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The discovery of AMPs has brought tremendous promise and opportunities to overcome
the prevalence of bacterial resistance to commonly used antibiotics. However, their widespread
use and translation into clinical application is hampered by the moderate to severe hemolytic
activity and cytotoxicity. Here we presented and validated a supramolecular platform for the
construction of hemo- and cytocompatible AMP-based nanomaterials, termed Self-Assembling
Antimicrobial Nanofibers (SAANs). SAANSs, the “nucleus” of our antimicrobial therapeutic
platform, are supramolecular assemblies of de novo designed AMPs that undergo programmed
self-assembly into nanostructured fibers to “punch holes” in the bacterial membrane, thus killing
the bacterial pathogen. In this study, we performed solid-state NMR spectroscopy showing
predominant antiparallel 3-sheet assemblies rather than monomers to interact with liposomes. We
investigated the mode of antimicrobial action of SAANs using transmission electron microscopy
and provided compelling microscopic evidence that self-assembled nanofibers were physically in
contact with bacterial cells causing local membrane deformation and rupture. While effectively
killing bacteria, SAANs, owing to their nanoparticulate nature, were found to cross mammalian
cell membranes harmlessly with greatly reduced membrane accumulation and possess exceptional
cytocompatibility and hemocompatibility compared to natural AMPs. Through these systematic
investigations, we expect to establish this new paradigm for the customized design of SAANS that
will provide exquisite, tunable control of both bactericidal activity and cytocompatibility and can

potentially overcome the drawbacks of traditional AMPs.
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Bacterial resistance to conventional antibiotics has become a major threat to public health
and ~$20 billion in direct medical costs are associated with treatment of antibiotic-resistant
infections in the United States each year.!* Most small molecule antibiotics function by
penetrating bacteria and acting on specific molecular targets within the pathogen. The ability of
bacteria to adapt and evolve their intracellular molecular components, essentially mutating them
to circumvent conventional antibiotic treatment, comprises a fundamental strategy underlying
development of drug resistance.*® Overuse of the existing antibiotic pipeline has worsened the
problem, and as a result, there is an urgent need to develop new types of antimicrobial agents to
combat the ever-increasing emergence of multidrug resistant (MDR) bacterial infections.

Host defense peptides (HDPs), also known as antimicrobial peptides (AMPs) are promising
candidates that show different mechanisms of action against bacteria.”” AMPs are designed to
form amphiphilic structures where hydrophobic and hydrophilic residues segregate to form a
binary pattern that interacts with the negatively charged bacterial membrane. The insertion of
AMPs into the hydrophobic domain of the lipid membrane leads to membrane pore formation,
leakage of cytoplasmic contents and eventually cell death.” ! Compared to small molecule
antibiotics, AMPs may be less prone to drive the development of antibiotic-resistance since genetic
modification of the cell membrane, which AMPs target, is more difficult. Indeed, it has been
proven that AMPs can overcome the problem of bacterial resistance.!>!* Moreover, most AMPs
demonstrate broad-spectrum antimicrobial activities owing to their non-specific targeting of cell
membranes.'>!” The AMP structure has inspired the design and synthesis of various antimicrobial
polymers as AMP mimetics.'®?! In particular, a library of quasi-block copolymers was exquisitely
demonstrated that showed highly tunable and sequence-controlled antimicrobial and hemolytic

activity as commonly observed in natural AMPs.?



Although AMPs are considered promising alternatives to conventional antibiotics, their
widespread use and translation into clinical application is hampered by several intrinsic limitations,
including their susceptibility to proteases, short half-lives in circulation, and severe toxicity
towards host cells.?*?” Further advancement of the AMP field would greatly benefit from a rational
and generic design strategy to overcome AMPs’ own intrinsic structural limitations and boost their
therapeutic potential.

