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ABSTRACT. Clavanin A (ClavA) is an antimicrobial peptide that enhances its antimicrobial
activity in the presence of Zn(Il) ions. The antimicrobial activity of ClavA has been shown to
increase 16-fold in the presence of Zn(II) ions. In this study, we investigate potential sources of
this enhancement, namely, the effect of Zn(II) binding on the helical conformation of ClavA and
on the ClavA interaction with a model for Gram negative bacterial membrane. In addition, we
investigate the effect of Zn(Il) on membrane mechanical properties. We employed all-atom
classical equilibrium molecular dynamics (MD) simulations initiated from both fully helical and
random coil structures of ClavA. We observe that Zn(Il) can stabilize an existing helical
conformation in the Zn(Il)-binding region, but we do not observe induction of helical
conformations in systems initiated in random coil configurations. Zn(II) binding to ClavA provides
more favorable electrostatics for membrane association in the C-terminal region. This is evidenced
by longer and stronger C-terminal-lipid interactions. Zn(Il) is also capable of modulating the
membrane properties in a manner which favors ClavA insertion and the potential for enhanced
translocation into the cell. This work provides insights into the role of divalent metal cations in the
antimicrobial activity of ClavA. This information can be useful for the development of synthetic
antimicrobial peptides containing motifs that can bind metals (metalloAMPs) for therapeutic and

medical purposes.

INTRODUCTION
Metal ions are abundant in all living organisms and their important role in various biological
functions, such as biocatalysis through metalloproteins' and immunity,” are being widely and

extensively studied.’ Iron and zinc ions, for example, can regulate expression of metal transporters



in the bacterial pathogen Corynebacterium diphtheriae,* while zinc and manganese ions are
necessary to prevent growth of the fungus Aspergillus fumigatus during corneal infection.? In the
past few years, interest in the role of copper and zinc ions in the innate immune defense against
bacterial pathogens has seen increased attention.?

Antimicrobial peptides (AMPs) are also an important component of the innate immune system
of many organisms, including humans.® They are part of a larger class of peptides, called
membrane-active peptides, as their mechanisms of action involves interaction with cell
membranes.® There are two major mechanisms of action that have been proposed: (1) AMPs cause
membrane disruption either by creating pores or acting as a surfactant;*’ and/or (2) AMPs
penetrate the cell membrane, similar to cell-penetrating peptides, and act on intracellular targets,
such as DNA, RNA or ribosomes.”®?

Numerous studies on a subclass of antimicrobial peptides containing motifs that can bind metals,
hereinafter referred to as metalloAMPs, have shown that they exploit the naturally abundant metal
ions in organisms for potentiation of their antimicrobial activity.’® #° These studies represent a
growing body of evidence that highlight the crucial interactions of AMPs with metal ions, two
important effectors of the immune system. Recently, the metalloAMP Clavanin A (ClavA,
VFQFLGKIIHHVGNFVHGFSHVEF-NH>), initially isolated from the tunicate Styela clava, was
shown to have a 16-fold increase in antimicrobial activity in the presence of Zn(II) ions.*® ClavA
is a cationic and amphipathic, 23-amino acid peptide that is active against a broad spectrum of
pathogens in vitro, including methicillin-resistant Staphylococcus aureus, with a maximal activity
at pH 5.5.1° More significantly, ClavA has exhibited efficacy against an in vivo S. aureus wound
model, with low to no cytotoxicity in mammalian cells, suggesting that ClavA can be used for

novel peptide-based therapeutic strategies in treating wound and sepsis infections.!! The HXXXH



motif located from positions 17 to 21 in ClavA, where X is any canonical amino acid, is known to
form a putative binding site for transition metal ions, including Zn(II).!? To our knowledge, there
are no experimental or computational reports that investigate Zn(II) binding on the structural
properties of ClavA. Here, we investigate the hypothesis that Zn(II) can act as a “staple” that can
induce and stabilize helical conformations at the Zn(II)-binding region of the peptide in an attempt
to elucidate a structure-function relationship for Zn(II) bound ClavA.

All-atom classical molecular dynamics (MD) simulations have been widely used to investigate
how AMPs behave, both in solution and in the presence of model membranes.'® Due to limitations
in computational power, some MD simulations fail to reach relevant time scales or sample the
relevant configurational space and therefore are limited in their ability to provide complete and
accurate information on the mechanism of action of AMPs.'"* However, computational studies
remain to be useful in providing various insights that can guide experimental design efforts. Also,
MD simulations are useful in providing mechanistic insights by calculating energy landscapes for
conformational transitions, and the ability to observe high energy transition states that are difficult
to observe experimentally.'

In this work, we investigate the influence of Zn(II) on the conformational properties of ClavA
and its interaction with a general model for a Gram negative model membrane. To our knowledge,
this is the first time that classical MD simulations have been used to investigate metalloAMPs in
the presence of a two-component model membrane. We show that Zn(II) can stabilize helical
conformations in the Zn(II)-binding region. We also find that Zn(II) provides more favorable
electrostatics for the C-terminus region of ClavA to interact with the membrane. Further, we

observe a critical threshold for the molar ratio of Zn(II) to lipids that will induce increased lateral



deformability for the E. coli membrane model. With these insights, we present a model of how

Zn(II) affects the structure of ClavA and its overall interaction with the membrane.

