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ABSTRACT: The amino-terminal-copper-and-nickel-binding (ATCUN) motif, a tripeptide
sequence ending with a histidine, confers important functions to proteins and peptides. Few
high-resolution studies have been performed on the ATCUN motifs of membrane-associated
proteins and peptides, limiting our understanding of how they stabilize Cu2+/Ni2+ in
membranes. Here, we leverage solid-state NMR to investigate metal-binding to piscidin-1
(P1), a host-defense peptide featuring F1F2H3 as its ATCUN motif. Bound to redox ions, P1
chemically and physically damages pathogenic cell membranes. We design 13C/15N correlation
experiments to detect and assign the deprotonated nitrogens produced and/or shifted by Ni2+-
binding. Occupying multiple chemical states in P1-apo, H3 and the neighboring H4 respond to
metalation by populating only the τ-tautomer. H3, as a proximal histidine, directly coordinates
the metal, compared to the distal H4. Density functional theory calculations reflect this
noncanonical arrangement and point toward cation−π interactions between the F1/F2/H4
aromatic rings and metal. These structural findings, which are relevant to other ATCUN-
containing membrane peptides, could help design new therapeutics and materials for use in the areas of drug-resistant bacteria,
neurological disorders, and biomedical imaging.

A broad range of vital biological processes depend on the
concerted actions of metal ions coordinated to peptides

and proteins.1−6 In this context, the amino-terminal-copper-
and-nickel-binding (ATCUN) motif has garnered much
interest due to its advantages as a framework to investigate
existing functions and engineer new ones.6−11 Advantageous
redox and nonredox functions of the ATCUN motif include its
ability to cleave/modify proteins, nucleic acids, and lipids,
sequester and transport metal ions, and act as a spectroscopic
probe and imaging agent.1,8−12 The ATCUN motif binds
Cu2+/Ni2+ via four nitrogens from a tripeptide sequence
ending with histidine, a ubiquitous metal chelator (Figure 1a).
It has been studied mostly in the context of water-soluble
proteins, with the main structural features obtained by applying
X-ray to model tripeptides.7−14 Thus, little is known about the
overall structural arrangement of the ATCUN motif in
membrane-bound peptides/proteins, limiting our knowledge
of how these overcome the energy cost of burying metal ions
in hydrophobic membranes, especially if they lack tertiary
structure to shield the metal ion. A possible source of
stabilization could be electron-rich rings from aromatic side
chains since they can both engage in favorable cation−π
interactions15−18 and facilitate the anchoring of membrane
proteins/peptides at the water−bilayer interface.19−23
Here, we leverage solid-state NMR to investigate metal