To enhance AMP-based antimicrobial materials design and potentially overcome the
drawbacks of traditional AMPs, peptide assembly has been explored as an effective strategy to
fabricate antimicrobial nanomaterials with improved stability and activities. Self-assembled
peptide-based bulk hydrogels have been successfully developed by the Schneidar group and
several others, which show great promise as injectable tissue scaffolds with intrinsic antimicrobial
activities and/or wound dressing.?®*? For solution self-assembly, the Yang group demonstrated a
micellar assembly of cholesterol-functionalized cell penetrating peptides that can cross the blood-
brain barrier and suppress bacterial growth in infected brains.** The Tirrell group designed AMP-
fatty acid conjugates and systematically studied their chain-length dependent antimicrobial
activity.>* Most recently, the Gazit group developed a minimalist dipeptide antimicrobial platform
and extensively studied the mechanism of the antimicrobial activity of self-assembled peptide
nanostructures.®® In addition to peptides, the Boyer and Wong groups reported a novel single chain
antimicrobial polymer driven by intrachain folding of a block copolymer that showed high
therapeutic indices and good biocompatibility.*® These studies provide important insights into the
fundamental relationship between self-assembly and antimicrobial activity and laid foundation for

the emerging area of self-assembled antimicrobial peptides.



Inspired by natural AMP and solution peptide assembly, we recently developed a family
of cytocompatible self-assembling antimicrobial nanofibers (SAANs) based on the supramolecular
assembly of de novo designed multidomain peptides (MDPs).>!> 3738 MDPs have a general formula
of WKx(QL)yK; (amino acid single code letter K: Lysine, Q: Glutamine, L: Leucine, W:
Tryptophan) where x, y, z represents the number of the repeating units of each block. Nanofibers
are driven by the intermolecular hydrogen bonding and hydrophobic interactions among the (QL)
repeating units and their morphology is tuned by the balance of the attractive interaction between
the (QL) repeating units and the electrostatic repulsion among the lysine residues. Because of their
amphiphilic and cationic nature, these nanofibers were found to display a broad-spectrum
antimicrobial activity while having greatly reduced cytotoxicity compared to some of the natural
monomeric AMPs.?’

Our central hypothesis is that self-assembly is the key to SAANs’ improved
cytocompability and bacterial cell selectivity. SAANs differ from conventional monomeric AMPs
in that their hydrophobic residues are only partially exposed to the aqueous medium to interact
with the hydrophobic domain of the lipid membrane, which could allow control of cell selectivity
of SAANSs between bacteria and mammalian cells.****! In this work, to test the hypothesis and
further understand the interplay between self-assembly, antimicrobial activity and
cytocompatibility, we performed a detailed spectroscopic and microscopic characterization of
SAAN:S in the context of bacterial cells and phospholipids (to mimic cell membranes). Using solid-
state nuclear magnetic resonance (ssNMR) spectroscopy we confirmed the formation of
antiparallel PB-sheet assemblies of SAANs when in contact with phospholipid bilayers. We
demonstrated that local structural flexibility of the terminal leucine residues played important roles

in mediating the relative mobility of the peptide subunits within the nanofiber and their



accessibility to interact with the cell membrane. More importantly, the nanofiber-bacteria
interaction was directly visualized by TEM showing local membrane damage induced by the
nanofiber. These results offered critical structural insights into SAANSs and their interaction with
the bacterial cell membrane, and greatly improve our fundamental understanding of the
mechanistic origin of SAANs’ antimicrobial action. We also believe these systematic structural
investigations will help further validate the self-assembling platform which can be potentially used
for the re-engineering or ‘re-formatting” of thousands of other natural and synthetic AMPs, thus
greatly boosting their therapeutic potential and leveraging investments made by others to combat

the expansion of antibiotic resistant pathogens.

RESULTS AND DISCUSSION

Our previous studies showed that MDPs with a proper balance of (QL) repeating units and
lysine residues can be formulated into SAANs with tunable cytocompatibility and antimicrobial
activity.’” Although the semi-rationale design method based on site-specific residue mutation
provided some progress for activity optimization, the mechanistic origin of their antimicrobial
activity and mode of membrane interaction remain largely unknown. From materials design point
of view, several key questions need to be addressed in order to fully validate this nanostructured
platform for antimicrobial therapy and help achieve our overarching goal, namely, SAANs can
overcome the intrinsic structural limitations of traditional monomeric AMPs and represent a safer
therapeutic delivery modality. These fundamental questions include (1) whether MDPs are
assembled when in contact with lipid membranes; (2) how self-assembled peptides interact with
and kill bacteria; (3) which critical structural components govern the antimicrobial activity of
SAANSs; and (4) what is the mechanism for bacterial cell selectivity of action. To address these