METHODS

Simulation Models. The simulations of ClavA were initiated from helical and extended
conformations (Figure 1). The helical structure was determined by solution state NMR
PDBID:6C41'®, in which an a-helical segment was observed from residues Phe2 to Val22. This
structure was obtained in 35% 2,2,2-trifluoroethanol (TFE)-d3, a solvent which provides a low
dielectric constant similar to a membrane, 10% D0, and 55% buffer at pH 4.3. The extended
structure was generated using the PDB utilities server (https://spin.niddk.nih.gov/bax/). Chemical
modifications to the peptide were performed using CHARMM-GUI'” which included C-terminal

amidation and protonation of histidines (His) in systems modeling a pH 5 environment (Chart 1).




Figure 1. Two simulation models of ClavA used as initial structures in the simulations: (A) helical

and (B) random coil. Residues are shown using ball-and-stick model, with hydrophobic residues

in blue and hydrophilic residues in red.
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Chart 1. Illustration of the peptide models used in the simulations and their shorthand names in
the paper. There is one Lys and four His residues that can be protonated depending on the system

pH. His residues are protonated at pH 5, except when these are bound to Zn(II).

The peptide models were solvated with the TIP3P water model and 150 mM NaCl. Both the
ordered and disordered peptide models were also simulated in the presence of a Gram negative
bacterial membrane model.'® The membrane model consisted of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine  (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (POPG) lipids. The membrane contained 120 lipids (60 in each leaflet) with a ratio of
80:20 POPE:POPG. The peptide models were initially placed approximately 3 nm above the
membrane. The peptide-membrane system was generated the using CHARMM-GUI server 7.

Energy minimization and equilibration steps were performed according to the CHARMM-GUI
protocol, employing a steepest-descent minimization for 500 steps and a canonical ensemble
equilibration for 25 ps with a timestep of 1 fs for the helical ClavA in solution simulations. For the

ClavA in the presence of a membrane model, three successive canonical ensemble equilibrations

for 25 ps (1 fs timestep) followed by three successive isothermal-isobaric ensemble equilibrations



for 50 ps (2 fs timestep) were employed. Semiisotropic pressure coupling was used to generate a
zero surface tension ensemble, using the Berendsen barostat. During the equilibration steps,
positional restraints on protein heavy atoms and lipid phosphorus atoms, and dihedral restraints in
the lipid glycerol and tail, around the unsaturated bond, were employed. The force constants for
these restraints were gradually decreased after each equilibration step.

For the helical ClavA in solution system, three independent MD simulations were performed at
four different temperatures (300 K, 320 K, 340 K, and 360 K), resulting in twelve independent
simulations. Another set of thirteen simulations were run for the helical ClavA with Zn(II) bound
to His17 and His21. Zn(II) was restrained by applying a distance restraint of 2.095 A to each §-
nitrogen atom of the His residues, with a force constant of 20,710.8 kJ mol! nm™. These values
were obtained by averaging the experimentally obtained coordination length and force constant
of Zn(II) to the nitrogen atoms of imidazole, an analog of Histidine. The simulations were run for
100 ns each using a timestep of 2 fs. Temperature was maintained using a Nose-Hoover

thermostat?°

with a coupling time constant of 1 ps. Pressure was maintained at 1 bar by
implementing an isotropic pressure coupling scheme using the Parrinello-Rahman barostat with a
coupling constant of 5 ps.?! Van der Waals interactions were cut off at 1.2 nm, with the interactions
being modified using the force-switch method between 1.0 and 1.2 nm. Long-range electrostatic
interactions were calculated using the particle mesh Ewald (PME) method, with a real-space cutoff
of 1.2 nm. The first 30 ns of the simulations were considered as further equilibration, leaving the

remaining 70 ns for analysis (Table 1).

Table 1. Summary of simulation details.
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For the system containing the ClavA in the presence of a membrane, isothermal-isobaric

ensemble simulations were run at 300 K for 500 ns. For each of the conditions shown in Chart 1,
triplicate simulations were conducted. The temperature was maintained using the Nose-Hoover

thermostat?°

with a coupling time constant of 1 ps, while a semiisotropic pressure coupling scheme
was implemented using the Parrinello-Rahman barostat?! with a coupling constant of 5 ps. The
lipid bilayer compressibility was set to 4.5 x 107 bar’!, and the reference pressures in the bilayer
plane (XY) and bilayer normal (Z) were set to 1 bar. Treatment of non-bonded interactions were
consistent with the ClavA in solution systems, described above. The first 100 ns of the simulation
was considered as further equilibration, leaving the remaining 400 ns for analysis.

Another set of simulations to investigate the effect of ClavA and Zn(II) on membrane properties

were also conducted. A total of six simulations with varying Zn(II):lipid ratios, specifically 0:120,



1:120, 1:60, 1:30, 1:15, and 1:7.5, were conducted. The ions were placed approximately 3 nm
above the upper leaflet of the membrane. To keep the ions interacting with only the upper leaflet,
a flat bottom restraint was applied 6 nm above the membrane. The systems were solvated in 150
mM NaCl and TIP3P water model. The production runs were performed in an isothermal-isobaric
ensemble at 300 K and 1 bar for 500 ns. The temperature and pressure coupling parameters, and
the non-bonded parameters used in the extended peptide-membrane simulations were also used for
the membrane only simulations. The first 100 ns of the simulations were considered as further
equilibration, leaving the remaining 400 ns for analysis (Table 1).