coordination to piscidin-1 (P1, FFHHIFRGIVHVGKTIHRL-
VTG), a membrane-binding ATCUN-containing host-defense
peptide (HDP) rich in aromatic residues.24,25 HDPs are
promising templates for the development of novel anti-
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Figure 1. DFT-optimized ATCUN motif of P1 bound to Ni2+. (a)
F1F2H3, the ATCUN motif at the N-terminus of P1, is shown.
Structurally, Cu2+/Ni2+-coordination occurs in a square planar
geometry, with bonding to four nitrogen ligands: three backbone
nitrogens and the Nδ1 of H3 (b) FFHHI, an extended ATCUN motif
within P1, is displayed. The four nitrogen ligands, including the H3
side chain, sit in the plane perpendicular to the figure. F1, F2, and H4
form a cluster of aromatic rings close enough to Ni2+ to interact via
cation−π interactions. Distances between Ni2+ and aromatic ring
centers appear in blue. The coloring scheme is carbon (black),
oxygens (red), nitrogen (blue), Ni2+ (green).
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infective therapeutics to fight antibiotic resistance and boost
immunity.26−33 Bound to Cu2+, P1 forms radicals that oxidize
unsaturated fatty acids in pathogenic cell membranes and
exhibits enhanced permeabilization and antimicrobial activ-
ity.34,35 We previously used oriented-sample solid-state NMR
on 15N-labeled P1-apo to solve its α-helical structure bound to
fluid lipid bilayers.36−45 However, structural analysis by solid-
state NMR is challenged by the intertwined physical and
chemical changes that metalation induces in the peptide.
Indeed, upon metalation, not only does the ATCUN motif
become planar, it also sheds multiple protons from its three
backbone nitrogen ligands, yielding nonprotonated amides at
positions 2 and 3 (Figure 1a). The fourth ligand, the Nδ1 of the
H3 side chain, is also nonprotonated in the liganded state
while it could be either protonated or deprotonated in the apo-
state depending on the pKa of the side chain. Being
nonprotonated in the holo-state, the Nα amides and Nδ1
could be hard to detect by standard 15N solid-state NMR
experiments since these rely on cross-polarization (CP) from
1H to enhance the sensitivity of nuclei like 15N that have low
gyromagnetic ratios.46,47 Being metalated, the Nα amides and
Nδ1 could experience significant resonance shifts compared to
their standard positions as nonprotonated sites, making
assignments difficult.48−50 Compounding these two challenges
is that H3 is juxtaposed with H4, which, as a histidine, could
interact with the metal, yielding a modified peptide−metal
coordination geometry.51−53 To identify which nitrogens of
H3 and possibly H4 interact with the metal, we develop herein
a new NMR experiment that selectively detects and assigns the
nonprotonated nitrogens produced and/or shifted by metal-
ation. It relies on magic angle spinning (MAS) to obtain two-
dimensional (2D) spectra from unoriented 13C/15N-labeled
samples. Combining the NMR data with density functional
theory (DFT) calculations, we probe beyond the four
predicted nitrogen ligands and unveil structural features of
P1 that promote metal binding and bilayer insertion. We reveal
a noncanonical arrangement of proximal (H3) and distal (H4)
histidines, both in the neutral τ-state, and point at the
stabilizing role that a cluster of aromatic residues (F1/F2/H4)
could play by mediating cation−π interactions with the metal.
Importantly, these findings are applicable to the structures and
functions of other ATCUN-containing membrane peptides
such as HDPs, amyloids, and neuropeptides that are important
to study for applications in the areas of drug-resistant bacteria,
neurological disorders, and biomedical imaging.
Figure 2a,b shows the one-dimensional (1D) 15N MAS

spectra collected on P1 and P1-Ni2+ 13C/15N-labeled at H3. To
metalate P1 at pH 7.4, we used diamagnetic Ni2+. This avoids
the complications associated with Cu2+, which is paramagnetic
and can induce signal broadening and decreased sensitivity for
nearby nuclei.12 These data were obtained using different CP
conditions to assess whether nonprotonated nitrogens could be
efficiently detected under conventional CP-MAS. CP efficiency
highly depends on the strength of 1H−15N dipolar couplings.
Due to longer 15N/1H distances, nonprotonated nitrogens
exhibit much weaker dipolar couplings than protonated
nitrogens. Thus, one would expect that using a longer CP
contact time (CT) will improve their signals, but the impact of
metalation is hard to predict.
In terms of assigning signals in Figure 2a,b as previously

determined for proteins, 15N signals near 120 ppm belong to
Nα backbone nitrogens while the imidazole nitrogens resonate
near ∼250 ppm if they are nonprotonated or in the range of

150−190 ppm when protonated.54−56 Given the data in Figure
2a,b, the 15N H3-Nα signal of P1 is significantly weakened in
the presence of Ni2+, consistent with the prediction that it loses
its bonded proton to chelate Ni2+. Interestingly, a longer CT
does not improve the intensity of this nonprotonated Nα.
However, it greatly decreases the signals from the imidazole
nitrogens near 170 ppm. This effect, which occurs whether the
peptide is metalated or not, is stronger for the holo-state,
suggesting that the 1H T1ρ shortens significantly upon Ni2+-
binding. This may be due to experimental conditions
associated with solid-state NMR (e.g., similar spin temperature
and T1/T1ρ for all protons in metalated samples due to fast
spin diffusion and spinning speeds not fast enough to average
1H−1H dipolar couplings).57 The lack of 15N-imidazole peaks
above 200 ppm shows that both imidazole nitrogens of H3 are
protonated in P1-apo, and thus H3 is charged (biprotonated
state). In the case of P1-Ni2+ (Figure 2b), the resonances of
the imidazole mirror that of the apo-state, but concluding that
H3 is charged in the holo-state contradicts the expectation that
it is neutral (τ-state) and binds the metal using the
nonprotonated 15Nδ1 (Figure 1a). This led us to hypothesize
that Ni2+ shifts the resonance of the nonprotonated and
liganded 15Nδ1, inadvertently placing it in the region usually
reserved for protonated imidazole nitrogens in metal-free
proteins. Next, we used 2D experiments with the aim of
assigning the protonation states of the Nδ1/Nε2 imidazole
nitrogens and determining whether H3 is neutral and bound to
Ni2+.
As a first step to assigning the signals of H3 in P1-Ni2+, we

