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MICROBIOLOGY

Switching from membrane disrupting to membrane
crossing, an effective strategy in designing antibacterial
polypeptide

Haodong Zhang'+, Qi Chen?f, Jiayang Xie2f, Zihao Cong?, Chuntao Cao?, Wenjing Zhang?,
Donghui Zhang', Sheng Chen?, Jiawei Gu?, Shuai Deng? Zhonggian Qiao?, Xinyue Zhang?,
Maoquan Li3, Ziyi Lu?, Runhui Liu'-2*

Drug-resistant bacterial infections have caused serious threats to human health and call for effective antibac-
terial agents that have low propensity to induce antimicrobial resistance. Host defense peptide—mimicking pep-
tides are actively explored, among which poly-B-L-lysine displays potent antibacterial activity but high
cytotoxicity due to the helical structure and strong membrane disruption effect. Here, we report an effective
strategy to optimize antimicrobial peptides by switching membrane disrupting to membrane penetrating and
intracellular targeting by breaking the helical structure using racemic residues. Introducing f-homo-glycine into
poly-B-lysine effectively reduces the toxicity of resulting poly-p-peptides and affords the optimal poly-f-
peptide, PLyssoHGso, which shows potent antibacterial activity against clinically isolated methicillin-resistant
Staphylococcus aureus (MRSA) and MRSA persister cells, excellent biosafety, no antimicrobial resistance, and
strong therapeutic potential in both local and systemic MRSA infections. The optimal poly-B-peptide demon-
strates strong therapeutic potential and implies the success of our approach as a generalizable strategy in de-
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signing promising antibacterial polypeptides.

INTRODUCTION

Drug-resistant bacteria have emerged quickly in recent years
because of the intensive use of antibiotics, which has been a
serious problem globally (1, 2). Methicillin-resistant Staphylococcus
aureus (MRSA) are a class of important pathogen for nosocomial
and community-acquired infections (3, 4). Because of antibiotic re-
sistance, MRSA can frequently cause serious and even life-threaten-
ing infections such as blood infection, pneumonia, skin and organ
infections, and bone infection (5-7). Therefore, it is urgent to
develop antimicrobial agents that have potent activity against
MRSA and low probability to induce bacteria to develop resistance
(8, 9.

Host defense peptides (HDPs) are considered as promising can-
didates in developing antimicrobials owing to HDPs' broad-spec-
trum antibacterial activity and insusceptibility to antimicrobial
resistance (10-12). However, the application of HDPs is limited
because of their inherent shortcomings such as low stability upon
proteolysis, tedious and time-consuming synthesis, and high pro-
duction cost (13, 14). To overcome the disadvantages of HDPs, syn-
thetic mimics of HDPs have been explored as antibacterial agents to
show promising activities (15-30). Poly-p-peptides are considered
to be one of the most promising antimicrobial agents among
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these mimics, and the Gellman laboratory contributes substantially
to this field by exploring the relationships between peptide struc-
tures and antimicrobial functions (31-33). Among these poly-pB-
peptides, poly-p-L-lysine (34) is known to have potent antibacterial
activity but poor selectivity due to its high cytotoxicity (35, 36) to
mammalian cells. Poly-B-L-lysine adopts the a-helical structure and
has a strong interaction with cell membrane to have a membrane
disruption mechanism (Fig. 1A) (34), which is similar to the obser-
vation in poly-a-peptides that the a-helical structure easily breaks
membrane integrity (37, 38). The poor selectivity of membrane-dis-
rupting helical poly-p-L-lysine inspires us to design selective anti-
bacterial polypeptides with a different mode of action (39),
switching from membrane disrupting to membrane crossing and
targeting the intracellular objects.

Recently, we found that poly(2-oxazoline)s can work as func-
tional mimics of HDPs (40-42), among which some heterochiral
peptide-mimicking polymers have weak interaction with cell mem-
brane and cross the bacterial membrane to target intracellular
objects (40). These heterochiral poly(2-oxazoline)s adopt random
coil conformation and exert selective antibacterial activity, which
inspires us to explore heterochiral poly-B-pr-lysine (poly-p-lysine;
Fig. 1A) that loses the helical structure of poly-p-L-lysine and is
assumed to have reduced interaction with cell membrane. With
this design, we find that poly-p-lysine has weak interaction with
membrane and kills bacteria by penetrating the membrane to
target intracellular objects. By introducing B-homo-glycine
residue into poly-B-lysine, we obtain poly-B-peptides with
reduced charge density and reduced cytotoxicity compared to
poly-B-lysine (Fig. 1A) (43). The optimal poly-p-peptide,
BLys50HGs5, shows low hemolysis and cytotoxicity, insusceptibility
to antibacterial resistance, as well as potent antibacterial activity
against MRSA and strong therapeutic potential for MRSA-
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Fig. 1. The strategy of designing low-toxicity poly-B-peptides, by switching the antibacterial mechanism, to address the challenge of infectious diseases. (A)
Design of poly-B-peptides with effective antibacterial activity and low toxicity by changing the interaction mechanism between peptide and bacterial membrane. (B) The
poly-B-peptides optimized by the above strategy have shown excellent therapeutic potential in a variety of in vivo MRSA infection models, including full-thickness wound
infection, keratitis, neutropenic thigh infection, lung infection, and systemic peritonitis infection.

induced infections in five murine infection models (Fig. 1B). More-
over, this optimal poly-B-peptide kills bacteria by penetrating the
membrane to generate intracellular reactive oxygen species (ROS)
and interact with DNA, rather than disrupting the membrane di-
rectly, which validates the proposed strategy in designing potent
and selective antibacterial poly-p-peptides by switching the mode
of action from membrane disrupting to membrane penetrating.

RESULTS

Synthesis of p-lactam monomers

To prepare poly-p-peptides, we synthesized two monomers, the -
homo-lysine lactam (Lys-p-lactam) and p-homo-glycine lactam
(HG-B-lactam). Lys-p-lactam was synthesized through a three-
step reaction from 6-bromo-1-hexene to give the final product
(Fig. 2A and figs. S1 to S4). Compared to the synthesis of Lys-p-
lactam in precedent literatures (44), generally involving a six-step
reaction and using Mukaiyama reagent for ring closure to obtain
L-Lys-B-lactam (figs. S9 to S13), our synthesis here is concise and
easy to scale up, which avoids using hazardous reagents such as di-
azomethane and Pd/C. HG-B-lactam was synthesized from vinyl
acetate via a ring-closure step followed by reduction to give the
final product (Fig. 2B and figs. S5 to S8).

Zhang et al., Sci. Adv. 9, eabn0771 (2023) 25 January 2023

Design, synthesis, and characterization of poly-B-peptides
The random poly-B-peptides were synthesized via an anionic ring-
opening polymerization on a mixture of Lys-p-lactam and HG-f-
lactam in variable ratios, with Lys-B-lactam increasing incremental-
ly from 50 to 100%, with an expected chain length of 20 amino acid
residues (Fig. 2C). The random property of the resulting polypep-
tide was confirmed by the similarly quick consumption rate of both
monomers in the copolymerization reaction (figs. S24 and S25).
After removing the protecting groups using trifluoroacetic acid
(TFA) with triethylsilane (Et;SiH), final poly-B-peptides pLys HG,
(x + y = 100%, x = 50, 60, 70, 80, 90, 100%) were obtained as TFA
salts. Proton nuclear magnetic resonance (*H NMR) characteriza-
tion confirmed the actual ratio change of residues within the poly-
B-peptide chain (Fig. 2D and figs. S14 to S19). Gel permeation chro-
matography (GPC) characterization showed that these poly-f-pep-
tides have polymer lengths of ~20 residues [Degree of
Polymerization (DP) = 16 to 23] and dispersities (D) of 1.11 to
1.46 (Fig. 2E and fig. S26). The polymer lengths obtained from
GPC characterization were close to those obtained from terminal
analysis using '"H NMR. To have close comparison between the het-
erochiral poly-B-lysine and helical poly-B-lysine (poly-p-L-lysine),
we also synthesized poly-f-L-lysine (fig. S20).