questions, we chose a MDP that self-assembled into SAANs demonstrating the most potent



antimicrobial activity based on the in vitro MIC screening tests. The peptide building block, termed
D-W362 (sequence: ‘WIK3(QL)¢*K> in which ‘W and K refer to D amino acids of W and K)
consists of mixed L and D amino acids with a central (QL)s domain in the L-form flanked by D-
lysine residues at both termini. Figure 1a shows the chemical structure of the building block and

its self-assembly into supramolecular nanofibers.

Figure 1. (a) Chemical structure of D-W362 featuring a central B-sheet forming domain of (QL)s
repeating units (green) and flanking charged lysine residues (red) at the termini and its self-
assembly into supramolecular peptide nanofiber. (b) CAC determination by measuring the
fluorescence intensity of tryptophan as a function of peptide concentration in Tris buffer (20 mM,
pH 7.4). (¢) Negatively stained TEM of D-W362 (100 uM in Tris buffer) showing nanofiber
formation. (d) Length and length distribution of SAANs formed by D-W362. The result is based
on the measurements of 238 nanofibers randomly selected from multiple images.

The ability of D-W362 to assemble was first investigated by critical assembly
concentration (CAC) measurement which has been commonly used to evaluate the relative
thermodynamic stability of amphiphilic self-assemblies.*> D-W362 contains a tryptophan residue
which can be used as an intrinsic fluorescence probe to sense the change of polarity around its
local environmental as a result of self-assembly.* Peptide stock solution was prepared by

dissolving lyophilized peptide powder in Tris buffer (20 mM, pH=7.4) to reach a final



concentration at 800 uM and left at 4°C for at least two weeks to drive the equilibrium toward the
assembled state. For the CAC measurement, the stock solution was diluted to 160 uM and added
in proportions of 2 puL each time into 200 pL of Tris buffer to cover a concentration range from
1.6 to 14.5 uM. CACs were determined based on the fluorescence intensity change of tryptophan
as a function of peptide concentration (Figure SI-2). At the CAC, fluorescence quenching occurs
leading to a deviation of the linear relationship between concentration and intensity. As shown in
Figure 1b, a non-linear relationship was observed suggesting the formation of higher ordered
assemblies with concentration increases and the CAC was determined to be 7.3 pM. The
morphology of self-assembled peptides was visualized by TEM showing nanofibers with an
average diameter of ~5 nm and length of ~25 nm (Figure 1c¢). Our previous study suggested a
sandwich-like bilayer B-sheet assembly where the leucine residues are buried in the interior and
lysine residuals are displayed at the fiber-solvent interface to form a high density of charged
surface to interact with the cell membrane.’” *4° As established in our previous work,*® the
nanofiber consists of a double layer of B-sheet packing. The numbers of individual peptides within
the nanofiber can be estimated based on the length of a single nanofiber and the spacing between
the peptide chains along the fiber long axis which is 4.7 A as determined by X-ray diffraction for
a typical anti-parallel B-sheet secondary structure. Therefore, the total numbers of peptide chains,
1.e. the numbers of -strands in a single fiber to interact with bacteria can be calculated using the
formula of (the length of nanofiber in nm /0.47 nm) x 2. Because the nanofiber length is
heterogeneous, we will use the average length to calculate the numbers of peptides averaged each

nanofiber. Given an average length of 45 nm, we estimate ~ 191 peptide chains within a single

fiber.



