at time scales between 1 and 2 h. Additionally,
with several of the HDPs tested, few bacteria remained when
treated with concentrations of 5X MIC of the peptides.

After staining, the cultures were concentrated via centrifu-
gation at 14 000 rpm for 90 s and resuspended in 1/10 their
original volume. Three microliters of the culture was then
spotted onto 1.5% agarose pads containing 20% LB medium;
the sample was then prepared using 65 uL gene frame seals on
microscope slides. The cells were then imaged using a Nikon
AIR spectral confocal microscope with a 60X oil immersion
lens.

Bacterial Cytological Profiling. Bacterial cytological
profiling (BCP) was performed using a procedure adapted
from Nonejuie et al.’® All cellular measurements were
performed using Image] software, utilizing the freehand
selection tool to trace either the membrane or nucleoid.
Each was then measured for area, perimeter, and circularity.
Length and width were measured separately using the straight-
line selection tool. Average DAPI and SYTOX Green
intensities were measured using the outline of the membrane
and subtracted from the background intensity. The intensities
were then normalized against the intensities from untreated
cells measured on the same day with the same microscope and
camera settings. In every case, measurements were made on at
least 50 cells, and every cell was measured in each image used,
excluding any cells that we only partially captured.
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Principal Component Analysis. For each antimicrobial
treatment, the cell morphology parameters were obtained from
at least three independent experiments. For each parameter,
the average measurement was also calculated and included in
the data set. The parameters were reduced into three
orthogonal variables using principal component analysis
(PCA) from our in-house Python scripts. For each treatment,
three cells were selected as representative cells by determining
three transformed measurements with the shortest Euclidean
distance from the transformed average measurement. The cell
morphology parameters of the representative cells were used
for PCA of various groups of treatments. Clustering was
performed using the Euclidean distance method from our in-
house Python scripts, where centroids having a distance of 2.4
units or lower are in the same cluster.

Circular Dichroism. CD spectroscopy was used to monitor
the titration of ClavA with 3:1 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC)/POPG large unilamellar vesicles
(LUVs) in phosphate buffer at acidic (pH S.5) and neutral
(pH 7.4) pHs. LUVs were prepared at both pHs as follows.
Lipid films were made by mixing in a round-bottom flask
appropriate volumes of POPC and POPG lipids solvated in
chloroform. The chloroform was then evaporated under a flow
of nitrogen gas prior to lyophilization overnight. The dried
lipid films were hydrated with buffer (buffer concentrations of
2.5 mM, pH 5.5, or S mM, pH 7.4), producing S mM lipid
suspensions. After several freeze—thaw cycles (incubation in a
40 °C oven, freezing in an ice bath), the suspensions were
extruded using an Avanti Polar Lipids Mini Extruder (Avanti
Polar Lipids, Alabaster, AL), resulting in vesicles with a
diameter of 200 nm. The LUV suspensions were then diluted
to 2 mM, and the vesicles were added to aqueous ClavA
(321.00 uM) and buffer to obtain samples with seven P/L
ratios between 1:0 and 1:80, each with a fixed peptide
concentration of 20 uM. CD spectra were acquired by
averaging three scans collected at 293 K on a J-1500
spectrometer (Jasco Analytical Instruments, Easton, MD)
over a wavelength range of 190—260 nm using a scan speed
of 100 nm/min and a 1 nm bandwidth. Spectra for buffer and
phospholipid blanks without peptide were obtained at each P/
L ratio and subtracted from the ClavA sample spectra to
account for the background signal produced by the LUVs.
Samples were made in triplicate (pH S.5) or duplicate (pH
7.4) using the same batch of LUVs. The molar ellipticity
obtained at 222 nm was converted into helicity, assuming an
ellipticity of —32000 deg-cm*/dmol for a perfect helix and
—2000 deg-cm?/dmol for the fully disordered peptide.”>”°
Helicity was plotted in the form of a binding isotherm and
fitted by a nonlinear least-squares minimization in Microsoft
Excel 2016 using the Solver Add-in. Fit parameters included
the binding constant, Kj, and the helical content of peptides in
the free and bound state. A binding stoichiometry of 1:1
between peptides and lipids was used.

X-ray Diffraction Spectroscopy. Clavanin A was
incubated with preformed 1-palmitoyl-2-oleoyl-glycero-3-phos-
phocholine (POPC; Avanti Polar Lipids) lipid vesicles at a
peptide to lipid molar ratio of 1:25. The solution was fused
onto glass coverslips, and bulk water was allowed to evaporate
slowly overnight at room temperature, producing aligned lipid
multilayers with incorporated peptide. Before diffraction
experiments, the samples were annealed at 98% relative
humidity and 30 °C for at least 12 h. X-ray diffraction
measurements were performed on a 3KW Rigaku Smartlab
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diffractometer located at the Institute for Bioscience and
Biotechnolo;y Research (IBBR), Rockville, MD, as described
previously.”

Surface Plasmon Resonance/Electrical Impedance
Spectroscopy. Tethered lipid bilayer membranes (tBLMs)
were prepared as described previously using POPC lipid.”*"”
The freshly prepared tBLM was stabilized in either TRIS buffer
(20 mM TRIS, 50 mM NaCl, pH = 7.5) or MES buffer (50
mM MES, 50 mM NaCl, pH = 5.5) for SPR/EIS measure-
ments at various pHs. Clavanin A was injected on top of the
preformed tBLM in the corresponding buffer at a concen-
tration of 3 uM and allowed to incubate with the bilayer for 10
min, followed by a buffer rinse. SPR/EIS spectra were collected
simultaneously, as a function of time, as described previously.””
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