performed the z-filtered transferred-echo-double-resonance

Figure 2. 1D and 2D spectra for 15N/13C-labeled H3-P1 in the apo-
state and holo-state (Ni2+-bound). The peptide was first detected by
15N CP/MAS in the apo-state (a) and holo-state (b) using the
indicated contact times (CTs). Next, the 2D 15N−13C z-filtered
TEDOR correlation spectroscopy was applied to the apo-state (c) and
holo-state (d). The pulse sequence is displayed in Figure S1.
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(TEDOR) pulse sequence shown in Figure S1.56,58 Advanta-
geously, this experiment indirectly detects 15N through 13C.
This improves sensitivity in two ways. First, 13C is more
sensitive than 15N due to its higher gyromagnetic ratio. Second,
in contrast to conventional 2D 15N−13C correlation experi-
ments,48−50 this scheme directly cross-polarizes 13C rather than
15N. Thus, even if nonprotonated, 15N sites bound to 13C can
be indirectly observed via 13C. Figure S2 displays the z-filtered
TEDOR data collected on the isolated amino acid histidine. All
peaks can be assigned as well as the chemical states (i.e.,
charged vs neutral form, π- vs τ-tautomer) adopted by the
histidine side chain.
Figure 2c,d shows the spectra obtained when the z-filtered

TEDOR sequence is performed on 13C/15N-labeled H3-P1 in
the apo- and holo-states. As for the 15N 1D CP-MAS data, the
apo- and holo-states are highly similar and confirm that the H3
side chain of P1-apo is charged. For P1-Ni2+, in contrast to the
1D spectrum (Figure 2b), the 2D TEDOR (Figure 2d)
exhibits an intense 15N/13C crosspeak at (∼120, ∼55) ppm for
H3-Nα. This confirms the sensitivity enhancement of this
experiment for nonprotonated Nα nitrogens, as previously
reported.56,58,59 However, these data are inadequate to assign
the protonation state of the Nδ1/Nε2.
We similarly collected z-filtered TEDOR data on 13C/15N-

labeled H4-P1 in the apo- and holo-states (Ni2+ bound)
(Figure S3). The H4 side chain in P1-apo shows the
deprotonated 15N signals at ∼250 ppm for the neutral state.
It likely populates both neutral states, the τ- and π-tautomers,
since two crosspeaks exist near 250 ppm (Figure S3a). Upon
Ni2+-binding, a single, sharp crosspeak remains at (∼250,
∼138) ppm (Figure S3b). Given this resonance pattern, H4
stabilizes into the τ-state in P1-holo (the π-state would require
a resonance near (250, 120) ppm for the Cδ2,

60 but such signal
is lacking). The resonances in Figure S3b are annotated
accordingly.
The finding that in P1-holo, H4, the side chain neighboring

H3, boasts the spectral features associated with the neutral τ-
state while H3 lacks them begs the question that H4 could play
a direct role in coordinating the metal ion. However, this is
unlikely since the 15N resonances for H4 in the τ-state do not
shift upon metal-coordination to P1. Instead, the aforemen-
tioned hypothesis that Ni2+-binding to the H3 side chain
results in a major upfield chemical shift change is more
probable. To verify this hypothesis, which requires showing
that the Nδ1 of H3 is nonprotonated and liganded in P1-holo,
we developed a new NMR experiment.
The new NMR pulse sequence designed for this work is

presented in Figure S1. It is novel in two ways: (i) it is selective
to nonprotonated 15N sites; (ii) it adds to the z-filter of the
TEDOR experiment a dipolar recoupling scheme selected to
achieve efficient dipolar recoupling. More specifically, it relies
on a transverse relaxation T2-dephasing period to recouple
15N−1H dipolar couplings and uses the rotary resonance
condition61,62 over other schemes63−68 to maximize the
difference between the protonated and nonprotonated nitro-
gen sites. Additional details about the setup of this experiment
and its performance on the amino acid histidine are given in
the Supporting Information.
Figure 3a shows the z-filtered T2-dephased TEDOR