All simulations were performed using the GROMACS 2016°* program and the CHARMM36*
force field. As a control simulation, the ability of the force field to maintain the helical
conformation in TFE was evaluated in a 100 ns MD simulation. A superposition of the MD
equilibrated and NMR structures (PDBID:6C41) [root-mean-squared deviation (RMSD) =2.9 A]
showed that ClavA in TFE retained its overall secondary structure and helicity during the
simulation (Figure S1). The trajectories were visually analyzed using VMD?*, and further
quantitative analyses were performed using a combination of GROMACS tools, MDTraj** and

in-house Python scripts.

Membrane Properties Analysis. To evaluate the effect of ClavA and Zn(II) on the structural
and mechanical properties of membranes, the membrane thickness, area per lipid and area
compressibility, were measured as a function of Zn(II) concentration. The membrane thickness
was defined by the Z-coordinate difference between the center of mass of the upper and lower
leaflet phosphates. The area per lipid was calculated by dividing the box area (in X-Y plane) by

the number of lipids per leaflet (60). The area compressibility modulus, K4, of the membrane was



kpT(A)

26 ) — kT4
calculated from™ K, = N{(A—Ag)Z)

where N is the number of lipids in each leaflet and 4 and Ao are

the instantaneous and equilibrium area per lipid, respectively, ks is Boltzmann’s constant and 7 is
the system temperature. All membrane quantities were averaged over the final 400 ns of the

simulations (Table 1).

Statistical Analyses. All reported error estimates are standard errors. For all analyses that
required determination of significant difference, the standard Welch’s t-test was used for unequal
variances. Survival probability analysis was also used to determine significant differences in
association duration times. To summarize, this analysis plots the probability of a region to stay
bound before unbinding over some time interval. Log rank test was used to compare significant

differences between survival probability plots.

RESULTS

Zn(I1) effects on ClavA a-helical stability

We examined the stability of an a-helical segment located at the Zn(II)-binding region (His17
to His21) by running 100 ns simulations initiated from a helical configuration of ClavA in 150
mM NaCl solution at four different temperatures: 300 K, 320 K, 340 K, and 360 K. For Zn(II)-
bound ClavA systems, Zn(II) was bound by applying distance restraints to the d-nitrogens of His17
and His21 (see Materials and Methods). We observed a decrease in the average helicity of ClavA
without Zn(II) as temperature is increased, as expected since high thermal energy can denature the
peptide and break the hydrogen bonds that form the ordered secondary structures. Interestingly,
we did not observe a consistent decrease in helicity in the ClavA-Zn(II) complex as a function of

increasing temperature (Figure 2A). Particularly, the average helicity of ClavA-Zn(II) remained at
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about 0.4 from 340 K. In ClavA alone, the average helicity continuously decreases as temperature
increases. Moreover, at temperatures 320 K and 360 K, our simulations showed significantly
greater helicity when Zn(II) was bound as compared to that of the Zn(Il)-free peptide. The
difference in helicity between the two systems could possibly be due to the Zn(II)-binding region
being restricted to remain in an a-helical conformation. Looking at the snapshots at the end of the
simulations (Figure 2B) of a representative trial at 360 K, we observed that the Zn(II)-binding
region remains o-helical. To quantify our observations, we used the DSSP analysis tool to calculate
the most probable secondary structures of each residue, at 1 ns intervals (Figure 2C). In the same
representative trial, we observed that the a-helical conformation of the Zn(II)-binding region is
stable for the duration of the 100 ns simulations. The helical stabilization in Zn(II) bound systems
was concluded from three independent trials at each temperature. The secondary structure
evolution for all simulations is presented in Figures S2-S9. We observed stable helical
conformations in regions other than the Zn(II)-binding region, but the helical regions were not
consistent across all trials. On longer timescales, we expect that these helical conformations
outside the Zn(II)-binding region will eventually destabilize, whereas the region with the metal
ion bound to it will remain helical. We have also observed that, on average, there are four ligands
coordinated to Zn(Il) ions throughout the simulations at all temperatures (Figure S10) wherein
water molecules are dynamically binding and unbinding to Zn(II). This is in agreement to other

Zn(II)-binding proteins that bind Zn(II) in a tetrahedral fashion.?’
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Figure 2. (A) Average helicity of ClavA in the absence or presence of Zn(Il) at four different
temperatures. Bars represent the average of three trials + the standard error. Welch’s t-test: *p <
0.05 (B) Final snapshots of representative trials at 360 K. The secondary structure of ClavA is
shown, with Zn(II)-binding region represented in red, Zn(Il) ion represented in gray, and His17
and H21 represented as a ball-and-stick model. (C) Secondary structure evolution (DSSP analysis)

of the same representative trials at 360 K throughout a 100 ns simulation.