Gram-negative bacteria are generally more dangerous and much harder to kill than Gram-
positive bacterial strains due to the presence of a double membrane surrounding bacterial cells.*®-
* Therefore, the development of new antimicrobial agents/materials is urgently needed due to the
increasing numbers of Gram-negative bacteria that are not responsive to conventional
antimicrobial treatments. The antimicrobial activity of D-W362 was evaluated against E. coli by
co-incubating peptides with bacteria (100 puL of 1 x 10° CFU/mL) for 18 hrs. The MICs were
defined as the minimum peptide concentration at which bacterial growth was completely inhibited
and can be estimated by UV absorbance of the bacterial cell culture treated with peptides at
different concentrations (2.5 uM to 80 uM). The peptide stock solution prepared for the MIC
determination was centrifuged off using a centrifugal filter with a molecular weight cutoff at 30
kDa to remove any residual monomers and oligomers that co-exist with the large assemblies. Using
a two-fold serial micro-broth dilution method, the MIC of D-W362 against E. coli was determined
to be 20 uM against E. coli, which is higher than its CAC, suggesting self-assembled peptides,
rather than monomers, kill the bacteria. The MICs of SAANs were constant after 10 passages of
the bacterial culture which was treated with the peptide at half of its MIC value each time while
the MIC of penicillin V was dramatically increased (Figure 2). This suggests that SAANs like

most conventional AMPs, do not induce drug resistance in E. coli.
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Figure 2. Change of MICs of SAANs and penicillin V against E. coli after 10 passages.



The mechanism of antimicrobial activity of SAANs was investigated by confocal laser scanning
microscopy (CLSM) and scanning electron microscopy (SEM). Figure SI-3 shows the results of
a live-dead assay wherein E. coli cells were incubated with SYTO 9 and Propidium Iodide (PI) in
the presence of D-W362 (20 uM) for 60 mins. Live bacteria are indicated by green fluorescence
and dead cells by red fluorescence. A significant fraction of E. coli cells fluoresced red due to the
increased membrane permeability of PI in the presence SAANs that targeted the bacterial
membrane. Uptake of rhodamine-dextran (70 kDa) by E. coli cells was also observed after 10 mins
of incubation in the presence of D-W362 at 20 uM (Figure 3). Extended incubation led to
enhanced fluorescence as more dextran was taken up by cells. Collectively, these results suggest
SAANSs’ antimicrobial mechanism is to target the bacterial membrane, leading to pore formation,

membrane lysis and eventually cell death.

RhB-Dextran Bright Merge

30 min 10 min 0 min

60 min

Figure 3. Confocal microscopic images of E. coli incubated with rhodamine-labeled dextran (250
mg/L) in the presence of SAANs (20 uM) for 0 min, 10 min, 30 min and 60 min. Left panel:
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fluorescence images of rodamine-dextran. Middle panel: bright field images of bacterial cells;
Right panel: merged images. Scale bar: 20 um.

SEM was used to visualize any morphological changes induced in bacteria by exposure to
SAAN:S. In stark contrast to untreated bacteria (Figure 4a), those incubated with the assembled
peptide show significant membrane damage (Figure 4b), suggesting the mode of action is through
bacterial membrane disruption. SEM samples underwent several rounds of ethanol dehydration
which may potentially degrade peptide nanofibers. To observe both peptides and bacterial cells
and understand their physical interaction, we performed negatively stained TEM experiments
where peptide-treated bacteria were directly deposited onto a copper grid without further treatment.
TEM images shown in Figure 4¢ (c1 and c¢2 are high-res images of the nanofibers on the bacterial
membrane) confirmed that SAANSs directly damage the bacterial cell membrane. TEM of peptide-
treated bacteria provided compelling evidence that nanofibers were physically in contact with
bacterial cells causing local membrane deformation and rupture, as compared to the control
bacterial cells showing relatively more compact and smoother membrane layers (Figure SI-4). To
note, TEM experiments were performed multiple times to ensure the images collected were
representatives of samples from different cultures to avoid biased results and inaccurate
interpretation. Direct visualization of the physical contact between bacterial membrane and
nanofibers firmly supports our central hypothesis about the bactericidal activity of SAANs and

their mode of action.
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Figure 4. (a) SEM images of control bacteria cells without peptides and (b) upon incubation with
D-W362 showing membrane disruption and hole formation. Negatively stained TEM of control
bacterial cells without peptide treatment. (¢) Bacteria upon incubation with 40 uM of D-W362
showing membrane deformation and rupture. Enlarged images (c1 and ¢2) showed direct contacts
between SAANSs and bacterial cells.