20of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

A |Lys-B-Iactam synthesns|
0 0
B Potassium phithalimide NSNS 1) O8I CHCly, reflux, 3days FN 1) NpHgeH,0, MeOH, rt, 24 h HN
DMF 60°C, overnight 2) pH=7 buffer, rt, overnight 2) Boc,O, MeOH, rt, overnight
[*] 1) CSl, 0°C, ovemnight 0 HN-2®  \ap, EtOH i
)Lo’\ 2) NaHCO3, Na,S03, 0°C, 4 h )Lo)j 0°C, 15 min '—Jr
C | Poly(B-Lys-HG) peptide polymer synthesisl °
Q ™S [¢) [¢)
oN "'LJI/ L|HMDS THF NH NH N& TFA, Et3SiH
Tﬂs/\g’ TN eh o x Yo R m2h R
Co-initiator °
x+y=100%
BocHN Lys(#) BocHN H;,N
D " I E NMR GPC
a
j\_JL..—J S Series DP Actual DP
A A H\ N\ An " (X% y%)
»Pr JIN o, yzo R R b . BlyssHGs, 20 3500 50:50  1.33 18
BlyseHG,, 21 4100 62:38 144 26
-~ BlysoHGy, 22 4600 73:27 140 20
1 i . S G R Y U . BlyseHG,, 22 5000 82:18  1.46 23
H NMR in D,0, 400 MH
"o, z | ﬂ_/ J BlysoHG,, 21 4800 90:10  1.14 18
R Poly-B-lysine 18 4700 100:0  1.11 16
F 250 G 100
BLys5oHGso BLysgoHG,o BLys5oHGs BLysgHG,0 BLYS7oHG3o
_ 2004 BYtiG® @ Poly iy @ B0{M BLySyHCz M BlysiHGy, M Poly-Gysine
\g 150 M Ciprofioxacin 2 60-
= >100 >100 £
o 1004 L 40+
= 504 X 204 5% I
04 AR T e Tl sl e = en |
2000 1000 500 250 125
S.a 2904 S.a 2802 Polymer concentration (ug/ml)
H 250 | 100 J G 20
>200 & s
200 4 = 80+ < 16
= O o
E 150 1 T 604 = 12+
> > 5
=100 S 404 S 8-
2 i £
O -
2 501 ° 20 o 4 4
0- T 0 3 0-
G 0 WG WG \,\G 0 WOA % \Jg\\’\e % oo @\\15\(\3 D R “ ?)Ng,\ﬂa
Q,L‘J55°Q,L‘JE’@“@\,‘JST“Q,\)JSB“Q,W%“vo\ﬂ o WS \‘J D Quyes N

Fig. 2. Poly-B-peptide synthesis, antimicrobial activity, and biocompatibility in vitro. (A and B) Synthetic route of Lys-B-lactam and HG-B-lactam. (C) Synthesis of
poly-B-peptides, which are under protection. R represents the side chain of the Lys or HG subunit. (D and E) Proton nuclear magnetic resonance ('H NMR) spectrum and
gel permeation chromatography (GPC) measurements of poly-B-peptide (x + y = 100%, x = 50, 60, 70, 80, 90, and 100%). (F) Antimicrobial activity of poly-B-peptides, using
ciprofloxacin for comparison. (G) Hemolytic activity of poly-B-peptides; the red dashed line represents the minimum concentration causing 5% hRBC loss (HCs) value. (H)
Cell cytotoxicity of poly-p-peptides. (1) Selectivity index of PLyssqHGso and poly-p-lysine calculated from ICso/MIC. (J) Selectivity index of PLyssoHGso and poly-B-lysine

calculated from HCs/MIC. Data are presented as means + SD. rt, room temperature;

Identification of the optimal poly-p-peptide fLys5oHGso

We examined these poly-p-peptides for their antibacterial activity
against MRSA using two clinically isolated strains of MRSA, S.
aureus 2904 and S. aureus 2802, both of which are resistant to all
19 antibiotics in our test, such as methicillin, ceftriaxone, vancomy-
cin, and ciprofloxacin (fig. S27). All these poly-f-peptides displayed
potent activities against these two strains of MRSA, with a
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ppm, parts per million.

minimum inhibitory concentration (MIC) of 12.5 pg/ml in most
cases (Fig. 2F). Hemolysis study using human red blood cells
(hRBCs) showed that poly-B-lysine displays substantial hemolysis
at a concentration of more than 250 pg/ml; in contrast, incorpora-
tion of HG residue effectively reduced hemolysis of all poly(p-Lys-
HQG) to less than 5% (HCs) even at a peptide concentration of 2000
pg/ml (Fig. 2G). Cytotoxicity study showed that incorporation of
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more than 40% HG residue substantially reduced cytotoxicity of
poly-B-peptides to NIH-3T3 fibroblasts, displaying the minimum
concentration to cause 50% loss in cell viability [median inhibitory
concentration (ICsq)] greater than 200 pg/ml for PLyssoHGs,
(Fig. 2H). In addition, antibacterial selectivity indices were calculat-
ed regarding hemolysis (HCs/MIC) and cytotoxicity (ICsq/MIC),
respectively. These analyses showed that the incorporation of HG
residue into poly-B-lysine at an appropriate ratio can retain the an-
tibacterial activity and substantially reduce hemolysis and cytotox-
icity. The optimal poly-B-peptide was identified as PLyssoHGs,,
which displays excellent antibacterial selectivity with a selectivity
index of 80 and 16 for HCs;/MIC and ICs,/MIC, respectively
(Fig. 2, T and J).

Antibacterial activity on clinically isolated pathogens, low
toxicity, and insusceptibility to antimicrobial resistance of
BLys50HGso

We continued to examine the optimal poly-B-peptide, BLys5oHGs,,
for its activity against another eight strains of S. aureus, five of which
are MRSA. BLyssoHGs, was active against all these strains and exert
as a bactericidal agent, with MIC and minimum bactericidal con-
centration (MBC) identical, at 25 pg/ml in most cases (Fig. 3A).
The antibacterial activity of the optimal poly-p-peptide,
BLys5oHGs, was close to that of both the heterochiral poly-p-
lysine and helical poly-fB-r-lysine with MIC of 12.5 pug/ml and
MBC of 12.5 to 25 pg/ml (fig. S28), which demonstrated that

introducing B-homo-glycine into poly-B-lysine with a suitable pro-
portion can retain the antibacterial activity.

We also evaluated the toxicity of BLyssoHGs, poly-p-lysine, and
helical poly-B-1-lysine on multiple mammalian cells, including
sources from murine, rabbit, primate, and human. PLys50HGs,
showed low toxicity on all these mammalian cells with ICs, of
200 to 400 pg/ml; in sharp contrast, poly-B-lysine and the helical
poly-B-L-lysine were quite toxic to all these mammalian cells with
ICsp of 12.5 to 50 pg/ml (Fig. 3B and fig. $29), which highlights
the importance and effectiveness of introducing -homo-glycine
into poly-B-lysine to effectively reduce the toxicity of resulting
poly-B-peptides rather than reduce the toxicity of poly-B-peptides
just by breaking the helicity.