To characterize which regions of ClavA have stable helical conformation in the presence of a
membrane, simulations initiated from a helical ClavA placed 3 nm above the membrane were ran.
We observed that residues near the C-terminal region, particularly residues His17 to Phe23 loses

helicity as early as 80 ns (Figure 3A). In one of the trials (Figure S11), the same region was
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observed to lose helicity for about 100 ns, but it reformed helical conformation eventually. It must
be noted that the N-terminal region is also not very stable in the presence of a membrane. The
general observation in all our helical peptide-membrane simulations is that the central region, Ile8
to Vall6, are more stable than the terminal regions. When Zn(II) was bound by restraint to His17
and His21 of ClavA, the helicity of the C-terminal region became more stable, with it remaining
to be helical at the end of the 500 ns simulation (Figure 3B). This implies that Zn(II) provided
helical stability to the C-terminal region even in the presence of a membrane, similar to the solution
simulations. We also ran triplicate simulations of ClavA in the presence of a membrane, but with
32 Zn(Il) ions unrestrained. The results were similar to the ClavA-membrane system, where the
terminal regions are not as stable as the central region (Figure 3C). No spontaneous formation of
Zn(II)-histidine coordination was observed due to the inability of our chosen force field to
accurately model a coordination bond. Thus, Zn(II) cannot effectively restrict the peptide to a

helical conformation.
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Figure 3. Secondary structure evolution of different peptide models in the presence of a Grem
negative bacterial model membrane: (A) ClavA only, (B) ClavA with Zn(II) restrained to His17
and His21, and (C) ClavA with 32 Zn(II) ions unrestrained. The secondary structure evolution

plots of the other replicates are in the Supporting Information (Figures S11-S13).

We next examined whether Zn(II) can induce the formation of a-helical structure by starting
from a random coil conformation of the peptide. The peptide was placed in the presence of the
Gram negative bacterial membrane model, composed of 4:1 ratio of POPE and POPG lipids (see
Methods). Antimicrobial peptides have been observed, both experimentally and computationally,
to form ordered secondary structures in the presence of a membrane due to favorable electrostatic
interactions with the lipid headgroups and hydrophobic interactions with the lipid tails.?®

We did not observe any formation of a-helical structure that can be attributed to binding Zn(II)
to ClavA (Figure 4). In the representative trial of ClavA at pH 7 (Figure 4A), P7(-), we observed
formation of a-helices and B-sheets outside the Zn(II)-binding region for about 100 ns, but these
conformations are short-lived and not stable throughout the simulation. On the other hand, in one
trial of the Zn(Il)-bound ClavA (Figure S14), P7(+), we observed formation of a stable a-helix
outside the Zn(I)-binding region, specifically from residues Lys7 to Vall2. To determine whether
Zn(Il) could possibly have long-range effect of inducing helix formation, we extended the
simulation for an additional 500 ns and removed the Zn(II). The helix remained stable even without

the Zn(II), thus, we do not attribute the helical formation to Zn(II) binding.
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Figure 4. Secondary structure evolution of representative 500 ns simulation trials initiated from a
disordered peptide in the presence of a membrane at neutral pH (A), and at acidic pH (B). In both

pH conditions simulations were conducted with and without Zn(II) bound to the peptide.

Because the activity of ClavA is greater at pH 5.5 than at pH 7,'° we proceeded to investigate
helical formation at the lower pH (P5(-) and P5(+) in Chart 1). The simulations of the PS5 systems
showed no formation of helical structures (Figure 4). This observation indicates that having
additional four (from P7(-) to P5(-)) or two (from P7(+) to P5(+)) positive charges decreases the
probability of forming ordered secondary structures, due to the increased electrostatic repulsion
between the protonated residues. However, we do not eliminate the possibility that pKa shifts

occur as the peptide inserts and interacts with lower dielectric regions of the membrane.
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ClavA Membrane Binding Analysis

Throughout 500 ns membrane binding simulations (Figures 5 and S15-S26), we observed that
Phe residues of ClavA insert the deepest into the membrane. Phe residues reach a depth of 1 nm
below the phosphate groups. In a previous study, mutation of the Phe residues to other hydrophobic
residues, such as isoleucine or tryptophan, did not show any significant differences with the wild
type at low pH.?° Though this indicates that Phe residues are not crucial at low pH, our simulations
present a striking observation that phenylalanines (Phe) can easily overcome the energetic barrier
of crossing the headgroup region of the membrane, and its hydrophobicity provides stabilization

for it to interact further with the hydrophobic region of the membrane.
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Figure 5. Insertion depths of the residues with respect to the center of mass of the upper leaflet
phosphates. Phenylalanine residues insert the deepest, indicated by red arrows. Data is from the
last 50 ns of one trial of the system without Zn(II). Data points represent the mean + standard

deviation of the mean.
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At pH 7, binding of Zn(II) will effectively increase the net charge of the peptide from +2 to +4
leading to stronger electrostatic interactions and preferential interaction of the C-terminal (Zn(II)-
binding) region. It has been postulated that the mechanism through which ClavA kills is distinctly
different at pH 7 and at pH 5.3 The membrane is not efficiently permeabilized at low pH, pointing
to a killing mechanism where there is an internal cell target.’® 3° While at a physiological pH, the
mechanism involves nonspecific membrane permeabilization, possibly via a carpet model,
indicating that peptide-membrane interactions are more critical at pH 7.2%3! Thus, we examined
the influence of Zn(Il) on the membrane interaction of ClavA in both neutral and acidic pH
conditions. The insertion depth profiles of the a-carbon, side chains, and Zn(Il) were analyzed
(Figures S15-S26). At both pHs, we observed that throughout the simulation, the C-terminal region
of ClavA interacts more consistently and has longer association times to the membrane than the
N-terminal region, when Zn(II) was bound. At the ClavA state with the least positive charge, i.e.
pH 7 without Zn(II), the peptide approaches the membrane in a fashion that the N-terminal region
initially interacts with the membrane and the C-terminal region floats in solution (Figure 6A). With
Zn(IT) bound at pH 7, visual inspection at the trajectories show that the N-terminal region still
associates with the membrane but the C-terminal region has an increased interaction with the
membrane (Figure 6B). The snapshots for the initial approach in all trials of all systems are shown

in Figures S27-S30.
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Figure 6. Snapshots of the peptide, in the (A) absence or (B) presence of Zn(II), when the N-
terminal or C-terminal approaches the model membrane. The snapshots are taken from the longest

binding event in the whole course of one representative trajectory.