The physical interaction between the nanofibers and bacteria was further explored using
fluorescence microscopy and proven to be important inbacterial membrane disruption and cell
death. This is supported by the observation that co-localization of FITC-labeled nanofibers and
dead bacteria as stained with PI was found on a larger fraction of E. coli upon peptide treatment.
As shown in Figure SI-5, 244 bacteria were randomly selected for statistical measurements of the
FITC and PI intensity. The autofluorescence intensity of the FITC and PI channel is 500 and 200
for the particular setting used in the experiment. Two defined zones are identified with zone 1
showing the bacteria with only PI staining and zone 2 showing co-localized nanofibers interacting

with dead bacteria. Based on the statistical measurement, ~ 85% of dead bacterial cells are attached

by nanofibers indicating the important role of physical interaction to cause membrane disruption
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and bacterial death. Notably, there are small fractions (~ 15%) of dead cells without peptide
attachment, suggesting different mechanisms by which bacteria are killed.

The hemocompatiblity of SAANs was evaluated by incubating human red blood cells
(RBCs) with D-W362 at different concentrations for 1 hr and released hemoglobin was measured
by UV spectroscopy (Figure SI-6 and Table S1). Within the tested peptide concentrations up to
320 uM (16 times of the MIC) less than 3% of hemolysis was observed with SAANs-treated RBCs
compared to the positive control group of RBCs treated with Triton-100, suggesting excellent
hemocompatibility and bacterial cell selectivity. More impressively, SAANs were found to
harmlessly cross mammalian cell membranes suggesting a greatly reduced capacity to accumulate
in the plasma membrane. CLSM was used to identify the cellular localization of FITC-labelled
SAANs upon incubation with Bone Marrow Derived Monocytes (BMDMSs). The majority of
SAANs (shown in green) were found inside BMDMs with minimal staining of the plasma
membrane, which remained intact as identified with Texas Red-labelled CD11b (shown in red)
after 24 hrs of incubation (Figure 5a). A kinetic study of BMDM cell uptake was performed at
various time points for 30 mins, 2 hrs, 6 hrs, and 24 hrs, confirming that nanofibers had minimum
accumulation on BMDM membrane at all time points (Figure SI-7). This is in sharp contrast with
nanofibers that are localized on bacterial cell membranes causing membrane damage (Figure SI-
5). This effect is also different from the cell uptake results seen with a conventional monomeric
AMP, Melittin, which resulted in significant damage to and subsequent lysis of the BMDM
membrane (Figure Sb). The ability of SAANs to cross the plasma membrane rather than
accumulate within it may greatly contribute to reduced cytotoxicity by minimizing membrane

disruption, cytosol leakage, and eventual cell death. Although we cannot exclude other
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mechanisms, the ability of peptides to assemble may be an important factor for SAANs’ membrane

selectivity toward bacteria versus mammalian cells.

Figure 5. Cellular localization of SAANs monitored by confocal microscopy. BMDMs incubated
with (a) FITC-labeled SAANs and (b) FITC-labeled melittin. BMDMs were stained with Texas
red-labeled CD11b in red and Hoechst nuclear staining in blue. Left panel: Texas red-labeled
CDI11b showing BMDMs membrane. Mid panel: FITC-labeled peptides. Right panel: merged
images. The arrows on Figure b1l showed significant membrane rupture and damage caused by
melittin while SAANs had a minimum effect on membrane integrity. Peptide concentration: 20
puM. Incubation time: 24 hrs. Scale bar: 20 um.

A fundamental question is whether D-W362 maintains its assembled structure or does it
dissociate and function as a monomer upon interaction with bacterial cells. Circular dichroism (CD)
spectroscopy was employed to monitor the secondary structure of peptide upon mixing with lipid
vesicles, which were used to mimic bacterial membranes. The CD sample was prepared by dilution
of the aged peptide stock solution to 100 uM, followed by the removal of monomers and oligomers
using a centrifugal filter with a molecular weight cutoff at 30 kDa. As shown in Figure SI-8, D-
W362 formed a predominant 3-sheet/B-strand conformation as characterized by the minimum peak

at 220 nm when standing alone in aqueous buffer. Upon mixing with lipid vesicles, the secondary

structure did not change. However, CD spectroscopy is used to determine the global secondary
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structure of peptides and is limited in its ability to differentiate isolated 3-strands from assembled
B-sheets, neither does it provide local structural information for each individual amino acid.
Therefore, high-resolution spectroscopic analysis of SAANSs in the context of lipid membranes are
highly needed to provide more detailed structural information regarding both the global and local
structure of SAANSs as well as their assembly states.