In a further antibacterial resistance study, we found that treating
S. aureus with PLyssoHGs, continuously at 0.5 x MBC for 483 gen-
erations (BLyssoHGso-Py4g3) did not induce the bacteria to develop
resistance; in sharp contrast, treating S. aureus with ciprofloxacin
continuously at 0.5 x MBC induced the bacteria to develop 250-
fold resistance already after 480 generations (siprofloxacin-Pg0)
(Fig. 3C and figs. S30 and S31). In addition, we analyzed the final
generation of S. aureus from the above PLyssoHGs, and ciprofloxa-
cin treatment for their possible cross-resistance to other antibiotics.
In contrast, the final generation of S. aureus from PLys5oHGs treat-
ment showed no cross-resistance to all eight antibiotics, whereas the
final generation of S. aureus from ciprofloxacin treatment showed
strong cross-resistance to levofloxacin, moxifloxacin, and norfloxa-
cin, respectively, for 62.5-, 20-, and 128-fold changes on MIC
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Fig. 3. BLys5oHGs5, displayed powerful activity, nontoxicity, insusceptibility to antibacterial resistance, and effective activity on persister cells. (A) Antibacterial
activity of PLyssoHGso against a variety of S. aureus, including five strains of MRSA. (B) Cytotoxicity of fLyssoHGs, to a variety of cells from different tissue sources, including
mouse embryo fibroblast cells (NIH-3T3), African Chlorocebus sabaeus kidney fibroblast cells (COS-7), rabbit corneal stroma cells (RCSC), human umbilical vein endothelial
cells (HUVEC), human aortic smooth muscle cells (SMC), and human corneal epithelium cells (HCE-T). (C) Antibacterial resistance test of pLyssoHGso and ciprofloxacin
against S. aureus 6538 at a concentration of 0.5 x MBC. (D and E) MIC and MBC of various antibiotics to S. aureus 6538 (BLyssoHGso-P4g3 and ciprofloxacin-P,go), which was
obtained by treating with pLyssqHGso and ciprofloxacin continuously at 0.5 x MBC for 483 and 480 generations, respectively. (F) Killing kinetics of persister cells (obtained
by treating with ciprofloxacin at 10 x MIC) with ciprofloxacin and PLyssoHGs, at a concentration of 8 x MIC. Data are presented as means + SD.
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(Fig. 3D) and 32-, 20-, and 256-fold changes on MBC (Fig. 3E).
Moreover, we found that 8 x MIC concentration of BLys5oHGs ef-
fectively killed all [with 8.5-log colony-forming unit (CFU) reduc-
tion] MRSA persister cells (45), which are highly resistant to most
antibiotics, such as ciprofloxacin in our study (Fig. 3F). The time-
killing kinetics showed that BLyss5oHGs killed more than 99% of S.
aureus in 4 hours at a concentration of 2 x MIC, which was similar
to streptomycin (fig. S32).

Bacterial membrane—penetrating mechanism of

BLys50HGs

The superior antibacterial performance of the optimal poly-p-
peptide BLys5oHGso encouraged us to explore its antibacterial
mechanism using the blue fluorescent probe 7-diethylamino-3-(4-
maleimidophenyl)-4-methylcoumarin—conjugated poly-p-peptides
(fig. S21). Using a laser scanning confocal microscopy (LSCM) to
study S. aureus incubated with Dye-PLyssoHGso and propidium
iodide (PI), we observed that Dye-PLyssoHGs, started to enrich
inside bacterial cells almost immediately after incubation, without
obvious enrichment on the bacterial membrane first, which implies
that Dye-PLyssoHGs, has a weak interaction with bacterial mem-
brane and cross the membrane easily to enrich inside bacteria
(Fig. 4, A and B). No observable PI signal was found within S.
aureus cells until incubation over 410 s, and then a quick uptake
of PI was observed, indicating that the bacteria were dead and the
membrane was disrupted (Fig. 4, A and B). To verify that
BLyssoHGs, can cross the cytomembrane and enrich inside bacteria,
we used a membrane-impermeable fluorescence quencher trypan
blue to quench the fluorescence from extracellular Dye-BLys50HGs.
The result of LSCM showed that fluorescence intensity has no
obvious decrease after addition of trypan blue, which indicates
that Dye-polypeptide crosses the membrane and enriches in the
cytosol but not in the membrane (fig. $34). This result is consistent
with the conclusion in the above LSCM analysis. We continued to
conduct the membrane depolarization analysis using 3,3'-dipro-
pylthiadicarbocyanine iodide [diSC;(5)] dye as the membrane po-
tential indicator and found that PLyssqHGs5, induces an almost
negligible change in membrane potential even at 5 x MIC concen-
tration (Fig. 4C), an observation consistent to weak BLys5oHGso-
membrane interaction in the above LSCM analysis.

For comparison, we also studied the antibacterial mechanism of
the heterochiral poly-B-lysine and helical poly-B-L-lysine. LSCM
analysis using dye-conjugated polypeptides showed that the hetero-
chiral poly-B-lysine performs similarly to the optimal poly-p-
peptide BLyssoHGs5, and enriches inside bacterial cells almost im-
mediately after incubation (fig. S33, A and B), which is distinct
from the performance of the helical poly-f-1-lysine that almost dis-
rupts the membrane directly without the need to enter the bacteria
first (fig. S33, C and D). This result supported our design to switch
the antibacterial mechanism of polypeptides by breaking the helical
structure. A continuous membrane depolarization analysis echoed
the above conclusion in mechanism switching by breaking the
helical structure of polypeptides (fig. S33E).

BLys50HGso shows strong DNA binding and ROS-related
antibacterial mechanism

We then turn our attention to figuring out what may happen after
BLyssoHGs entered into the bacteria. We found that PLyssoHGs,
has strong binding to DNA even at a low N/P ratio of 0.5 to 1

Zhang et al., Sci. Adv. 9, eabn0771 (2023) 25 January 2023

(Fig. 4D), which indicated a possible bacterial killing mechanism
via interaction with DNA and by interfering with the transcription
process (46—48). It is known that DNA binding may induce bacteria
to have a spontaneous Save Our Souls (SOS) response and release a
large amount of ROS (49-51), which in turn may damage the cell
membrane directly or result in bacterial apoptosis (52-54). To
examine these possibilities, we analyzed the intracellular ROS
level after bacterial incubation with PLyssoHGs, using 2',7'-dichlor-
ofluorescin diacetate (DCFH-DA) as a ROS probe. After incubating
S. aureus with BLyssoHGs5, at 2 x MIC for 50 min, we observed a
substantial increase (~6.0-fold increase) of intracellular ROS level
(Fig. 4E). When 7.5 mM ROS quencher N-acetyl-L-cysteine
(NAC) was used in the above study, we found that the intracellular
ROS level of BLyssoHGs-treated S. aureus is stabilized at a normal
level as in the phosphate-buffered saline (PBS) control group
(Fig. 4E), within which the antibacterial activity of BLyssoHGs is
lost (Fig. 4F). These studies indicate that the intensive increase of
intracellular ROS level and ROS-associated cell damage is highly
possible to play a vital role in the complex antibacterial mechanism
of poly-p-peptide. To further investigate this antibacterial mecha-
nism, we conducted transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) characterizations toward
BLys5oHGs,-treated and untreated S. aureus. In TEM characteriza-
tion, we observed obvious bacterial membrane disruption and in-
tracellular dark deposition that may be generated by the binding
of poly-B-peptide to bacterial DNA (Fig. 4G). In SEM characteriza-
tion, the bacterial membrane became wrinkled and concaved after
BLys5oHGso and poly-p-lysine treatment (Fig. 4H); in sharp con-
trast, we observed the lysis of bacterial membrane after the helical
poly-B-L-lysine treatment, which indicates the membrane damage
mechanism (fig. S33F). In addition, we observed vesicles with a di-
ameter of about 150 nm outside of the bacterial membrane, which
could be generated by the SOS response after fLyssoHGs, entered
into the bacteria to interact with DNA (Fig. 4H) (55, 56). Overall,
these TEM and SEM results are consistent with aforementioned ob-
servations in antibacterial mechanism study. We observed a similar
antibacterial mechanism of poly-f-lysine, which penetrates the
membrane and may bind with DNA to induce bacteria to have a
spontaneous SOS response and release a large amount of ROS,
which in turn may damage the cell membrane directly or result in
bacterial apoptosis (figs. S33 and S35 to S38).

