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ABSTRACT: Solid-phase peptide synthesis (SPPS) is usually
performed with optically pure building blocks to prepare peptides
as single enantiomers. Herein we report that SPPS using racemic
amino acids provides stereorandomized (sr) peptides, containing
up to billions of different stereoisomers, as well-defined single
HPLC peaks, single mass products with high yield, which can be
used to investigate peptide bioactivity. To exemplify our method,
we show that stereorandomization abolishes the membrane-
disruptive effect of α-helical amphiphilic antimicrobial peptides
but preserves their antibiofilm effect, implying different mecha-
nisms involving folded versus disordered conformations. For antimicrobial peptide dendrimers by contrast, stereorandomization
preserves antibacterial, membrane-disruptive, and antibiofilm effects but reduces hemolysis and cytotoxicity, thereby increasing their
therapeutic index. Finally, we identify partially stereorandomized analogues of the last resort cyclic peptide antibiotic polymyxin B
with preserved antibacterial activity but lacking membrane-disruptive and lipopolysaccharide-neutralizing activity, pointing to the
existence of additional targets.

■ INTRODUCTION
The high efficiency of solid-phase peptide synthesis (SPPS)1,2

allows for interesting variations in synthesis planning, such as
the split-and-mix protocol to prepare one-bead-one-compound
libraries3−5 or the synthesis of peptide mixtures by using
several different amino acids in the same coupling step.6−8

Thanks to the availability of both L- and D-amino acids as
synthetic building blocks, one can also vary residue stereo-
chemistry and explore any number of stereoisomers of a given
peptide sequence9−11 or investigate mixtures of enantiomeric
peptides synthesized individually as all L- or all D- sequences as
reported for amyloid and hydrogel forming peptides.12−15

Here we asked the question whether SPPS using racemic
rather than single enantiomer amino acids to form stereo-
randomized (sr) peptides might provide new insights into the
mechanism of action of peptides. As a case study, we focused
on antimicrobial peptides (AMPs),16−19 antimicrobial peptide
dendrimers (AMPDs),20−28 and polymyxin B,29 which are all
membrane-disruptive compounds active on Gram-negative
bacteria including multidrug resistant strains.

■ RESULTS AND DISCUSSION
SPPS Provides sr-Peptides, sr-Peptide Dendrimers,

and sr-Cyclic Peptides as Homogeneous Products. We
first tested SPPS using racemic amino acids with AMP SB1, a
short linear sequence of 13 residues,30 and with AMPD G3KL,
which comprises 37 residues in a lysine-branched architecture
accessible in 11 peptide coupling steps, to form sr-SB1 and sr-
G3KL (Figure 1a).21 We also performed SPPS runs using 3:1

and 1:3 L/D ratios of each amino acid to form sr3/1-SB1, sr3/1-
G3KL, sr1/3-SB1, and sr1/3-G3KL. To our delight, in each case,
the crude as well as the HPLC-purified sr-product gave a single
peak and a single mass indistinguishable from the homochiral
parent compound when analyzed by LC/MS (Table 1, see also
Supporting Information). Obtaining sr-peptides as homoge-
neous products is remarkable when considering that they
contain a very large number of different stereoisomers but also
reflects the fact that reversed-phase HPLC primarily separates
compounds by hydrophobicity.
CD spectra of stereorandomized SB1 and G3KL in aqueous

neutral buffer containing up to 20% v/v trifluoroethanol (TFE)
as folding inducer31,32 showed an α-helical signal with intensity
proportional to the enantiomeric purity of the building blocks,
resulting in a flat signal at 1:1 D/L mixture of building blocks
(Figure 1b,c, Figures S1 and S4). While the all L-enantiomers
were susceptible to serum proteolysis (L-SB1: t1/2 ∼ 2 h, L-
G3KL: t1/2 ∼ 15 h), incorporation of as little as 25% D-amino
acids in the sr-samples significantly reduced (sr3/1-SB1) or
entirely blocked (sr3/1-G3KL) serum proteolysis, reflecting the
selectivity of proteases for L-peptides (Figure 1d).
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Stereorandomized SPPS of AMPs DJK5 (12 residues)33 and
indolicidin (indo, 13 residues),34−37 AMPDs TNS18 (18
residues, 10 steps)24 and T25 (38 residues, 12 steps),25 as well
as polymyxin B2 (PMB2, 10 residues, cyclic peptide),38

similarly provided the corresponding sr-sequences as homoge-
neous products in excellent isolated yields, which showed
similarly flat CD spectra (Figures S2, S3, S5, S6, and S7). We
also obtained clean products when we stereorandomized only
selected positions in the case of T25 and PMB2. Taken
together, these different syntheses showed that partially or fully
stereorandomized peptides are readily accessible in homoge-
neous form for linear, dendritic, and cyclic peptide sequences.
Stereorandomization Abolishes the Membrane-Dis-

ruptive and Antibacterial Activities of α-Helical AMPs
SB1 and DJK5 but Does Not Affect Their Biofilm
Inhibition or the Activity of the Disordered AMP
Indolicidin. AMPs SB1 (as the all L- or all D-enantiomer)
folds to an amphiphilic α-helix stable as 4-helix bundle within
crystal structures as well as in a membrane environment.30