Binding of ClavA segments was further quantified by analyzing the number of C-terminal and
N-terminal contacts with the membrane for the first 100 ns after the initial approach in the longest
binding event of each terminal regions. This approach does not inform on how long the regions
remain bound, but it provides information on the frequency of the contacts. We designated the first
8 residues (VFQFLGKI) as the N-terminal region and the last 8 residues (VHGFSHVF) as the C-
terminal region. Each region contains two Phe residues and can carry up to a +2 charge, depending
on the pH. A residue contact is considered to be formed when the side chain center of mass (COM)

is located within 4 A of the COM of an upper leaflet phosphate or when the side chain COM is
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between the phosphates of both leaflets. To evaluate whether there is a preferential interaction of
one of the regions, differences in the number of N-terminal contacts and C-terminal contacts were
calculated between different states (Figure 7). At pH 7, binding Zn(II) at the C-terminal region
significantly increased the number of C-terminal contacts, accompanied by a decrease in the N-
terminal contacts, indicating that Zn(II) biases the C-terminal region toward the membrane and
keeps it from unbinding. Combining this observation with the visual observations from the
trajectory, it shows that the decrease in interaction of the N-terminal region does not completely
inhibit it from associating with the membrane. The total number of contacts between the two
systems are close to each other and has no significant difference. This implies that the peptide
maintains its affinity with the membrane during the initial approach by decreasing the N-terminal-
membrane interactions when Zn(II) increases the C-terminal-membrane interactions. Interestingly,
binding Zn(II) at pH 5 did not display any significant difference in the individual N-terminal and
C-terminal contacts but the total number of contacts significantly decreased. This further supports
that the observed increase at pH 7 is due to the stronger electrostatic interactions, attributed to the
presence of the Zn(II). At pH 5, the C-terminal region has a net charge of +2, regardless of the
presence of Zn(II) (Chart 1). The decrease in total number of contacts may be due to the stochastic
nature of classical MD simulations. Another interesting observation is that when the overall charge
of the peptide is increased either by lowering the pH or binding Zn(II), there is always a significant

increase in the C-terminal contacts and decrease in the N-terminal contacts.
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Figure 7. Membrane contact analysis. There is a significantly larger number of C-terminal region
contacts than the number of N-terminal region contacts when Zn(II) is present at pH 7. Bars

represent the average of three trials + the standard error of the mean. Welch’s t-test: *p < 0.05.

We also employed survival analysis to further confirm the preferential interaction of the C-
terminal region. In this analysis, each binding incident was treated as an event, and the temporal
length of each binding event was measured. The probability of the bound region to unbind was
defined as the survival probability. This was plotted against the temporal length of the binding
events. As a complement to the first approach, survival analysis does not give complete
information on how frequent the contacts are, but rather analyzes the length of each binding event
before the region unbinds.

At pH 7 when Zn(II) is present, the probability of having a long binding event (> 50 ns) for the
C-terminal region was significantly larger than for the N-terminal region (Figure 8A, right). This
was not observed for the systems at pH 5 (Figure S31). In comparison, the binding times of the

two terminal regions are not significantly different when Zn(II) is absent (Figure 8A, left). Looking
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closer at the C-terminal regions, we observed a significant difference between the binding times

when Zn(II) is absent and when Zn(II) is present (Figure §B).
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Figure 8. Survival probability analysis of: (A) the binding times between the N-terminal region
and C-terminal region for ClavA (left) (%> < 3.84) and ClavA-Zn(II) (right) (x> > 3.84), and (B) the
binding times of the C-terminal region when Zn(II) is present and when Zn(II) is absent (> > 3.84).
Log-rank test: x> > 3.84 indicates significant difference between the survival probabilities of the

two samples.

We went on to examine the preference for ClavA to interact with the different lipids in our model
membrane. Increased positive charge of the peptide should lead to an increased preference of some

residues to interact with anionic POPG lipids. We calculated the average ratio of POPE-residue
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interactions to POPG-residue interactions. One residue-lipid interaction (whether POPE or POPG)
is defined as when the region of interest is located within 4 A of the upper leaflet phosphates, along
the bilayer normal. This criterion was set because the tails are chemically identical between POPE
and POPG and therefore there should not be any specificity of interactions with the tails. The bulk
ratio of POPE:POPG lipids in the bilayer is 4:1, therefore any ratio below that will indicate a
preference to POPG while any ratio above that will indicate a preference to POPE. In our
simulations, there are two scenarios where the charge of the peptide is increased: (1) decreasing
the pH and (2) binding of Zn(II) (Chart 1). Upon binding Zn(II) at pH 7, there is a drastic shift
from POPE preference to POPG preference from Vall6 to His21 (Figure 9A), where Zn(Il) is
locally bound, and this is attributed to the increase in positive charge brought by the Zn(II). On the
other hand, this was not observed at pH 5. Instead, all C-terminal residues except His17 retained
their preference to POPE (Figure 9B). At pH 5 without Zn(II), His17 and His21 are both positively
charged, and binding Zn(II) will not increase the positive charge because these His residues will
be deprotonated to accommodate Zn(II) binding. The lipid preferences of each residue and Zn(II)

at four different systems are shown in Figure S32.
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Figure 9. Comparison between different systems: (a) P7(-) vs. P7(+), (b) P5(-) vs. P5(+), and (c)