Evaluating the therapeutic potential in local infections
using MRSA-infected full-thickness wound, keratitis, and
neutropenic thigh infection models

Encouraged by the superior antibacterial activity as well as low he-
molysis and cytotoxicity of BLyssoHGs5,, we continued to evaluate
the therapeutic potential of BLys5oHGs5, in three MRSA-infected
animal models, covering both local and systemic infections (Figs.
5 and 6). In the full-thickness wound model, wounds infected
with MRSA were treated topically with BLyssoHGs, and vancomy-
cin (the positive control), respectively, at 24 hours after infection
(Fig. 5A). BLyssoHGs, treatment resulted in a substantial reduction
of bacterial load in the infected issue (a 3.1-log CFU reduction rel-
ative to the saline-treated group), which is even better than the per-
formance of vancomycin showing a 2.0-log CFU reduction
(Fig. 5B). Moreover, histological analysis by hematoxylin and
eosin (H&E) staining of the wounds showed a strong inflammatory
infiltration in the saline-treated group but negligible inflammatory
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Fig. 4. Antibacterial mechanism of fLys5oHGs,. (A) Time-lapse imaging of the interaction between BLyssoHGso and bacteria by laser scanning confocal microscopy at a
concentration of 2 x MIC, with the presence of propidium iodide (PI). (B) Overall fluorescence curve and fluorescence distribution curve in region of interest. (C) S. aureus
cytoplasmic membrane depolarization induced by BLyssoHGsg at a concentration of 2 x MIC and 5 x MIC concentration. Hepes solution [5 mM Hepes (pH 7.4) and 20 mM
glucose] was used as a blank, and Triton X-100 (1%o in Hepes solution) was used as a positive control. (D) Determination of the electrophoretic rate of plasmid DNA after
mixing with BLyssoHGs, at different ratios of N/P (BLyssoHGso/DNA). (E) Intracellular ROS fluorescence produced by S. aureus treated with PBS buffer, fLyssoHGsq (2 x MIC),
and the mixture of BLyssoHGsq (2 X MIC) and NAC (7.5 mM) in the presence of 2',7'-dichlorofluorescin diacetate (DCFH-DA). (F) MIC value of BLyssoHGso against S. aureus in
the presence or absence of NAC (7.5 mM), which can inhibit the intracellular ROS. (G) TEM characterization of S. aureus with and without pLyssoHGs, treatment at 2 x MIC
concentration; yellow arrows indicate the intracellular dark deposits, and black arrows indicate a damage of the integrity of the bacteria. (H) SEM characterization of S.
aureus with and without LyssoHGs, treatment at 2 x MIC concentration; yellow arrows indicate extracellular vesicles, and black arrows indicate the wrinkles and concaves

of the bacteria membrane. Data are presented as means + SD. Statistical analysis, two-tailed t test, ***P < 0.001.

infiltration in the BLys5oHGs, and vancomycin group (Fig. 5C). In
the MRSA infection keratitis model, mice were treated with topical
eye drop solutions containing PLyssoHGs, and vancomycin (the
positive control), respectively, at 14 hours after infection
(Fig. 5D). BLyssoHGs, treatment resulted in a substantial reduction
of bacterial load in the infected cornea (a 2.9-log CFU reduction
relative to the saline-treated group), which is better than the perfor-
mance of vancomycin showing a 1.3-log CFU reduction (Fig. 5E).
Moreover, histological analysis by H&E staining of the cornea
showed a strong inflammatory infiltration in the saline-treated
group but negligible inflammatory infiltration in the PLys5oHGsg
and vancomycin group (Fig. 5F). In addition, histological analysis
showed nontoxicity to the corneas of noninfected mice (fig. $39). In
the neutropenic thigh infection model, thighs infected with MRSA
by intramuscular injection for 2 hours were treated subcutaneously

Zhang et al., Sci. Adv. 9, eabn0771 (2023) 25 January 2023

with saline, PLyssoHGs, and vancomycin, respectively (Fig. 5G).
After the treatment, bacterial load analysis showed that fLys5oHGsq
is as effective as vancomycin in remarkably reducing the bacterial
load for around 3.0- and 4.0-log CFU compared to the saline treat-
ment group (Fig. 5H). The histological morphology by Gram stain-
ing of the thigh tissues showed that pLys5oHGs, and vancomycin
treatment resulted in a substantial S. aureus load reduction com-
pared with saline-treated thigh (Fig. 5I), indicating that fLyssoHGsq
effectively alleviated the severity of thigh infection, as did
vancomycin.

Evaluating the therapeutic potential in MRSA lung
infection and systemic peritonitis models

We continued to evaluate the therapeutic potential of fLyssoHGsq
in even more challenging MRSA lung infection and systemic
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Fig. 5. Evaluating the in vivo therapeutic potential of pLys5oHGs, using MRSA wound infection, keratitis, and neutropenic thigh infection models. (A) In the full-
thickness wound infection model, bacterial suspension (2.5 x 10° CFU/ml, 10 pl) was applied to the wound (n = 6 mice per group) and infected for 24 hours followed by
topical treatments with saline, pLyssoHGso (5 mg/ml), or vancomycin (5 mg/ml), and bacterial loading analysis was conducted after the treatment at 36 hours after
infection. (B) Bacterial loading analysis and (C) wound histological analysis of mice after treatments. (D) In the keratitis model, the contact lenses that were incubated
in bacterial suspension for 18 hours were placed on the injured cornea (n = 4 mice per group) and infected for 14 hours followed by topical treatments with saline,
BLyssoHGsg, or vancomycin at a concentration of 400 x MIC, and bacterial loading analysis was conducted after the treatment. (E) Bacterial loading analysis and (F) wound
histological analysis of the eyeball after treatments. (G) In the MRSA neutropenic thigh infection model, bacterial suspension (3.3 x 10° CFU/ml, 30 ul) was intramuscularly
injected into the right thigh (n = 6 mice per group) and infected for 2 hours followed by subcutaneous treatments with saline, fLyssoHGso (5 mg/ml), or vancomycin (5
mg/ml). Bacterial loading analysis was conducted after the treatment at 26 hours after infection. (H) Bacterial loading analysis and (I) thigh tissue histological analysis by
Gram staining after treatment; black arrows represent the bacteria distribution. Data are represented as means + SD. Statistical analysis, two-tailed t test, *P < 0.05;
***P < 0.001. ns (not significant), P > 0.05.

peritonitis mice models (Fig. 6). In the lung infection model, mice In the systemic peritonitis models, mice were infected by intra-
were infected with MRSA by intratracheal instillation at a lethal peritoneal injection of MRSA at a lethal dose in the survival exper-
dose in the survival experiment, with all untreated mice dying iment (Fig. 6E), and five of six untreated mice died within 24 hours.
within 24 hours (Fig. 6A). Notably, five of six mice survived after ~Notably, all the mice survived after intraperitoneal administration
intratracheal treatment of PLyssoHGso, which is as effective as van-  of a single dose of BLys5oHGs, at 40 mg/kg, which surpassed the
comycin treatment (five of six mice survived) at the same dose performance (five of six mice survived) of vancomycin treatment
(Fig. 6B). This result indicated that BLyssoHGs( has strong thera-  at the same dose (Fig. 6F). This result indicates that BLyssqHGs,
peutic potential in treating MRSA lung infection. Bacterial load has strong therapeutic potential in treating systemic MRSA infec-
analysis showed that BLyssoHGs, is as effective as vancomycin in  tions. In addition, after mice were infected over 0.5 hour, we ana-
remarkably reducing the bacterial load for around 2.3- and 1.9-  lyzed the bacterial load in five major organs (57-59), bloodstream,
log CFU, respectively, compared to the saline treatment group in  and peritoneal fluid of mice. We found bacterial load at over 6-log
the lung (Fig. 6C). We also examined the histological morphology =~ CFU/g tissue in most organs, indicating a severe infection in mice
by H&E staining of lung and found that infection caused severe already (Fig. 6G, the control). After antibacterial treatment for
lesions of lung in the saline-treated group with bronchus epithelial 48 hours, bacterial load analysis showed that BLyssoHGs is as effec-
damage, epithelial sloughing, severe bronchitis, and alveolar hem-  tive as vancomycin in remarkably reducing the bacterial load for
orrhage (Fig. 6D) compared to the group without any treatment around 2.5- to 4-log CFU compared to the saline treatment
(fig. S40). After treatment with either fLyssoHGso or vancomycin, group, in all five organs, bloodstream, and peritoneal fluid of
tissue lesions caused by bacterial infection are effectively relieved. ~ mice (Fig. 6G). We also examined the histological morphology by