Stereorandomization of SB1 to form 1:3, 1:1, and 3:1 sr-SB1
entirely abolished its antimicrobial activity on Gram-negative
strains (Pseudomonas aeruginosa, Acinetobacter baumannii,
Klebsiella pneumoniae) or strongly reduced it (Escherichia
coli) (Table 1, columns 5−8). The membrane-disruptive
activity of SB1 on synthetic vesicles containing either egg
white phosphatidyl glycerol (EYPG, mimicking bacterial
membranes) or egg white phosphatidyl choline (EYPC,
mimicking eukaryotic membranes) was similarly strongly
reduced upon stereorandomization (Table 1, columns 9−10,
Figure 2a, Figure S8).39 By contrast, the racemate rac-SB1, the
1:1 mixture of all L- and all D-enantiomers, was as active as the
individual enantiomers in the different assays. None of the
samples showed any measurable hemolysis on human
erythrocytes (Table 1, column 11). We observed similar
effects with AMP DJK5,33 which also forms an amphiphilic α-
helix (Figure S2) and essentially lost its antibacterial and
EYPG vesicle leakage activity in its sr-version compared with
the all L- or all D-enantiomers (Figure S9).

Figure 1. Synthesis of stereorandomized peptides and peptide dendrimers. (a) Stereorandomized SPPS of AMP sr-SB1 and AMPD sr-G3KL. SPPS
conditions: (a) 20% v/v piperidine in DMF, 2 min, 25 °C and 5 min, 50 °C; (b) FmocAAOH (5 equiv), Oxyma (7.5 equiv), DIC (10 equiv),10
min, 50 °C; (c) TFA/TIS/H2O (94:5:1), 4 h at room temperature. (b) CD spectra of L-, D- and sr- SB1 and (c) CD spectra of L-, D-, and sr-G3KL,
at 200 μg/mL TFA salt of the compound in 6 mM aq. phosphate buffer pH 7.4 with the 20% of TFE added. (d) Serum stability assay. Conditions:
400 μM compound in aq. 0.1 M Tris buffer pH 7.5 containing 25% v/v human serum.
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Table 1. Synthesis and Activity of Homochiral (L- or D-), Stereorandomized (sr-) and Racemic (-rac) Antimicrobial Peptides,
Peptide Dendrimers, and Polymyxin B

Cpd.a SPPS yield MS analysis
analytical
HPLC

P.
aeruginosa A.baumannii E. coli

K.
pneumoniae

EYPG
vesicle
leakage

EYPC
vesicle
leakage

hemolysis
on hRBC,
MHC

PAO1
biofilm
MBIC

mg (%)b calc./obs.c
tR

(min.)d MIC (μg/mL)e (%)f (%)f (μg/mL)g
(μg/
mL)h

Linear Peptides
SB1: KYKKALKKLAKLL (13 residues, 8192 diastereomers)

L-SB1 56 (30) 1543.07/1543.08 1.53 2 2 0.5 32 60 52 >2000 16
D-SB1 74 (26) 1543.07/1543.07 1.55 1 2 0.5 32 70 45 >2000 8
rac-SB1 - - - 2 2 1 16 91 51 >2000 16
sr-SB1 62 (22) 1543.07/1543.08 1.53 >64 >64 32 >64 12 1 >2000 16
sr3/1-SB1 48 (17) 1543.07/1543.07 1.54 >64 >64 16 >64 20 9 >2000 16
sr1/3-SB1 57(20) 1543.07/1543.07 1.54 >64 >64 16 >64 27 6 >2000 16

DJK5: VQWRAIRVRVIR (12 residues, 4096 diastereomers)
L-DJK5 22 (9) 1549.98/1549.98 1.53 32 16 32 >64 32 1 >2000 >32
D-DJK5 19 (7) 1549.98/1549.98 1.50 4−2 8 4−2 2 36 2 1000 8
sr-DJK5 13 (8) 1549.98/1549.98 1.52 >64 >64 16 >64 8 1 >2000 32