P7(+) vs. P5(+) showing the ratio of POPE interactions to POPG interactions of each residue
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normalized against the bulk ratio of POPE:POPG (4:1) in the model membrane. Bars represent the
average of three trials + the standard error of the mean. The amino acid sequence of Clavanin A is

written at the bottom, with blue and red letters indicating nonpolar and polar residues, respectively.

Moreover, we observed that at pH 5, most residues in the N-terminal region (GIn3 to Ile8) have
large preference to POPG, peaking at Gly6 (Figure 9). This is because His10 and His11 become
protonated at pH 5, effectively pulling POPG lipids towards the N-terminal region. This is also
observed at pH 5 with Zn(II), but the preference is less evident and it peaks at Ile8. We also looked
at whether Zn(II) prefers to interact with POPE or with POPG at the two pH values. Zn(II) was
observed to have more interactions with POPG at pH 7, while there are more favorable interactions
with POPE at pH 5 (Figure 9C). This does not indicate, however, that Zn(Il) changed its
preferential interaction from POPG to POPE as pH is decreased. Our hypothesis is that the two
additional protonated His residues at positions 10 and 11 elicit more electrostatic interactions with
POPG at pH 5 than with Zn(II). Zn(II) will still want to interact with POPG, but it will have to
compete with the protonated residues in terms of binding to POPG, and there will be less available
POPG for Zn(II) to interact with. To support the hypothesis, we calculated the probability density
of POPG lipids around each residue at both pH levels averaged over the last 400 ns of the
simulation and all trials. This analysis shows the probability of having one POPG lipid within 4
A of each residue. To calculate for the probability for each residue, the total number of POPG
lipids within 4 A was determined and divided by 400 because the total analysis time is 400 ns. A
probability of 1 means that, on average, one POPG is around the residue every nanosecond, and a
probability of 12 means that all POPGs in the leaflet are found around the residue every
nanosecond. The number of POPG lipids around the terminal regions fairly remained constant

throughout the last 400 ns (Figure S33). At pH 7, large densities of POPG were present around
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residues Gly18 to Phe23 which spans the C-terminal region of the peptide (Figure 10). Moreover,
there is a large density of POPG around Zn(Il) at pH 7. At pH 5, the POPG densities at the same
region, including Zn(II), decreased drastically, and some residues on the N-terminal region (Vall,
GIn3, Gly6, and Lys7) and on the central region (Vall2 to Asnl4) increased in POPG density.
This indicates that the protonated His residues at positions 10 and 11 pulled the anionic POPG

lipids towards the N-terminal region. The individual density heat maps of POPG lipids around

each residue are shown in Figures S34 and S35.
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Figure 10. Probability density of POPG lipids around each residue of Clavanin A. Residue number
24 represents Zn(II). A high probability of POPG lipids surrounding Gly18 to Phe23 and Zn(II) at

pH 7. The probability decreased at pH 5 with an increase in the probability around the N-terminal
residues.

Effect of Zn(II) on membrane properties
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Zn(II) also interact with the membrane, by coordinating with the negatively charged headgroup
phosphates, when the peptide is bound to the lipid. Thus, we are interested in how Zn(II) can
modify different properties of the membrane, including membrane thickness, area per lipid, and
area compressibility modulus (see Methods). At Zn(II):lipid ratios of 1:120 to 1:30, there were no
significant changes in any of the membrane properties (Figure 11). Starting at a ratio of 1:15, the
membrane increased its thickness and the area per lipid decreased. This indicates that the
membrane started to lengthen along the membrane normal and compressed laterally. Meanwhile,
the compressibility modulus decreased dramatically at a ratio of 1:15 and above, indicating that
the membrane can more easily undergo in-plane deformations because of the increased
fluctuations in area per lipid. Strikingly, we observe an opposite effect in membrane thickness and
area per lipid for peptide-membrane simulations, both Zn(II)-absent or Zn(II)-restrained.
Interaction of ClavA with membrane can cause small flattening of the bilayer, characterized by
membrane thinning with an increased area per lipid (Figure 11). The compressibility modulus of
the membrane in ClavA only-systems decreased significantly, similar to the Zn(II)-membrane
systems at ratios of 1:15 and 1:7.5. Binding Zn(II) to ClavA neutralizes this effect, bringing the
compressibility modulus comparable to the membrane only system. As a control, we ran three
trials of peptide-membrane simulation with 32 unrestrained Zn(Il) ions (1:7.5 Zn(Il):lipid ratio),
and the effects on the membrane were similar to the Zn(II)-membrane system with 1:7.5

Zn(1D):lipid ratio.
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Figure 11. (left) Effect of Zn(II) concentration on membrane thickness, area per lipid, and area

compressibility modulus of the Gram negative bacterial membrane model. (right) Effect of peptide
interaction in different system conditions: pH 7 or pH 5, Zn(II) absent, Zn(II) restrained to His17
and His21, or 32 Zn(Il) ions unrestrained. Significant changes in the membrane properties were

observed at Zn(II) concentrations at or above 1:15 Zn(II):lipid ratio.