H&E staining of major organs and found that infection caused
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Fig. 6. Evaluating the in vivo therapeutic potential of fLyss,HGs, by challenging MRSA lung infection and systemic peritonitis models. (A) In the lung infection
model, bacterial suspension (5 x 107 CFU/ml, 30 pl) was intratracheally (i.t.) instilled to the lung (n = 6 mice per group) and infected for 2 hours followed by nebulizing
treatments intratracheally with saline, fLyssoHGso (5 mg/ml), or vancomycin (5 mg/ml). Bacterial loading analysis was conducted after the treatment at 26 hours after
infection. (B) Survival rates of the MRSA-infected mice after the treatments with saline, pLyssoHGsq, or vancomycin within 72 hours. (C) Bacterial loading analysis and (D)
lung histological analysis by H&E staining of mice after treatment, with black arrows and yellow arrows representing histological anomalies in bronchus and alveoli,
respectively. (E) In the mouse peritonitis model, MRSA-infected mice were prepared by intraperitoneal (i.p.) injection of bacterial suspension (1.5 x 10° CFU/ml, 200
ul) for 0.5 hour (n = 6 mice per group), followed by intraperitoneal treatments with saline, BLyssoHGso (40 mg/kg), or vancomycin (40 mg/kg). The bacterial loading
was analyzed after antibacterial treatment for 48 hours. (F) Survival rates of the MRSA-infected mice after the treatment with saline, pLyssoHGso, or vancomycin in 7
days. (G) Bacterial loading analysis of different organs, blood, and peritoneal fluid after the treatment. (H) Histological analysis by H&E staining of different organ sections
from the mice after the treatment with saline, fLyssoHGso, and vancomycin; black arrows represent histological anomalies. Data are represented as means + SD. Statistical
analysis, two-tailed t test, ***P < 0.001. ns (not significant), P > 0.05.
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various organ lesions in the saline-treated group (Fig. 6H) com-
pared to the group with normal feeding and without any treatment
(fig. S40). We observed red staining of the partial hepatocyte necro-
sis, disappearance of the normal splenic white pulp structure, thick-
ening of the alveolar wall and aggregation of inflammatory cells,
hemorrhaging around proximal renal tubular, and degeneration
of the proximal renal tubular epithelial cell. After treatment with
either BLys5oHGs5, or vancomycin, tissue lesions caused by bacterial
infection are effectively relieved. It is worth mentioning that histo-
logical analysis of the kidney after vancomycin treatment showed
lesions in the proximal renal tubules, which may be the nephrotox-
icity of vancomycin (60, 61).

In vivo toxicity evaluation of BLyssoHGso

In addition to the above therapeutic effectiveness studies, we also
evaluated the in vivo toxicity of the optimal poly-B-peptide
BLyssoHGso because even some classical antibiotics, such as vanco-
mycin, are known to have nephrotoxicity (60, 61). One-time injec-
tion of BLyssoHGsq and poly-p-lysine in the tail vein was conducted
with the maximum dose that mice can receive in a single adminis-
tration, which enables us to assess the acute toxicity of poly-B-pep-
tides. When the injection concentration reached 12.5 mg/kg, all the
mice in the poly-B-lysine group showed sluggish behavior

immediately after administration, and all died within 30 to
60 min (Fig. 7A), preventing us from monitoring the behavior,
body weight, and physiological indicators of these mice. Notably,
after injection of BLyssoHGs, at a concentration of 40 mg/kg, we
did not observe any differences on mice compared to the saline
group within 14 days, including murine behavior, survival rate
(Fig. 7A), body weight (Fig. 7B), blood biochemical indices
(Fig. 7, C to I), as well as liver and kidney histological analysis by
H&E staining (Fig. 7, ] and K). The normal levels of alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) in the
BLyss5oHGs,-treated mice indicated the lack of liver toxicity. The
normal levels of blood urea nitrogen (BUN) and serum creatinine
(CREA) in the BLys5HGso-treated mice indicated a lack of nephro-
toxicity. The normal levels of sodium (Na*), potassium (K*), and
chloride (CI7) in the BLyssoHGso-treated mice indicated no electro-
Iyte disturbance in vivo. All these results indicated that the optimal
poly-B-peptide PLyssoHGso has low toxicity in vivo and is effective
and safe to use as a promising antibacterial agent.

DISCUSSION
To address the grand challenge of antibiotic-resistant bacterial in-
fections, HDP-mimicking antibacterial peptides have been actively
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Fig. 7. In vivo toxicity study of poly-B-peptide in mice. (A) Survival rates of the mice in 7 days (n = 6 mice per group) after the single dose of intravenous injection with
saline, BLyssoHGs (40 mg/kg), or poly-B-lysine (12.5 mg/kg). (B) Body weight of normally housed mice after a single dose of intravenous injection for 14 days. (C to I) Blood
biochemical indices (ALT, AST, BUN, CREA, Na™*, CI~, and K*) of the mice at 2 and 14 days after the single dose of intravenous injection with saline or pLyssqHGso (40 mg/kg).
(J and K) H&E staining of kidney and liver sections from the mice at 2 and 14 days after the single dose of intravenous injection with saline or pLyssqHGso (40 mg/kg). Data
are presented as means + SD. Statistical analysis, two-tailed t test. ns (not significant), P > 0.05.
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studied. Among these antibacterial peptides, poly-B-L-lysine is
known to have potent antibacterial activity but high cytotoxicity
that is caused by the a-helical structure, which has strong interac-
tion with cell membrane. Here, we report a strategy to develop low-
toxic poly-B-peptides by breaking the helical structure of poly-f-1-
lysine using racemic lysine residue to reduce interaction of polypep-
tide with cell membrane and further introducing p-homo-glycine
residue into poly-p-peptides to reduce charge density and, there-
fore, reduce cytotoxicity. The optimal poly-B-peptide BLys5oHGsy
displays effective antibacterial activity on clinically isolated drug-re-
sistant S. aureus, including MRSA, and can also eliminate MRSA
persister cells efficiently and completely. Moreover, BLyssoHGs,
shows potent therapeutic potential for both local and systemic in-
fections in MRSA-infected murine full-thickness wound model,
keratitis model, and peritonitis model. fLyssoHGso shows low tox-
icity both in vitro and in vivo, suggesting excellent biosafety in clin-
ical application. In addition, S. aureus does not acquire
antimicrobial resistance even after bacteria are treated with
BLys5oHGso continuously at 0.5 x MBC over 483 generations,
which is ascribed to the DNA binding and intracellular ROS level
increase-related bactericidal mechanism of PLyssoHGs,. These
results demonstrate that our strategy in designing potent and low
toxic poly-B-peptides is effective and that the optimal poly-p-
peptide BLyssoHGs5, has potent antibacterial activity, excellent bio-
safety, and strong therapeutic potential in treating drug-resistant
bacterial infections. Moreover, the easy synthesis and structural
diversity of poly-p-peptides imply great potential of PLyssoHGs,
as a promising antibacterial agent in clinical application. Although
this strategy may not be generalizable to all the extensive and com-
plicated chemical structures of peptides, peptoids, and other syn-
thetic mimics, it can inspire the design and discovery of
antimicrobials against drug-resistant pathogens. Further investiga-
tions are worth conducting to explore the generalizability of this
strategy.

MATERIALS AND METHODS

Hemolysis test

Fresh human blood was used for the hemolysis test, which was
diluted with tris-buffered saline (TBS; pH 7.2) and centrifuged at
3700 rpm for 5 min. hRBCs were collected after washing for three
times and diluted to a working concentration of 5% (v/v) with TBS.
Poly-B-peptide was serially diluted twofold into 96-well plates, and
the prepared hRBC suspension was added to each well of the 96-well
plate in equal volume and mixed with the poly-{-peptide solution.
The final concentration of poly-f-peptide ranged from 15.6 to 2000
pg/ml. hRBCs in TBS without poly-B-peptide were used as the
blank, and hRBCs in Triton X-100 (1%o in TBS solution) were
used as the control. The plate was incubated in a constant temper-
ature incubator at 37°C for 1 hour, and the optical density (OD)
value of each well was measured under 405 nm. The percentage
of hemolysis was calculated by the following formula. The experi-
ment was performed three times independently.

peptide _ y7blank

405 405

Vgl — bk 10 W

% hemolysis =

(VPP represents the OD value of hRBCs that were treated with
poly-B-peptide. V3utrl represents the OD value of the hRBCs that
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were treated with Triton X-100.V52%K represents the OD value of
TBS solution.) All experiments have been approved by the ethics
committee of Tenth People’s Hospital, Shanghai Tongji University.
The guiding principles for collecting and using of hRBC are provid-
ed by Tenth People’s Hospital, Shanghai Tongji University. The re-
search was informed and consented by the donor.