Indolicidin: ILPWKWPWWPWRR (13 residues, 8192 diastereomers)
L-Indo 28 (10) 1905.05/1905.04 1.80 >64 16 32 32 18 18 125 >32
D-Indo 22 (8) 1905.05/1905.05 1.82 >64 16 16 32 35 18 125 >32
sr-Indo 18 (7) 1905.05/1905.05 1.87 >64 8 16 16 18 37 125 >32

Peptide Dendrimers
G3KL: (KL)8(KKL)4(KKL)2KKL (37 residues, 137 438 953 472 possible diastereomers)

L-G3KL 124 (23) 4531.38/4531.43 1.47 2 4 1 >64 42 6 1000 16
D-G3KL 142 (17) 4531.38/4531.37 1.46 4 8 1 32 51 8 1000 16
rac-G3KL - - - 4 8 2 >64 77 1 1000 16
sr-G3KL 138 (24) 4531.38/4531.43 1.53 8 >64 8 >64 38 1 1000 16
sr3/1-G3KL 94 (11) 4531.38/4531.43 1.54 4 >64 8 >64 58 1 1000 16
sr1/3-G3KL 86 (10) 4531.38/4531.44 1.52 8 >64 4 >64 66 1 1000 16

TNS18: (OF)4(KBL)2KKLK(C10) (18 residues, 262 144 possible diastereomers)
L-TNS18 121 (42) 2395.61/2395.61 1.64 2 2 4 >64 64 1 1000 8
D-TNS18 156 (14) 2395.61/2395.60 1.63 4 8 4 >64 65 5 500 8
rac-TNS18 - - - 4 4 2 >64 76 3 500 16
sr-TNS18 8 (4) 2395.61/2395.60 1.64 4 8 4 >64 61 3 1000 16

T25: (KL)8(KKL)4(KLL)2KKLL (38 residues, 274 877 906 944 possible diastereomers)
L-T25 26 (7) 4614.44/4614.47 1.55 4 4 4 16 50 31 62.5 8
D-T25 57 (7) 4614.44/4614.45 1.59 4 2 8 16 45 28 125 8
rac-T25 - - - 4 4 8 16 46 37 31.25 8
sr-T25 3854 (23) 4614.44/4614.44 1.59 2 8 4 32 40 1 >2000 8

sr-T25a: (KL)8(KKL)4(KLL)2KKLL (38 residues, G2 and G3 stereorandomized, 268 435 456 diastereomers)

34 (6) 4614.44/4614.45 1.61 4 4 4 32 58 8 62.5 >16
sr-T25b: (KL)8(KKL)4(KLL)2KKLL (38 residues, G0 and G1 stereorandomized, 1024 diastereomers)

26 (5) 4614.44/4614.43 1.57 4 16 4 >64 67 2 >2000 16

Cyclic Peptides
polymyxin B ( 10 residues, 1024 possible diastereomers)
PMB - - - 0.25 0.25 0.25 0.25 53 2 >2000 8
PMB2 26 (3) 1188.73/1188.74 1.58 0.25 0.25 0.25 0.5 39 1 >2000 8
sr-PMB2 148 (14) 1188.73/1188.74 1.55 32 64 2 >64 5 6 >2000 >16
sr-PMB2a (10 residues, residues 1, 3, 4, 7, 9, and 10 racemic, 64 diastereomers)

24 (5) 1188.73/1188.74 1.56 4 4 1 >64 1 1 >2000 16
sr-PMB2b (10 residues, residues 2, 3, 4, 9, and 10 racemic, 32 diastereomers)

18 (3) 1188.73/1188.74 1.58 2 2 0.25 2 1 1 >2000 16
aOne-letter codes for amino acids, K = branching lysine L- and D- sequences are with only L- or only D-amino acids, sr-sequences have all positions
individually racemized corresponding to the indicated number of diastereomers, and rac-sequences are a 1:1 mixture of all L- and all D-sequences, in
sr-T25a and sr-T25b only the residues underlined are racemic, see Figures 1 and 4 for structural formulas of AMPDs and PMB. bYields given for
RP-HPLC purified product. cHigh-resolution electrospray ionization mass spectrometry (positive mode), the calculated monoisotopic mass, and
the observed mass in the reconstructed spectrum are given. dRetention time in analytical RP-HPLC (A/D = 100/0 to 0/100 in 2.2 min, λ = 214
nm). eMinimum inhibitory concentration (MIC, μg/mL) was determined on P. aeruginosa PAO1, A. baumannii ATCC 19606, E. coli W3110 and
K. pneumoniae NCTC418 in Müller-Hinton medium, after incubation for 16−20 h at 37 °C. fLipid vesicles made of egg yolk phosphatidyl glycerol
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AMPs SB1 and DJK5 also exhibited a significant inhibitory
activity against P. aeruginosa biofilms (Table 1, column 12). In
contrast to the antibacterial effect, however, biofilm inhibition
by SB1 was independent of stereochemical purity. For DJK5,
antibiofilm effects required the presence of D-residues, an effect
which has been shown to protect this peptide from
proteolysis.33 By comparison, indolicidin (indo),34−37 for
which CD spectroscopy indicates a disordered conformation
(Figure S3), was more active as sr-indo than either L-indo or
D-indo in terms of antibacterial and vesicle leakage activity
(Figure S10). This data shows that indolicidin is membrane
disruptive in a disordered conformation and does not require
folding to be active. No antibiofilm activity was detected with
any of the three indo peptides. Note that stereorandomization
did not affect the hemolytic activity of any of the three linear
AMPs discussed above, which was very weak for SB1 and
DJK5 but quite significant for indo (Table 1, column 11).
Taken together, these experiments show that the anti-