15N−13C correlation spectrum for 13C/15N-labeled H3-P1-
Ni2+. The crosspeak at (118.9, 54.8) ppm can readily be
assigned to the Cα−Nα correlation. Compared to Figure 2d,

the 15N/13C crosspeak at (170.7, 114.9) ppm is completely
gone and thus belongs to a protonated imidazole 15N. In
contrast, the resonances at (172.1, 137.5) ppm and (172.4,
133.3) ppm remain, indicating that they are associated with a
nonprotonated imidazole 15N. Thus, the H3 side chain in P1-
holo is neutral even though its 15N signals resonate below 200
ppm. Like H4 in P1-Ni2+ (Figure S3b), the carbon resonance
pattern for H3 is characteristic of the τ-state. The spectrum in
Figure 3c is annotated accordingly.
Importantly, the spectral similarities exhibited by H3 in P1

and P1-Ni2+ conceal the chemical changes occurring at the Nδ1.
While it resonates near 170 ppm whether Ni2+ is present or
not, it is protonated in the former and nonprotonated in the
latter. Under metal-free conditions, the nonprotonated state
resonates near 250 ppm.54−56 Thus, the single act of adding
Ni2+ to P1 induces an 80 ppm upfield shift of the H3-Nδ1
resonance compared to its standard position. This remarkable
chemical shift perturbation (CSP) is not observed for the H4-
Nδ1. This clearly establishes the H3-Nδ1 as the imidazole
nitrogen that chelates Ni2+ in P1 and confirms the hypothesis
stated above. Notably, Figure 3 shows that the compensatory
CSP effects induced by simultaneous metalation and
deprotonation apply to not only the H3-Nδ1 but also the
H3-Nα. The assignment issues resulting from the loss of
chemical shift dispersion between protonated and non-
protonated underscore the value of the T2-dephased TEDOR
to decrowd the NMR data. To our knowledge, Figure 3c
provides the first assigned 2D 13C/15N correlation spectrum
for a metal−liganded histidine in an ATCUN-peptide.
Structurally, it establishes the tautomeric state of the side
chain, the identity of the chelating imidazole nitrogen, and the
coordination geometry of the metal-binding motif within the
peptide.
Next, we investigated the peptide simultaneously bound to

the metal ion and hydrated lipid bilayers. Figures S4−S6

Figure 3. 15N−13C correlation spectra for selective detection of
nonprotonated nitrogens in 15N/13C-labeled H3-P1-Ni2+. (a) The z-
filtered TEDOR pulse sequence was modified with a T2-dephasing
period of 1.125 ms to selectively detect the nonprotonated 15N sites.
(b) The imidazole region from (a) is enlarged. (c) The corresponding
region from the z-filtered TEDOR experiment (Figure 2d) shows
signals from both the protonated and nonprotonated nitrogens.
Comparison of the spectra selective (b) and nonselective (c) to
nonprotonated nitrogens makes the indicated assignments possible.
The loss of chemical shift dispersion between protonated and
nonprotonated nitrogen sites in the holo-state is discussed in the main
text and Supporting Information.
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compare the spectra obtained for the 15N/13C-labeled H3-P1
and H4-P1 peptides (Figure 2a,b) to those acquired when the
peptides are metalated and bound to lipids. Due to the dilution
of the peptide by the lipid and water, more scans were
collected than for the powder form. Despite this lower
sensitivity, the same spectral features (e.g., resonance
positions) apply whether the lipids are present or not.
Strikingly, metalation of the peptides with paramagnetic Cu2+

dramatically knocks out the signal of the H3 side chain while
this effect does not apply to H4. Thus, the lipid-containing
samples yield 1D data that agree completely with that obtained
for the powder form of P1, namely, that only H3 is directly
interacting with the metal ion and that the deprotonated
nitrogen coordinating the metal resonates in the same region
as the biprotonated state of the apo-form. The 2D data
obtained on 13C/15N-labeled H3-P1-apo also agree between
the lipid-bound state (Figure S6) and powder form (Figure 2).
A salient feature emerging from comparing the 2D spectra