Cytotoxicity test

Mammalian cells, such as the mouse embryonic fibroblast cells
(NIH-3T3), were cultured in tissue culture polystyrene dishes
using Dulbecco’s modified Eagle’s medium (DMEM), which was
supplemented with 10% fetal bovine serum, penicillin (100 U/
ml), and streptomycin (100 pg/ml), at the conditions of 5% CO,
and 37°C. The cells were trypsinized and diluted to a working con-
centration of 5 x 10* cells/ml. Then, 100 pl of the suspension was
added to each well of a 96-well plate, and the plate was incubated
overnight. The culture medium was replaced by fresh medium
with poly-p-peptide, which was twofold serially diluted at the
final concentration range of 6.25 to 200 ug/ml, and the plate was
incubated for 24 hours. Ten microliters of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (5 mg/ml
in PBS) was added to each well, and the plate was incubated in
the dark for 4 hours. After removing the medium, 150 pl of dimeth-
yl sulfoxide (DMSO) was added to each well and shaken gently for
15 min. Wells with DMSO only were used as the blank, and wells of
cells cultured without peptide treatment were used as the control.
The OD value of each well was measured with a SpectraMax M2
microplate reader at 570 nm, and the percentage of cytotoxicity
was calculated by the following formula. The experiment was per-
formed three times independently.

peptide _ 7blank

570 570
control blank
V570 - V570

% cell viability = x 100 (2)

(VBRI represents the OD value of wells that were cultured in
DMEM with poly-B-peptide. V3™ represents the OD value of
the wells that were cultured in normal DMEM medium.V2ank rep-
resents the OD value of DMSO.)

MIC and MBC test

We conducted MIC experiments on different bacterial species to
evaluate the antibacterial activity of this series of poly-B-peptides,
and vancomycin was used as a control. The bacteria were dispersed
in a high-temperature sterilized glass conical flask with Luria-
Bertani (LB) medium and cultured at 37°C with continuous
shaking for 10 hours. After centrifuging and washing with PBS,
the bacterial suspension was diluted in Mueller-Hinton (MH)
liquid medium to a concentration of 2 x 10> CFU/ml as a
working suspension. The poly-B-peptide solution and antibiotics
were added to each well of a 96-well plate in serial twofold dilutions
in MH medium at a concentration ranging from 1.56 to 200 pg/ml,
and an equal volume of the previously prepared bacterial suspen-
sion was mixed with the above solution. MH medium was used as
the blank, and MH medium added with an equal amount of bacte-
rial suspension was used as a control. The plate was incubated at
37°C for 9 hours, and the OD value of each well was measured
with a SpectraMax M2 microplate reader at 600 nm. The percentage
of bacterial cell growth in each well was calculated following the
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formula
peptide. y7blank
% cell growth = —8%______600_ 10 (3)
Vcontrol _ Vblank
600 600
(Vgggnde represents the OD value of wells that were treated with

yeontol represents the OD value of wells that were

poly-p-peptide. Vi
cultured in normal MH medium. V222 represents the OD value of
MH medium.)

MBC value is defined as the lowest drug concentration that kills
99.9% of microorganisms. After the completion of the MIC exper-
iment, 3 ul from each well of the abovementioned well plate was
evenly spread onto LB agar, and the liquid was dried and incubated
at 37°C for 14 hours. The values of MBC were obtained from the
minimum concentration of nongrowing bacteria on LB agar
plates, and each experiment was performed three times
independently.

Antimicrobial resistance assessment

The method of antimicrobial resistance assessment has been mod-
ified slightly from the previously reported method (40). S. aureus
ATCC6538 was cultured in LB medium at 37°C for 9 hours and
diluted to 2 x 10° CFU/ml in 1 ml of MH medium containing
BLys50HGs, (0.5 x MBC) or ciprofloxacin (0.5 x MBC), respectively.
Then, the mixture was incubated at 37°C for 24 hours under
shaking. An aliquot of 2.5 ul of the above mixture was diluted
400-fold in 1 ml of MH medium as a continuous drug stimulating
cycle, containing the same concentration of PLys5;oHGs, or cipro-
floxacin, respectively. The duration of each cycle is 24 hours, and
the MIC and MBC of BLyssoHGso and ciprofloxacin against S.
aureus ATCC6538 were examined for every four cycles. According
to the obtained MBC value, the concentration of BLys5oHG5, and
ciprofloxacin should always be adjusted to 0.5 x MBC throughout
the antimicrobial resistance study.

Bacteria growth kinetics

S. aureus ATCC6538, which was stimulated with poly-B-peptide or
antibiotic for 8 days in antimicrobial resistance study, was cultured
in LB medium at 37°C for 10 hours. The bacterial suspension was
diluted to 2 x 10° CFU/ml in MH medium, which contained
BLys50HGs( (0.5 x MBC) or ciprofloxacin (0.5 x MBC), respectively.
Diluting aliquots of bacterial suspension were taken out at several
time points and spread out on LB agar plates. After incubating at
37°C for 14 hours, the colonies were counted, and the growth rate
of the bacteria was calculated followed by fitting the growth curve.

MRSA persister cell killing kinetics

S. aureus USA300 was used to study the bactericidal performance of
BLyssoHGs, to persistent MRSA cells. The cultivation operations of
bacteria refer to the MIC experiment. The cultured log-phase S.
aureus USA300 bacteria were diluted in MH medium to a final
working suspension of 108 CFU/ml, which was challenged with cip-
rofloxacin at 10 x MIC. The mixture was incubated at 37°C for
18 hours under continuous shaking. Then, half of the mixture
was centrifuged and washed by fresh MH medium to remove cip-
rofloxacin and treated with PLyssoHGs, at 8 x MIC. As a control, the
other half mixture was challenged with ciprofloxacin at 8 x MIC.
Diluting aliquots of bacterial suspension were taken out at 24, 36,
42, and 48 hours and spread out on LB agar plates. These plates
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were incubated at 37°C for 14 hours, and the number of colonies
was counted to calculate the rate of persister cell killing.

Bactericidal kinetics

The bacterial working suspension (2 x 10° CFU/ml) was prepared
according to the steps of the above MIC experiment, and then the
working suspension was treated with BLys;oHGs, and streptomycin
at a concentration of 2 x MIC. The plate was incubated at 37°C, and
diluted aliquots of bacterial suspension were taken out at several
time points and spread out on LB agar plates. These plates were in-
cubated at 37°C for 14 hours, and the number of colonies was
counted to calculate and fit the bactericidal kinetics.

Time-lapse fluorescence confocal imaging

Dynamic microscopic imaging is used to study the process of poly-
B-peptide—bacteria interactions. S. aureus 2904 was cultured in LB
medium at 37°C for 6 hours and diluted in PBS to 10’ CFU/ml as a
working suspension. An aliquot of 10 pl of the above suspension
was added to a glass-bottomed dish and stood for 5 min until the
bacteria settled to the bottom of the dish. After finding a clear image
of the bacteria, an aliquot of 10 ul of PBS, which contained Dye-
BLys5oHGso (2 x MIC, blue fluorescence) and pyridinium iodide
(10 uM, red fluorescence), was mixed slightly with the bacterial sus-
pension. The interaction process was continuously recorded using a
confocal microscope with three channels (bright field, emission
wavelength of 455 and 617 nm).

Evaluation of polypeptide penetrating into bacteria

The trypan blue assay was conducted by following the previously
published method with slight modifications (62, 63). S. aureus
2904 was cultured in LB medium at 37°C for 6 hours and diluted
in PBS to 107 CFU/ml as a working suspension. Aliquots of bacterial
suspension (1 ml) were prepared, and Dye-BLyssoHGs, was added
to the bacteria and incubated for 4 min at a concentration of
2 x MIC. S. aureus was collected and washed twice with PBS to
remove the free Dye-BLyssoHGso in PBS. S. aureus was resuspended
in 0.5 ml of PBS, and an aliquot of 0.5 ml of trypan blue solution was
added. The mixture was incubated for 3 min at a final concentration
of 1 mg/ml. S. aureus was collected and washed twice with PBS to
remove trypan blue and resuspended in 0.5 ml of PBS. An aliquot of
10 ul of the above suspension was added to a glass-bottomed dish.
The images were recorded using a confocal microscope with two
channels (a bright-field channel and a blue channel with emission
at 455 nm).

