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Abstract: The application of antimicrobial peptides (AMPs) is
largely hindered by their non-specific toxicity against mamma-
lian cells, which is usually associated with helical structure,
hydrophobicity, and charge density. A random coil-to-helix
transition mechanism has now been introduced into the design
of AMPs, minimizing the toxicity against mammalian cells
while maintaining high antimicrobial activity. By incorporat-
ing anionic phosphorylated tyrosine into the cationic polypep-
tide, the helical structure of AMPs was distorted owing to the
side-chain charge interaction. Together with the decreased
charge density, the AMPs exhibited inhibited toxicity against
mammalian cells. At the infectious site, the AMPs can be
activated by bacterial phosphatase to restore the helical
structure, thus contributing to strong membrane disruptive
capability and potent antimicrobial activity. This bacteria-
activated system is an effective strategy to enhance the
therapeutic selectivity of AMPs.

Treatment of drug-resistant bacteria remains a challenge in
infectious disease, with limited and sometimes no drug
choice.[1] Antimicrobial peptides (AMPs) have received
much attention because their mechanism of function involves
the targeting, perturbation, and damage of bacterial mem-
brane, leading to bacteria death with limited resistance.[2]

However, the application of AMPs is largely prohibited by
their non-specific toxicity toward mammalian cells.[3] To
obtain an ideal AMP with high selectivity toward bacterial
cells, certain general structural parameters, such as size,
charge, hydrophobicity, amphipathicity, solubility, and secon-
dary structure of AMPs, have been studied.[2a, 4] Often, the
toxicity of AMPs is associated with their high charge density,
high hydrophobicity, and secondary structures.[5] In particular,
peptides with helical structure afford stronger membrane
activity and toxicity than the corresponding non-helical
peptides.[6] As such, the design of smart peptides with helix-
coil transition provides a promising approach to enhance the

selectivity of AMPs by controlling the secondary structure-
dependent membrane activity as well as toxicity.[6a, 7]

We recently developed a class of radially amphiphilic
(RA) polypeptides with a long hydrophobic side chain and
a terminal quaternary ammonium group on each amino acid
residue.[8] These polypeptides adopt a stable a-helical con-
formation with a hydrophobic interior and a charged exterior
shell around the helical surface, affording potent antimicro-
bial activity closely associated with their helical structure.[8]

They offer several advantages over conventional AMPs, such
as high stability against protease and simplicity of design.
However, despite their strong antibacterial activity, the
helical RA polypeptide PHLG-MMO bearing hydrophobic
terminal amine groups (Figure 1) showed high toxicity to
mammalian cells, as demonstrated by its 10 % hemolytic
concentration (HC10) at 24.7 mm and its minimal inhibitory
concentration (MIC) against ATCC11778 and ATCC12608
bacterial strains at 3.1 and 6.2 mm, respectively.

RA polypeptides have positively charged long hydro-
carbon side chains. We envisioned that the insertion of
phosphate groups onto the side chain of RA polypeptides
would result in the distortion of helical conformation, which is
due to intramolecular electrostatic interaction between the
positively charged ammonium groups and the negatively
charged phosphate groups (Scheme 1). The distortion of
helical structure together with the decrease of overall cationic
charge density would thus significantly reduce the toxicity of
RA polypeptides (Scheme 1). As phosphatase is overly
excreted in bacterial infectious sites,[9] if the inserted phos-
phate groups can be removed by bacterial phosphatase in the
infectious sites, the phosphate-bearing RA polypeptides
would resume the antibacterial activity specifically against

Figure 1. a) The chemical structure of helical antimicrobial polypeptide
PHLG-MMO. b) Circular dichroism (CD) spectra of PHLG-MMO in
aqueous solution at pH 7.
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bacteria (Scheme 1). Herein, we report the design of phos-
phorylated polypeptides (Figure 2a) with a random coil-to-
helix transition, showing remarkable antibacterial efficacy
against ATCC11778, ATCC12608, and NRS384 bacterial
strains with inhibited toxicity against mammalian cells.