DISCUSSION

There are three main effects of Zn(II) that were observed from this simulation study: (1) Zn(II)
stabilizes helical conformations in the C-terminal region by coordinating to His residues in the
HXXXH motif and act as a structural staple, (i1) Zn(II) influences the behavior of the C-terminal
interactions with Gram negative bacterial membrane model, and (iii) both peptide and Zn(II)

causes changes to structural and mechanical properties of the bilayer causing easier in-plane
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stretching deformations. There is a wide variety of studies done on peptide stapling, including
those that use all-hydrocarbon molecules as staples.*? These staples decrease the conformational
space available for the peptide backbone, restrict the peptide to its helical conformation, and in
effect, stabilize the helicity of the peptides. There should be a balance between hydrophilic and
hydrophobic residues for an AMP to penetrate the cell membrane, as electrostatic interactions are
crucial in approaching the polar headgroups while hydrophobic effects are important when
interacting and crossing the hydrophobic core of the bilayer. Cationic and amphipathic peptides,
such as ClavA, are advantageous for cell entry as they have an amphipathic character. However,
this amphipathic character is most pronounced when the peptide is in an ordered secondary
structure, such as an a-helix. ClavA is a short, disordered peptide in solution, and it can be inferred
that a helical conformation will be marginally stable (or unstable) due to the loss of configurational
entropy upon folding. In this respect, Zn(II) can act to reduce the configurational space in the
unfolded state and hence reduce the entropy loss upon folding. We believe this effect will stabilize
an a-helical segment in the C-terminal region in the presence of the membrane. The stabilization
of the helix facilitates membrane penetration by the hydrophobic effect when ordered waters are
released into bulk when the peptide hydrophobic face buries into the bilayer. Due to the timescale
limitations in standard MD, we were unable to observe Zn(II) induced spontaneous helical
formation in the C-terminal region. Furthermore, we were also unable to observe spontaneous
formation of Zn(II)-histidine complexes when we expose ClavA to unrestrained Zn(Il) ions. In
MBD simulations, significant formation of secondary structures is well-observed at a timescale of
microseconds to milliseconds, which is beyond the timescales simulated in the current study.'* 33

In future studies we aim to further assess ClavA folding through enhanced sampling approaches.
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However, we investigated structures of ClavA, in both Zn(Il) free and Zn(I1) bound forms, inside
the membrane bilayer. The hydrophobic environment of the membrane was found to stabilize the
overall a-helical structure of ClavA. The backbones atoms of Vall and Phe23 of ClavA interacted
through weak hydrogen bonds with the water molecules present at the surface of the membrane.
(Figure S36). Superposition of ClavA and ClavA-Zn(II) showed that the two structures were quite
similar with an overall RMSD of 3.05 A. However, His17 in the Zn(II)-free form was flipped away
from the position it adopts in the Zn(II) bound system, while His21 maintained the same orientation
in both forms.

The importance of the C-terminal region of ClavA is also highlighted by the observation that
binding Zn(II) resulted in longer and more favorable interaction of the C-terminal region with the
lipids, as compared to that of the N-terminal region. Moreover, the C-terminal region exhibited a
shift in preference to POPG interactions when it is Zn(II)-bound at pH 7. On the other hand, at pH
5, the Zn(I1)-bound C-terminal region retained its interaction to POPE because two protonated His
residues, His10 and His11, compete with Zn(II) in interacting with POPG. We hypothesize that
this will consequently pull POPG towards the N-terminal region and away from the C-terminal
region, leaving Zn(Il) to interact with POPE. All these observations show the importance of the
charge state of both the peptide and the membrane.

The initial contact of metalloAMP to the membrane is due to the electrostatic interactions of the
anionic lipids in the model membrane and two components of the metalloAMP: (i) positively
charged residues, such as histidines (at pH 5) and lysines (at pH 7 and pH 5), or (ii) the metal
cation bound to the peptide. In this case, we propose the metal cation shifting the equilibrium
toward the folded state which then in turn favors interactions with the membrane due to the

amphipathicity of the helical peptide. However, we hypothesize that the metal ion should not bind
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too tightly to the metalloAMP, as the metal ion will not be able to efficiently translocate across the
membrane due to highly unfavorable interactions with the lipid tails and favorable interactions
with the lipid headgroups. Enhancement in the binding of ClavA was also observed in the
simulations through the survival analysis which showed longer binding times for the Zn(II) bound-
C terminal region as compared to ClavA without Zn(II).