Depolarization experiment on cytoplasmic membrane

The membrane potential-sensitive fluorescent dye diSC;(5) was
used to measure the plasma membrane depolarization activity of
poly-B-peptide. S. aureus was cultured at 37°C for 6 hours in LB
medium, and then the bacteria were washed with Hepes solution
[5 mM Hepes (pH 7.4) and 20 mM glucose] and diluted to give
the working suspension at 10’ CFU/ml. The bacterial suspension
was incubated with 0.4 uM diSC5(5) for 1 hour, and then potassium
chloride was added to a final concentration of 0.1 M to balance the
cytoplasmic and external K* concentration. An aliquot of 90 pl of
the suspension was placed in a 384-well plate, and fluorescence in-
tensity was recorded with a microplate reader (excitation A = 622
nm, emission A = 673 nm). Once fluorescence intensity was
stable, an aliquot of 10 pl of the poly-B-peptide solution was
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added to a final concentration of 2 x MIC and 5 x MIC. The changes
of fluorescence intensity were recorded on a microplate reader con-
tinuously. Triton X-100 (1%o in PBS) was used as a positive control.
The experiment was performed three times independently.

ROS detection assay

The intracellular ROS level in S. aureus was detected by DCFH-DA,
which is a ROS-sensitive fluorescent probe. Mid-logarithmic phase
S. aureus was cultivated in LB medium at 37°C for 6 hours and in-
cubated with 10 ml of DCFH-DA solution (20 uM in PBS) for 30
min at 37°C. S. aureus was collected and washed twice with PBS to
remove DCFH-DA that was free in PBS and then diluted to
2 x 108 CFU/ml using PBS. An aliquot of 5 ml of bacterial suspen-
sion was added to an equal volume of NAC (15 mM in PBS) solution
as a working suspension to a cell density of 10 CFU/ml, and the
NAC concentration is 7.5 mM. An aliquot of 90 pl of working sus-
pension was placed in a 384-well plate and incubated for 10 min;
then, 10 ul of poly-B-peptide (40 x MIC) was added to a final
poly-B-peptide concentration at 4 x MIC. The changes of fluores-
cence intensity were recorded continuously on a microplate reader,
where the excitation wavelength is 488 nm and the emission wave-
length is 530 nm. The test was independently repeated three times.
The experiment was performed three times independently.

DNA binding test

DNA binding experiments are designed to investigate and conjec-
ture the antibacterial mechanism. The method can refer to the pre-
viously published method (40). Poly-p-peptide and DNA were
incubated for 15 min after calculating the number of amine
groups (N) contained in the polypeptide and the number of phos-
phate anions (P) contained in the plasmid DNA backbone. The N/P
ratio was set to 0.25:1, 0.5:1, 1:1, 2:1, 3:1, and 4:1, and then the DNA
was precipitated by 2 pl of 6x SDS-free DNA loading buffer. The
mixture was analyzed by electrophoresis using an agarose gel con-
taining 1% NA-Red (the main component is ethidium bromide). A
DNA marker from Sangon Biotech (order no. B600022) with a mo-
lecular weight of 250 to 10,000 base pairs (bp) was used as a refer-
ence. DNA bands were observed by gel visualization instruments
and software imaging systems (ChampGel 5000 Plus, Sage
Creation).

TEM characterization

S. aureus 2904 was cultured for 10 hours at 37°C in LB medium and
diluted to 2 x 107 CFU/ml in MH medium for 25 ml as the working
suspension. An aliquot of 25 ml of the BLys5oHGs5, (2 x MIC) MH
solution was prepared and mixed with an equal volume of bacterial
suspension in a 50-ml sterile Eppendorf tube and incubated at 37°C
for 2.5 hours. An untreated bacterial suspension with the same con-
centration was used as a control. All the suspension was collected
and centrifuged at 4000 rpm for 5 min and washed with PBS for
three times. The collected bacteria were mixed with glutaraldehyde
solution (2.5% in PBS) and fixed at 4°C overnight. The fixed buffer
was removed by centrifugation, and then the bacteria were collected
and washed with PBS, which were fixed with 1% osmium acid sol-
ution for 1 hour again. After removing the osmium acid solution,
the bacteria were washed with PBS for three times and dehydrated
by gradient concentration of ethanol solution (50, 60, 70, 80, 90, 95,
and 100%). Subsequently, the bacteria were treated with acetone for
20 min, a mixture of acetone and embedding agent (v/v = 1:1) for
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1 hour, and a mixture of acetone and embedding agent (v/v = 1:3)
for 3 hours. After permeabilization, the bacteria were embedded
overnight at 70°C. The embedded samples were sectioned using a
Leica EM UC?7 ultrathin sectioning machine to obtain 50-nm sec-
tions. The above sections were stained with lead citrate solution and
uranium dioxide acetate solution for 10 min, followed by observa-
tion with TEM.

SEM characterization

S. aureus 2904 was cultured for 10 hours at 37°C in LB medium and
diluted to 2 x 107 CFU/ml in MH medium for 1 ml as the working
suspension. An aliquot of 1 ml of the poly-p-peptide MH solution
(2 x MIC) was prepared and mixed with an equal volume of bacte-
rial suspension in an Eppendorf tube and incubated at 37°C for
2.5 hours. The untreated bacterial suspension with the same con-
centration was used as a control. All the suspension was collected
and centrifuged at 4000 rpm for 5 min and washed with PBS for
three times. The collected bacteria were mixed with glutaraldehyde
solution (2.5% in PBS) and fixed at 4°C overnight. After removing
the fixed buffer, the bacteria were washed with PBS for three times
and dehydrated by gradient concentration of ethanol solution (50,
60, 70, 80, 90, 95, and 100%). The samples were resuspended using
50 ul of 100% ethanol and dried under air for 12 hours after the
samples containing ethanol were carefully added dropwise to the
gold-plated sheet, followed by observation with SEM.

Murine full-thickness wound infection model

During animal experiments, all animal husbandry procedures and
surgical operations are in accordance with the Guidelines for the
Care and Use of Laboratory Animals of the Tenth People’s Hospital,
Shanghai Tongji University (license number, SYXK-2021-0012).
All animal experiments were approved by the Animal Ethics Com-
mittee of the Tenth People’s Hospital, Shanghai Tongji University
(accreditation number of the laboratory, SHDSYY-2021-1729). The
laboratory animal usage license is certified by Science and Technol-
ogy Commission of Shanghai Municipality.

The infection model was conducted by following the previously
published method (64, 65). S. aureus USA300 LAC was cultured in
LB medium at 37°C for 10 hours and washed three times with saline
after removing the medium and resuspending in saline for use.
Eighteen female Institute of Cancer Research (ICR) mice (20 to
23 g) were used in the MRSA-infected full-thickness model. Mice
were anesthetized by intraperitoneal injection of pentobarbital
sodium at a single dose of 75 mg/kg. Hair was removed from the
back of the anesthetized mice, and then the skin was disinfected
with iodophor. An aliquot of 10 pl of S. aureus USA300 LAC
(2.5 x 10° CFU/ml) suspension was dropped into the wound on
both sides of the back, which were punctured with a 6-mm-diame-
ter biopsy punch, and then the wound was covered with Tegaderm
dressing (3M, St Paul, MN) to avoid contamination. After 24 hours
of preinfection, these mice were divided into three groups randomly
and treated with different solutions: saline (placebo, negative
control), BLyssoHGso (5 mg/ml), and vancomycin (5 mg/ml, posi-
tive control), which were applied every 4 hours for three times. Four
hours after the last dosing treatment, mice were euthanized with an
overdose of sodium pentobarbital solution, and a quantitative
amount of wound tissue was collected and homogenized in
Triton X-100 (1%o in PBS). The homogenate was serially diluted
and planted on LB agar plates and incubated for 14 hours at 37°C
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for colony counting to quantify the number of bacteria in each
wound. Next, representative wound tissues were collected for histo-
logical analysis following standard staining procedures.