Toward this end, we performed ssNMR spectroscopy on samples composed of peptide
assemblies associated with phospholipid liposomes at ~1:100 peptide-to-lipid molar ratio through
1D CP, 2D spin diffusion and 3C-PITHIRDs-CT experiments.*->° These experiments allowed us
to answer this fundamental question by determining (1) the local secondary structures of the
hydrophobic leucine residues, particularly near the termini and (2) whether peptides form
monomers vs. oligomers, parallel vs. antiparallel B-sheet, as well as the registry of the assembly.
We first studied the local secondary structures of the four leucine residues close to the termini of
the peptide (Table 1) by using 1D CP and 2D spin diffusion spectroscopy (to remove the natural
abundant lipid signals). For this purpose, four peptides were synthesized containing all *C-labeled
leucine residues at different sites as shown in Table 1.

Table 1. Peptide sequences for 1D CP and 2D spin diffusion NMR spectroscopy studies

Peptide sequences

L-NI: deKdeKQLQLQLQLQLQLdeK
L-N2: w K K KQLQLQLQLQLQL K K
L-Cl: w K K KQLQLQLQLQLQL K K
L-c2: WKk KQLQLQLQLQLQL k'K

(L labeled in red refers to all C13 labeled leucine residues)

As shown in Figure 6A and 6B, the B-strand conformation for all labeled sites was confirmed
based on the chemical shift of the '3C labeled leucine residues. However, the 2D spectra showed

that only the second leucine residue (peptide L-N2 in Table 1) from the N-terminus formed a well-
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defined B-strand conformation as demonstrated by one clear set of cross-peak for the leucine
residue. The other three leucine residues all showed cross peak multiplets on the 2D spectra along
with linewidth broadening on the 1D spectra (especially for Cp), indicating local structural

flexibility of these residues.
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Figure 6. 1D and 2D NMR spectra to probe the local secondary structures. (A) 1D *C cross
polarization spectra for the four Leu-labeled peptide assemblies with membrane bilayers. All
spectra were processed with 50 Hz Gaussian line broadening. Leu Co and CP peaks were
highlighted in top spectrum. (B) 2D '*C-!3C spin diffusion spectra for the same samples as in (A).
All spectra were processed with 50 Hz Gaussian line broadening in both dimensions. Intra-residue
cross peaks were highlighted with dashed lines, and the chemical shifts for C’, Ca and C were
provided. The bottom spectrum contained two sets of cross peaks.

The local flexibility of the leucine residues at both termini play important roles for the
antimicrobial activity of SAANs as it may allow partial exposure of these amino acids to the
aqueous medium to interact with the lipid membrane and cause membrane disruption and lysis.
We next performed *C-PITHIRDs-CT spectroscopy to study and confirm that MDPs interact with

lipid membranes in the form of assemblies, rather than monomers. Validation of the assembled
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states will help justify our previous assumption that self-assembly is a key factor for SAANs’
membrane selectivity. Towards this end, we used D-W362 that were chemically synthesized with
singly-13C’-labeled Leu residues incorporated in different positions. The labeled residues were
shown in Figure SI-9A. NMR samples were prepared with either 100% labeled D-W362 (L-N1),
or the equivalent mixtures of D-W362 (L-N1) and D-W362 (L-C1). As shown by simulated
PITHIRDs decay curves (solid lines in Figure SI-9B, using SIMPSON package),’! this design
allows distinction between non-B-sheet, parallel in-register B-sheet and antiparallel [(-sheet
structures. The theoretical decay curves were simulated using the 3C-*C inter-nuclear distances
extracted from parallel-in-register and antiparallel structural models in MOLMOL and the
appropriate weighing factors (i.e. the cartoon models shown in Figure SI-9C). Comparison
between the experimental data (symbols in Figure SI-9B) and theoretical curves clearly supported
the formation of an antiparallel B-sheet assembly for D-W362 with the inter-strand hydrogen
bonding formed between the amide group of residue i in one chain and the carbonyl group of
residue 17-i in the adjacent chain. Taken together, these studies provided solid experimental
evidence about the self-assembled states of peptides when in contact with lipid bilayers and
validated the supramolecular platform for the fabrication of cytocompatible SAANs. Detailed
molecular modeling is also underway through a combined molecular dynamic simulation method
and ssSNMR spectroscopy using site-specific radio-labeled SAANs and P15 labeled lipids. These
studies will help further elucidate the mode of bacterial membrane interaction of SAANs on the
atomic level.