for the apo- and holo-states of P1 is the sharpening of
resonances that persists once the peptide becomes metalated
(Figure 2 and Figure S3). This occurs for both H3 and H4,
suggesting that their conformations become more narrowly
defined upon metal binding. This would certainly be the case
for H3 given the fact that the side chain is directly engaged in
forming the planar coordination geometry for the metal. H3
clearly acts as a proximal histidine for the metal ion. Since H4
also appears to be more organized upon Ni2+-binding, this
result indicates that this aromatic residue, characterized as a
distal histidine in comparison to the proximal H3, could play a
stabilizing role in P1-holo in terms of both metal binding and
bilayer insertion. Next, we used DFT to further explore this
interesting arrangement of proximal and distal histidines,
designating it as noncanonical compared to the canonical
arrangement epitomized by heme-containing proteins.
DFT has frequently been leveraged to determine NMR

properties of histidine-containing peptides48,69,70 and elucidate
details of histidine-metal interactions71 including in the context
of the ATCUN motif.72−74 Here, we performed DFT
calculations on F1F2H3, the ATCUN motif of P1. Before
using DFT to investigate side chains beyond H3 that may be
involved in P1-Ni2+ interactions, we verified that the
methodology could accurately predict the 13C/15N chemical
shifts observed experimentally for the biprotonated form and τ-

state of H3 in P1-apo and P1-holo, respectively. The chemical
shifts for these two states are listed in Table S1, while Table S2
provides those for the doubly deprotonated form and π-state.
Regarding the biprotonated state observed for the apo-state,
DFT correctly predicts that protonated imidazole nitrogens
resonate below 200 ppm. For the holo-state with H3 in the τ-
state, DFT accurately projects that the nonprotonated,
liganded Nδ1 resonates near 170 ppm. As explained in the
Supporting Information, the shifts predicted for the other three
protonation state of metalated H3 are not consistent with the
experimental data.
Having benchmarked our DFT calculations on FFH-apo/

holo, we then simulated the pentapeptide FFHHI-Ni2+. The
goal was to scrutinize how side chains besides the metal-
coordinating H3 could contribute to stabilizing the metal ion.
H4 was included given its electron-rich aromatic structure and
the experimental result that its side chain conformation
becomes better defined in the holo-state. The fifth residue
was appended to allow the peptide to develop α-helical content
beyond the ATCUN motif. The energetically most favored
structure (Figure 1b) features H3 as the direct metal−ligand,
while H4 lies ∼6 Å below the coordination plane, next to and
coplanar with F1. Thus, the DFT-optimized structure reflects
the NMR result that H3 and H4 act as a noncanonical pair of
proximal and distal histidines. Interestingly, DFT predicts that
F1, F2, and H4 form a cluster of aromatic rings in close
proximity to Ni2+, especially in the case of F1 and F2. They sit
within 6 Å of the metal ion, making them good candidates for
significant cation−π interactions.17 For F2, which lies above
the coordination plane, the distance is only 4.40 Å, in the range
previously found to produce strong cation−π interactions.15

Overall, this arrangement of rings in P1 could be stabilizing to
the metal, especially considering the bilayer environment
where the peptide acts biologically.
In examining whether the cation−π interactions identified in

P1 constitute a biophysical characteristic that could be relevant
to the structures and functions of other biologically important
peptides, we note a broad range of peptide classes that like P1
exhibit the following three traits: (i) demonstrated ability to
coordinate Cu2+/Ni2+ via an ATCUN-motif; (ii) N-terminal
regions rich in aromatic residues; (iii) documented interactions
with membranes. Table 1 features members from the most
notable families, spanning anti-infective HDPs,34,75,76 amyloid

Table 1. Selected ATCUN-Containing Membrane-Interacting Peptides That Bind Ni2+/Cu2+ and Have Amino Terminal
Regions Enriched in Aromatic Residues (Highlighted in Bold)a

name sequence ref

Host Defense Peptides (HDPs)
piscidin 1 (hybrid striped bass) FFHHIFRGIVHVGKTIHRLVTG 24,25, 34, 35
piscidin 3 (hybrid striped bass) FIHHIFRGIVHAGRSIGRFLTG 24, 25, 34, 35
piscidin 4 (tilapia) FIHHIIGGLFSAGKAIHRLIRRRRR 97
gaduscidin (Atlantic cod) FIHHIIGWISHGVRAIHRAIHG 98
hepcidin-25 (human) DTHFPICIFCCGCCHRSKCGMCCKT 99
histatin-8 (human) KFHEKHHSHRGY 100