In studying the peptide-membrane interactions of cationic metalloAMPs using classical MD
simulations, it is important to examine the local environment of the metalloAMP at the hydrophilic
and hydrophobic regions of the membrane model. First, we have seen that the Phe residues can
readily cross the polar headgroups region of the bilayer, and insert deeply into the hydrophobic
region of the bilayer. A previous study on ClavA highlighted the importance of Phe residues by
providing balanced hydrophobicity, membrane affinity, and conformational flexibility of ClavA.*
Together with our findings, this gives us insight on the crucial role of Phe residues in the
antimicrobial activity of ClavA and why these residues are well conserved in clavanins (Figure
S37) . A potential future direction would be to investigate ClavA mutants involving Phe mutations
to other hydrophobic residues, such as isoleucine or tryptophan, and evaluate the effect on
membrane binding and insertion. Second, we would like to note that we have not observed the
ClavA models to be completely buried in the membrane. Charged residues are important for
membrane binding but it is believed that most charged residues will lose their charge as they enter
the low dielectric environment of the membrane interior.>* However, this feature cannot be well
captured in classical MD simulations due to the force field being a fixed charge model. Fluctuating
charge models, such as polarizable force fields for proteins and lipids or constant pH MD

simulations,®® can in principle be employed to overcome this limitation.
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In previous studies, the interaction of Zn(II) with the phospholipid 1-palmitoyl-2-oleoyl-sn-3-
glycero-phosphocholine (POPC) was shown to create Zn(II)-bridges between adjacent lipid
molecules that stabilize the gel phase of the bilayer.*® This bridge causes the POPC membrane to
be less compressible laterally.?® Interestingly, our simulations show an opposite behavior. The
lateral compressibility modulus of the membrane model decreases starting at a Zn(II):lipid ratio of
1:15, which indicates that the membranes can be deformed easier. This could be due to the
differences in the membrane composition. The larger size of choline headgroups relative to the
glycerol and ethanolamine could be a factor for this difference. On the other hand, our results agree
with an experimental study that shows an increase in membrane thickness in 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC).*” It has been observed that both Ca(Il) and Zn(II) binding
results in membrane thickening, but a critical concentration of Zn(II) swells the DPPC membrane
to a maximum thickness, with no further thickening at concentrations higher than the critical
concentration.?” Higher concentration of Ca(II) with respect to DPPC, on the other hand, results
into bilayer thinning.’” Another interesting observation is the ability of ClavA to decrease the
lateral compressibility modulus of the membrane model comparable to the 1:15 Zn(II):1ipid ratio,
but with decreased membrane thickness and increased area per lipid. This is a contributing factor
to the membrane penetration of the peptide as it attacks its target. Oddly, binding Zn(II) inhibits
this effect and this opens up further investigation as to how this happens. A possible implication
of this phenomenon is that once Zn(Il) has served its role of pulling the peptide closer to the
membrane, it will unbind from the peptide and interact with the anionic lipids, and this will prevent
the membrane from going into a less compressible state. To prove this, it must be shown first that

Zn(II) has greater affinity to anionic POPG than to ClavA.
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CONCLUSIONS

We present a domino-effect model on how Zn(II) facilitates ClavA membrane interactions that
could potentially contribute in the enhancement of antimicrobial activity (Scheme 1). First, Zn(II)
binding to ClavA increases the net positive charge in the C-terminal region of the peptide, driving
the peptide closer to the membrane, increasing the effective concentration and possibly causing
peptide localization on the cell membrane, as observed experimentally.* It is also possible that the
Zn(II) binds first to the membrane via electrostatic interactions with the anionic lipids, which
increases the affinity of the C-terminal region to the membrane due to the interactions of His17
and His21 with Zn(II). However, this latter phenomenon was not explored in our system. Once
ClavA is in contact with the membrane, the Phe residues start to penetrate the membrane. ClavA
will then have an increased probability of forming an a-helical conformation as the peptide
positions its polar residues along the polar headgroups and its nonpolar residues along the nonpolar
lipid tails. Zn(II) can then act to restrict conformational sampling and favor folding as well as act
as a peptide staple, stabilizing the helical conformation once formed. Once stable, Zn(II) can
unbind from the peptide, interact with the membrane, and cause an easier lateral deformation of
the membrane. This will increase the probability of having lipids spaced out away from each other,
such that ClavA can insert itself into the bilayer in a transmembrane state. We do not suggest that
all AMPs can take advantage of the lateral membrane-deforming effect brought by Zn(II) binding
to the membrane. For example, the antimicrobial activity of magainin 2, clavanin C, and the
anionic peptide maximin H5, do not get potentiated in the presence of Zn(II).>> 3 In contrast, the
AMP kappacin and an anionic hexapeptide from human amniotic fluid potentiate their activities

in the presence of Zn(II).* Interestingly, all AMPs we identified which have enhanced
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antimicrobial activity in the presence of Zn(II) contain the HXXXH motif, except for the ovine
pulmonary surfactant-associated anionic peptides (Figure S38).

We would like to emphasize that our studies have only examined single peptides and that larger
amounts of peptides and Zn(Il), likely lead to oligomerization. Alternatively, it has been suggested
that transmembrane organization does not happen for ClavA,*® and we will explore these
phenomena in future studies. Also, even though the simulation models present that the same Zn(II)
is bound to ClavA throughout the simulation, it is important to take note that Zn(II) binding is
dynamic. The binding dynamics is an advantage for this mechanism because Zn(II) will be able to
easily alternate roles of stabilizing helical conformations, driving ClavA to the membrane, and
modifying membrane properties. This study provides new data and also opens new questions to
the metalloAMP field to further understand the role of metal ions in metalloAMPs and how we
can utilize this knowledge in developing novel AMP-based therapeutics.

Scheme 1. Proposed domino-effect model for the role of Zn(Il) in the helical stability,
promoted membrane interaction of C-terminal region, and the role of Zn(Il) in greater

bilayer deformation.
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