In summary, we demonstrated a new way of assembling AMPs leading to antimicrobial
nanomaterials with greatly improved stability and cytocompatibility. The formation of the

supramolecular nanofiber is the key to improved stability and cytocompatibility of these peptides.
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We presented compelling evidence by ssNMR spectroscopy that AMPs (in this case MDPs) are
stable in the form of a supramolecular -sheet assembly when in contact with the lipid membrane.
TEM provided direct imaging evidence about the interaction between the nanofiber and bacterial
cells and confirmed the antimicrobial mechanism of action of SAANSs that target the bacterial cell
membrane leading to local membrane deformation and rupture. Owing to their nanoparticulate
nature, SAANs demonstrate unique membrane selectivity for bacterial over eukaryotic cells,
leading to their greatly enhanced cytocompatibility. We believe this simple yet elegant and
effective approach will advance the use of highly cytocompatible AMPs to treat bacterial
infections both topically and systemically. Our current efforts coupled with future in vivo studies
will afford the field of anti-infective therapy development a unique opportunity to harness the
biological properties and functionality of SAANs to combat a wide range of antibiotic-resistant

bacterial infections.

MATERIALS AND METHODS

Materials. MBHA rink amide resin, Fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids,
2-(6-Chloro-1-H-benzotriazole-1- yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU)
were purchased from Novabiochem. N,N’-Diisopropylethyl amine (DIPEA), dimethyl
formaldehyde (DMF), dichloromethane (DCM), trifluoacetic acid (TFA), triisopropylsilane (TIS)
and Tris-HCI buffer (1M, pH=8) (adjusted with 1 M of HCI to pH=7.4) were purchased from
Fisher Scientific. Piperidine, a-cyano-4-hydroxycinnamic, rhodamine B-labeled dextran,
penicillin V, uranyl acetate and Mueller Hinton Broth (MHB) were from Sigma-Aldrich. DMEM
culture medium, Propidium iodide, SYTO 9 stain, phosphate buffered saline (pH=7.4), Texas red
labeled CD11b and Hoescht 33342 were purchased from Life Technologies. 1-palmitoyl-2-oleoyl-

sn-glycerol-3-phosphocholine (POPC) and 1-palmitoyl-2-oeloyl-sn-glycerol-3-phosphoglycerol
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(POPG) were obtained from Avanti Polar Lipids (Alabaster, AL) as dry powders. Escherichia coli
(E.coli) was purchased from ATCC (25922). TEM grids were obtained from Ted Pella (01824).
Minimal inhibitory concentration (MIC) determination. £.coli was cultured in MHB media
under constant shaking at 100 rpm at 37 °C to reach their mid-exponential growth phase. The
bacterial solution was plated on an agar plate for colony forming unit (CFU) counting. Bacterial
suspensions were diluted to approximately 10° CFU/mL in MHB media as the initial CFU for
inoculation. MIC was estimated based on the 2-fold serial broth microdilution method using
peptide concentrations ranging from 25 to 800 uM (three replicates for each concentration). 10 pL.
of each peptide solution was mixed with 90 uL of bacterial solution in a 96-well plate. The plates
were incubated at 37 °C under constant shaking at 100 rpm for 18 hrs and the optical density (OD)
at 600 nm was measured. The MIC was determined at the peptide concentration in which OD
reading is below 0.06 and no cloudiness was visible to naked eyes.