β-Amyloid Peptides
Aβ4−42 FRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA 85, 93
Aβ11−23 EVHHQKLVFFAED 89

Neuropeptides
neuromedin C GNHWAVGHLM 12, 95
YYH-octreotide YYH-FCFWKTCTb 96

aAdditional ATCUN-containing HDPs are listed in Table S3. bD-Residues are present at positions 1 and 4 of octreotide. The YYH motif was added
to the neuropeptide for PET imaging with 64Cu.
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peptides involved in neurological disorders,49,50,77−79 and
neuropeptides essential to neural function.12,15 The HDP
category includes other piscidins such as P3 and
TP4.34,35,43,74,80 Notably, H4 is highly conserved in the
piscidin family. So is a phenylalanine at position 1 and/or
position 2.27,81 Histatins from human saliva are among the
most widely known ATCUN-containing host defense metal-
lopeptides. Several members such as histatin-8 contain
aromatic rich amino-terminal regions.82−84 Given their high
biocompatibility, histatins have been considered for a wide
range of biomedical applications, including oral rinses to fight
periodontal diseases and antimicrobial treatments to treat
chronic lung infections at a lower risk of resistance than with
conventional antibiotics.84 Next, Table 1 features amyloid Aβ
derivatives that are involved in the pathology of Alzheimer’s
disease (AD). The full length Aβ1−42 peptide and some of its
truncated forms can bind to two Cu2+ ions using non-ATCUN
binding sites, enabling them to form damaging radicals.85−88

Their metalation state and aromatic content modulate their
ability to aggregate into oligomers that are membrane
disruptive and toxic.88−92 Removal of the first three residues
from Aβ1−42 generates the ATCUN-containing fragment
Aβ4−42, one of the most abundant Aβ species in the human
brain.85,93 In the aggregated state, Aβ4−42 induces neuron
loss.93 However, tightly bound to Cu2+, its redox-silent
ATCUN motif FRH stabilizes the ion and prevents it from
forming radicals.85 This has led to the notion that Aβ4−42 could
play a protective role by scavenging Cu2+ in synapses.85

Investigations are ongoing regarding the use of ATCUN
peptides as Cu2+-chelating therapeutics for AD.94 Finally,
neuropeptides are listed in Table 1. In the case of neuromedin
C, metalation of its ATCUN motif alters its structure, which is
expected to impact its membrane and receptor interactions and
thus its role in neurotransmission.12,95 Spectroscopic studies of
metalated neuromedin C point at possible cation−π
interactions involving a tryptophan at position 4.15 YYH-
octreotide is an analog of the membrane-binding neuropeptide
somatostatin whose receptors are overexpressed in several
types of tumors. Via its redox-silent YYH ACTUN motif, it
binds very stably to the radionuclide 64Cu, making it an
excellent agent to image tumors via positron emission
tomography (PET).96 Using bulky residues at positions 1
and 2 of the ATCUN motif helped stabilize the holo-state for
in vivo applications. Overall, the broader implication emerging
from these examples is that cation−π interactions could
represent a structural feature applicable to a broad range of
ATCUN-containing membrane peptides. An intriguing con-
sideration for future studies of these peptides would be to
investigate whether cation−π interactions influence the
strength of their binding affinity to Cu2+ and redox capability.
Conclusion. To our knowledge, this thorough investigation of

H3 and H4 in P1 and P1-Ni2+ demonstrates for the first time
that H3 and H4 behave as a noncanonical pair of proximal and
distal histidines. DFT identifies a model where the aromatic
rings of F1, F2, and H4 are within reach of the metal ion to
establish favorable cation−π interactions. Overall, these
structural studies help explain how P1, a peptide lacking
tertiary structure, inserts metal ions into bilayers, leading to
chemical and physical damage and enhanced membrane and
antimicrobial activity.34,35 The stabilizing role of aromatic side
chains in metalated membrane peptides has relevance to other
aromatic-rich, ATCUN-containing peptides that act at bio-
logical membranes. These include a wide range of HDPs,

amyloid peptides, and neuropeptides. The biophysical and
structural principles learned from this study could help design
novel compounds optimized for a wide variety of biochemical,
biophysical, and biomedical applications. This is timely given
that the field of peptide-based therapeutics and biomedical
materials is expanding to meet urgent needs in the areas of
drug-resistant pathogens, neurological disorders, and biomed-
ical imaging.
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