RA random co-polypeptides poly(g-6-(N,N-dimethyl-N-
octylamino)hexyl-l-glutamate)-r-(poly-l-tyrosine)n (abbrevi-
ated as PHOT) were synthesized via ring-opening co-
polymerization of g-(6-chlorohexyl)-l-glutamate-N-carbox-
yanhydride (NCA) and l-tyrosine-NCA with 20 mol% and
10 mol% l-tyrosine-NCA (abbreviated as PHOT-1 and
PHOT-2, respectively), followed by amination using N,N-

dimethyloctylamine (Supporting Information, Fig-
ure S2a).[6d, 10] The polypeptides adopted a helical structure
according to circular dichroism (CD) spectra (Figure 2 b),
because the positively charged groups are separated from the
backbone via a long, hydrophobic spacer.[6d] PHOPT were
obtained by phosphorylation of the phenol residue of tyrosine
of PHOT (Figure 2a). High-performance liquid chromatog-
raphy (HPLC) analysis showed that the peak of PHOT-1 and
PHOT-2 was clearly shifted from about 12 min to about 9 min
after phosphorylation (Supporting Information, Figure S2c).
1H-NMR spectra revealed that after phosphorylation, the
protons from phenol ring were shifted to low field (Support-
ing Information, Figure S3), suggesting that majority of the
phenol groups were successfully phosphorylated. The phos-
phorylated polypeptides (PHOPT-1 and PHOPT-2) showed
distorted conformation (Figure 2b). As expected, the con-
formation-distorted PHOPT-1 and PHOPT-2 exhibited no
hemolytic activity at a concentration up to 69 mm, while the
helical PHOT polypeptides showed dramatically high hemo-
lytic activity (Figure 2c). MTT assays on RAW 264.7 (macro-
phages), HEK293 (embryonic kidney cells), MCF 10A (breast
epithelial cells), and IMR90 (fibroblast cells) also demon-
strated that the non-helical PHOPT-2 exhibited much lower
toxicity than the helical PHOT-2 (Supporting Information,
Figure S4). We also synthesized racemic, non-helical poly-
peptides dl-PHOT-2 and dl-PHOPT-2 as negative controls
(Supporting Information, Figure S5). dl-PHOT-2 showed
high hemolytic activity while dl-PHOPT-2 showed no
hemolytic activity even at a concentration of 67.2 mm (Sup-
porting Information, Figure S5).

To evaluate whether the helix-distorted polypeptides can
be activated by the bacterial phosphatase at the infectious
sites to restore antibacterial activity, we measured the MIC of
polypeptides against Bacillus cereus ATCC11778, Staphylo-
coccus aureus ATCC12608, and methicillin-resistant S. aureus
NRS384. As shown in Table 1, with the decrease of tyrosine

content in the polypeptides from 20 % (PHOT-1) to 10%
(PHOT-2), higher antibacterial activity was noted. Non-
helical phosphorylated PHOPT-1 and PHOPT-2 exhibited
slightly reduced but still excellent antibacterial activity, as
well as high selectivity as determined by the ratio of 10%
hemolysis concentration to MIC. A selectivity value greater
than 33 was observed with PHOPT-2 against ATCC12608 and
NRS384 as opposed to red blood cells, showing great
potential of this class of polypeptides in the treatment of
bacterial infection. Furthermore, the phosphorylated, non-

Scheme 1. Illustration of antimicrobial polypeptides with a random
coil-to-helix conformation transition. Prior to reaching the bacterial
infection site, the polypeptide adopts a random coiled conformation
owing to the electrostatic interactions between positive and negative
side chains, showing low toxicity. At the bacterial infection site, the
polypeptide restores the helical structure upon phosphatase-mediated
cleavage of the negatively charged phosphate groups, thereby affording
strong membrane activity to kill bacteria. Green balls: cationic amine
groups, blue balls: anionic phosphate groups, orange balls: neutral
groups.

Figure 2. a) Illustration of PHOPT, which adopts a random coil con-
formation with low toxicity, and PHOT, which adopts a helical con-
formation with high antimicrobial activity. b) CD spectra of phosphory-
lated and non-phosphorylated polypeptides in aqueous solution.
c) The hemolytic activity of phosphorylated and non-phosphorylated
polypeptides at various concentrations.

Table 1: The antibacterial activity of bacteria activated polypeptides
against bacterial strains (ATCC11778, ATCC12608, and NRS384).