Mammalian cell uptake. Bone Marrow Derived Monocytes (BMDMs) were used to investigate
the cell uptake of SAANs and a natural AMP, Melittin. Bone marrow progenitor cells were isolated
from femurs of C57BL/6 mice to enrich for BMDMs as previously described.?”- 32 BMDMs were
seeded into 35 mm petri dish, 20 mm microwell at a concentration of 1 x 10° cells /250 pl /well
and allowed to adhere overnight. The following day, cells were treated with 20 uM FITC-labeled
peptides and incubated at 37 °C with 5% CO; for 24 h. After washing with fresh media, cells were
incubated with mixed fluorescent dyes of CD11b (1:200 dilution) and Hoescht 33342 (working
concentration 1 pug/ml) in seeding media for 15 min followed by washing and resuspension in fresh
media. Images of peptide uptake and localization were captured using a Leica TCS SP5 Laser
scanning confocal Microscope operating with the software LAS AF version 2.6.0.7266. Images

were acquired using a 63X 1.4NA oil immersion objective. Image processing and analysis was
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performed using ImagelJ. For the kinetic study of cell uptake, cells were treated with 20 uM FITC-
labeled peptides and incubated at 37 °C with 5% CO; for 30 mins, 2 hrs, 6 hrs, and 24 hrs.
Subsequent washing and staining followed the same procedure as described above. Samples in
kinetics experiments, were washed with PBS following staining, fixed in 4% paraformaldehyde
for 15 minutes, and stored in PBS at 4 °C protected from light until imaging.

TEM characterization of peptide nanofibers and peptide-treated bacterial cells. TEM was
used to analyze peptides and peptide treated bacterial cells. For peptide alone, lyophilized peptide
powders were dissolved in Tris buffer (pH=7.4, 20 mM) to reach a final concentration of 100 uM.
10 uL of peptide solution was dropped onto a holey carbon grid. After 2 mins, excess solution was
carefully removed using a filter paper. The sample was left to dry for 2 mins followed by the
addition of 10 pL of 2 wt% uranyl acetate solution. After 30 secs, excess staining solution was
removed and the TEM sample was allowed to dry for at least 8 hrs before imaging. For peptide-
treated bacterial cells, 10 puL of peptide solution (400 pM) was mixed with 90 puL of bacterial
suspensions (10 CFU/mL). After 8 hrs of incubation at 37 °C, 10 uL of mixed bacterial suspension
was dropped onto a holey carbon grid for 3 mins. Excess solution was removed, and the sample
was air-dried for 1 min before staining with 10 pL of 0.5 wt% uranyl acetate solution. After 3 mins,
excess staining solution was removed and the TEM sample was left in air for at least 8 hrs before
imaging.

ssNMR spectroscopy. All ssNMR spectra were collected on a 600 MHz Bruker spectrometer
equipped with a 2.5 mm TriGamma magic angle spinning (MAS) probe. The NMR samples were
prepared by incubating the MDPs in 10 mM Tris-Cl buffer at 80 uM concentration for overnight,
followed by mixing with pre-formed lipid vesicles and overnight incubation. The vesicles

contained 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine (POPC) and 1-palmitoyl-2-oeloyl-
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sn-glycerol-3-phosphoglycerol (POPG) with a molar ratio 4:1 and the final peptide-to-lipid ratio
was set to 1:100. The samples were collected by ultracentrifugation, lyophilized, packed into the
2.5 mm ssNMR rotor, and rehydrated with 5 uL deionized water. The two-dimensional (2D) spin
diffusion spectra were collected with 10 kHz MAS spinning frequency, a 75 kHz 'H n/2 pulse, 50
kHz 13C field during the cross polarization, and ~ 100 kHz 'H decoupling field. The mixing time
was set to 20 ms to highlight the intra-residue cross peaks. The '*C-PITHIRDs-CT spectroscopy
was collected with pulse sequences that contained 'H-'*C cross polarization (CP) followed by
rotor-synchronized '*C m-pulse train at 50 kHz. The pulsed spin-locking (PSL) acquisition was
utilized to enhance the signal-to-noise ratio. The MAS frequencies were set to 10 kHz and 20 kHz
for the 2D spin diffusion and *C-PITHIRDs-CT experiments, respectively. Sample temperature
was controlled using N> flow at ~ 278 K based on the monitoring of 'H chemical shifts of H,O.
The 2D spectra were processed with nmrPipe package and 50 Hz Gaussian line broadening in both
dimensions.
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