Preparation of MRSA infection contact lens

Contact lens sheets for biofilm culture were cut into circles of 3.5
mm in diameter, placed in 96-well plates with 150 pl of MH
medium, and soaked for 12 hours. Then, the contact lenses were
transferred to a new 96-well plate, and 150 ul of bacterial suspension
(10° CFU/ml in MH medium) was added to each well and incubated
at 37°C with shaking for 2 hours. After removing the culture sus-
pension and washing the lens with PBS to remove all nonadherent
cells, 150 pl of fresh MH medium was added into each well. The
plate was incubated at 37°C with shaking for 18 hours to form
biofilm on the lenses.

Murine keratitis model

The infection model was conducted by following the previously
published method with slight modifications (66, 67). Twelve male
BALB/c mice (21 to 24 g) were used in the MRSA-infected keratitis
model. Mice were anesthetized by intraperitoneal injection of pen-
tobarbital sodium at a single dose of 75 mg/kg. The eyes of the mice
were anesthetized with 0.5% lidocaine hydrochloride drops and
subsequently exposed with a lid opener. Two-millimeter-diameter
circular filter paper containing 1 pl of 1-heptanol was placed in the
center of the eye to disrupt the corneal epithelium. The corneal ep-
ithelium was scraped off with an iris restorer, and the eyes were ir-
rigated with 10 ml of saline to remove any debris and remaining 1-
heptanol. A contact lens with MRSA biofilm was placed on the
damaged corneal surface, and the eyelids were sutured with oph-
thalmic surgical sutures to ensure that the lens with biofilm
cannot slip out of the eye. After 14 hours of infection, these mice
with the sutures and contact lens removed were divided into three
groups randomly, followed by treatment with 10 ul of different so-
lutions: saline (placebo, negative control), PLys50HGs, (400 x MIC),
and vancomycin (400 x MIC, positive control) every 5 min during
the first hour and every 30 min for the next 7 hours. Thirty minutes
after the last dose, the eyeball was collected and homogenized in
Triton X-100 (1%o in PBS), serially diluted, planted on LB agar
plates, and incubated for 14 hours at 37°C for colony counting to
quantify the number of bacteria on every eyeball. Next, representa-
tive eyeballs were collected for histological analysis following stan-
dard H&E staining procedures.

Murine neutropenic thigh infection model
The infection model was conducted by following the previously
published method with slight modifications (68, 69). Eighteen
female ICR mice (22 to 25 g) were used in the neutropenic thigh
MRSA infection model. Mice were made neutropenic by two intra-
peritoneal injection of cyclophosphamide at a concentration of 150
mg/kg on day 4 and 100 mg/kg on day 1 before the infection,
respectively.

S. aureus USA300 LAC was cultured in LB medium at 37°C for
10 hours and washed three times with saline after removing the
medium. The resulting bacteria were resuspended in 3 ml of
saline for later use. Hair was removed from the right thigh of the
anesthetized mice, and then the skin was disinfected with iodophor.
Mice were infected by intramuscular injection of 30 pl of S. aureus
USA300 LAC suspension containing 1 x 10° CFU per thigh. After
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2 hours of infection, these mice were divided into three groups ran-
domly and treated every 3 hours in 24 hours with different solu-
tions: saline (placebo, the negative control), BLys5oHGs, (5 mg/
ml), and vancomycin (5 mg/ml, the positive control). At 24 hours
after the initial treatment, mice were euthanized with an overdose of
sodium pentobarbital, and a quantitative amount of muscle tissue
was collected and homogenized in Triton X-100 (1%o in PBS) asep-
tically. The homogenate was diluted serially, and then 30 pl of each
dilution was transferred to LB agar plates, followed by incubation
for 14 hours at 37°C to perform colony counting and quantify the
load of colonies in per unit mass of thigh tissue. Next, representative
thigh tissues were collected for histological analysis following stan-
dard staining procedures.

Murine lung infection model
The infection model was conducted by following the previously
published method with slight modifications (68, 69). Eighteen
female ICR mice (22 to 25 g) were used in the MRSA lung infection
model after acclimatizing for 3 days. Mice were made neutropenic
by two intraperitoneal injections of cyclophosphamide at a concen-
tration of 150 mg/kg on day 4 and 100 mg/kg on day 1 before the
infection, respectively.

S. aureus USA300 LAC was cultured in LB medium at 37°C for
10 hours and washed three times with saline after removing the
medium. The obtained bacteria were resuspended in 3 ml of
saline for later use. The mice were anesthetized by avertin and in-
fected with 30 pl of S. aureus USA300 LAC suspension
(5 x 107 CFU/ml) by intratracheal instillation. After 2 hours of in-
fection, these mice were divided into three groups randomly and
treated intratracheally for two times with 12-hour intervals using
a small nebulizer needle (Liquid Aerosol Devices, MicroSprayer
Aerosolizers, Shanghai TOW Intelligent Technology Co. Ltd.)
with saline (placebo, the negative control), BLyssoHGso (4 mg/
ml), and vancomycin (4 mg/ml, the positive control). Mice were eu-
thanized with an overdose of sodium pentobarbital solution, and
then the lung tissue was collected and homogenized in Triton X-
100 (1%o in PBS). The homogenate was serially diluted on the LB
agar and incubated at 37°C for 14 hours. The number of colonies on
the plate was counted, from which the load of colonies in per unit
mass of lung tissue can be calculated. Next, representative lung
tissues were collected for histological analysis following standard
staining procedures.

Murine peritonitis model

The infection model was conducted by following the previously
published method with slight modifications (58, 70). S. aureus
USA300 LAC was cultured in LB medium at 37°C for 10 hours
and washed three times with saline after removing the medium
and resuspended in saline for use. Twenty-four female ICR mice
(21 to 24 g) were used in the MRSA peritonitis model. Mice were
infected by intraperitoneal injection with 0.2 ml of S. aureus
USA300 LAC suspension (1.5 x 10° CFU/ml) that was resuspended
in saline containing 5% mucin. Half an hour after preinfection, six
of the mice were euthanized by intraperitoneal injection of an over-
dose of sodium pentobarbital. Peritoneal lavage was performed by
injecting 3 ml of saline into the abdominal cavity and massaging the
abdomen. The abdominal cavity was opened with a scalpel, and the
lavage fluid was removed from the abdomen for colony counting.
Blood was collected by cardiac puncture and analyzed for colony
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counting. Then, vital organs, including heart, liver, spleen, lung,
and kidney, were collected and homogenized in Triton X-100
(1%0 in PBS). The homogenate was serially diluted on the LB
agar and incubated at 37°C for 14 hours. The number of colonies
on the plate was counted, from which the load of colonies in per
unit mass of organ or per unit volume of blood and lavage fluid
can be calculated.

The remaining 18 preinfected mice were divided into three
groups randomly and treated by intraperitoneal injections of
saline (placebo, negative control), PLyssoHGs, (40 mg/kg), and van-
comycin (40 mg/kg) and monitored for the next 48 hours. As soon
as the infected mice died, their vital organs, blood, and lavage fluid
were collected, and colony counting was performed according to
the previous procedure. Surviving mice were euthanized at
48 hours after infection, and colony counting was performed ac-
cording to the same procedure. In addition, the same organs from
different treatment groups were collected and fixed for histological
analysis of H&E staining. The survival experiment of infected mice
after treatment was conducted independently, and infected mice
were observed for 7 days after treatment for their physiological
status, while survival was recorded.

Polypeptide toxicity evaluation in vivo

The in vivo toxicity evaluation model was conducted by following
the previously published method with slight modifications (71).
Eighteen female ICR mice (23 to 25 g) were used in the toxicity eval-
uation of PLyssoHGs, and poly-B-lysine. These mice were divided
into three groups randomly, and BLyssoHGs (40 mg/kg), poly-B-
lysine (12.5 mg/kg), and saline were injected via tail vein. After
normal feeding for 2 and 14 days, blood (1 ml) was collected
from mice by cardiac puncture, during which body weight was re-
corded. Serum biochemical indices including ALT, AST, CREA,
urea nitrogen, and sodium and potassium ion levels in blood
were analyzed. Mice were euthanized with an overdose of sodium
pentobarbital solution, and the liver and kidney were collected for
histological analysis following standard staining procedures.
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