Polypeptides MIC [mm]
ATCC11778 ATCC12608 NRS384

PHOT-1 3.9 1.9 3.9
PHOPT-1 14.9 14.9 3.7
PHOT-2 0.5 0.5 0.5
PHOPT-2 4.1 2.1 2.1
dl-PHOT-2 2.1 8.4 1.1
dl-PHOPT-2 16.8 67.2 8.4
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helical PHOPT-2 showed higher antibacterial activity than its
racemic analogue dl-PHOPT-2. Considering that PHOPT-2
showed similar non-helical conformation and charge density
as dl-PHOPT-2, the higher antibacterial activity of PHOPT-2
could be attributed to the restoration of helical conformation
and accordingly the potent membrane activity upon cleavage
of phosphate groups by the bacterial phosphatase. It should
be noted that the non-helical dl-PHOT showed high anti-
bacterial activity owing to its high charge density and
hydrophobicity.

We next evaluated the batch-to-batch variation of poly-
peptide synthesis, aiming to evaluate whether the materials
prepared from different batches would afford consistent
antibacterial properties. As such, we synthesized another two
batches of PHOT-2 and PHOPT-2, namely PHOT-2-2/2-3 and
PHOPT-2-2/2-3, respectively. All three batches of polypep-
tides have similar molecular structures according to GPC,
HPLC, CD, and NMR analyses (Supporting Information,
Figures S3, S7), and showed similar hemolytic activity as well
as antibacterial activity (Figure S8), which demonstrate
excellent reproducibility in terms of the polypeptide synthesis
and structure control.

We hypothesized that the potent antibacterial activity of
PHOPT-2 was attributed to the restoration of helical structure
and helix-dependent membrane activity after the cleavage of
side phosphate groups by bacterial phosphatase. To demon-
strate this, we first evaluated the degradation of a model
compound Fmoc-Tyr(-PO3)-OH by HPLC after incubation
with bacterial phosphatase (alkaline from Escherichia coli).
Fmoc-Tyr(-PO3)-OH was converted into Fmoc-Tyr-OH upon
10 minute incubation with bacterial phosphatase at 37 88C
(Supporting Information, Figure S9), indicating that the
phosphorylated tyrosine can be easily dephosphorylated by
bacterial phosphatase. We then incubated PHOPT-2 (8.2 mm)
with bacterial phosphatase (0.06 UNmL@1) under 37 88C, and
monitored the degradation of PHOPT-2 by HPLC. The peak
of PHOPT-2 at around 9 min was gradually reduced (Sup-
porting Information, Figure S10), indicating the degradation
of polypeptides by bacterial phosphatase. PHOPT-2 can also
be degraded when incubated with bacterial culture medium
(Supporting Information, Figure S11). However, when we
incubated PHOPT-2 with the cell culture medium of Raw
264.7 cells for 24 h, no significant degradation of the
polypeptide was noted (Supporting Information, Figure S12).

Because of the cleavage of phosphate on the polypeptide
side chain terminals, PHOPT-2 restored its helical structure
after treatment with phosphatase as evidenced by CD spectra
(Figure 3a). We also examined the membrane-disruptive
activity of PHOT-2, PHOPT-2, and phosphatase-treated
PHOPT-2 on an anionic liposome that is widely used to
simulate bacterial membranes.[11] After incubation of poly-
peptides with calcein-loaded liposomes, helical PHOT-2
induced notably higher calcein leakage level than the non-
helical PHOPT-2 (Figure 3b), which correlated well with our
previous findings that helical structure featured higher
membrane-disruptive activity.[6d, 8] After treatment with phos-
phatase, PHOPT-2 resulted in dramatically enhanced calcein
leakage than its non-treated, non-helical analogue (PHOPT-
2, Figure 3b), which substantiated that the restoration of the

helical structure by bacterial phosphatase contributed to the
recovery of membrane activity. In consistence with such
restoration of membrane disruptive activity, PHOPT-2 could
induce drastic damage to the bacterial membrane in a similar
manner as the helical PHOT-2, as evidenced by morpholog-
ical observation of ATCC12608 by scanning electron micro-
scope (SEM, Figure 3c). Taken together, these findings
collectively indicated that the phosphorylated, non-helical
PHOPT-2 can be activated by bacterial phosphatase to
restore helical structure and efficiently kill bacteria while
affording low cytotoxicity to normal mammalian cells.

In conclusion, we introduced a random coil-to-helix
transition mechanism into the design of AMPs. To the best
of our knowledge, this is the first example of modulating the
antimicrobial activity of polypeptide materials by controlling
the transformation of secondary structures. Through such
design, the AMPs exhibit high antimicrobial activity with
inhibited toxicity against mammalian cells. It would be
interesting to design sequence-controlled peptides by placing
the phosphorylated tyrosine residue at different positions and
to compare the difference of their biological activity, which
will be among the explorations of our future work.
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