bacterial and membrane-disruptive activity of α-helical AMPs
SB1 and DJK5 requires α-helical folding, while their
antibiofilm activity does not and therefore must involve a
disordered conformation. The AMP indo represents a useful

control showing that membrane disruption is also possible for
peptides with disordered conformation but in this case is
unaffected by stereorandomization.

Stereorandomization of AMPDs G3KL and TNS18
Preserves Their Membrane-Disruptive, Antibacterial,
and Antibiofilm Activities. AMPD G3KL exhibits an α-
helical CD spectrum in membrane-like environments similar to
linear AMPs.21 Modeling studies with L-G3KL indicate partial
α-helical segments within the dendrimer, however without
formation of a globally amphiphilic conformation.25 The same
applies to TNS18, a smaller G2 analogue of G3KL optimized
for activity by addition of a lipid tail at the core to enhance
membrane interactions, and which also adopts an α-helical but
not globally amphiphilic conformation in a membrane-like
environment.24

Here we found that stereorandomization of AMPDs G3KL
and TNS18 only very partially affected their antibacterial
activity (Table 1, only G3KL lost activity against A. baumannii
upon stereorandomization). Similarly, their membrane-dis-
ruptive activity as measured by vesicle leakage assays, their
weak hemolytic activity, and their biofilm inhibition were all
unaffected by stereorandomization (Figure 2b, Table 1, Figure

Table 1. continued

(EYPG) or egg yolk phosphatidyl choline (EYPC) were suspended in buffer (10 mM TRIS, 107 mM NaCl, pH 7.4). After 50 s, the indicated
compound was added to reach the indicated concentration. After 300 s, 1.2% Triton X-100 was added for full fluorescein release. The percentage
leakage observed with 10 μg/mL compound at 250 s is given. Full curves are given in Figures S8−S14. gMinimum hemolytic concentration (MHC)
measured on human red blood cells in 10 mM phosphate, 150 mM NaCl, pH 7.4, 25 °C, 4. hMinimum biofilm inhibitory concentration (MBIC,
μg/mL) was measured in 0.25% (w/v) nutrient broth no. 2, Oxoid on P. aeruginosa PAO1. All experiments were done in at least two independent
duplicates, see the Supporting Information for details.

Figure 2. Vesicle leakage assays with homochiral and stereorandomized SB1 (a) and G3KL (b). Lipid vesicles made of egg yolk phosphatidyl
glycerol (EYPG) or egg yolk phosphatidyl choline (EYPC) were suspended in buffer (10 mM TRIS, 107 mM NaCl, pH 7.4). After 50 s, the
indicated compound was added to reach the indicated concentration. After 300 s, 1.2% Triton X-100 was added for full fluorescein release. The bar
plots report relative fluorescence signal intensity measured after 250 s at 10 μg/mL.
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S11 and S12). These data show that α-helical folding is not
required for these activities and support our previous
hypothesis, based on modeling studies, that membrane
disruption by AMPDs is independent of helical folding and
is triggered by a transition from a hydrophobically collapsed
conformation in water to an open conformation exposing
hydrophobic residues in contact with the bacterial mem-
brane.25

Stereorandomization of AMDP T25 Increases Its
Selectivity against Bacteria over Eukaryotic Cells. We
next tested the effect of stereorandomization on AMPD T25,
an analogue of G3KL with a more hydrophobic dendrimer
core featuring one additional leucine residue in G0 (KL →
KLL) and a lysine-leucine mutation in G1 (KL → LL).
Compared with G3KL, the modified dendrimer core of T25
results in a broader activity spectrum against Gram-negative
bacteria also including Klebsiella pneumoniae, against which
G3KL is inactive, but also induces strong hemolysis (MHC =
62.5 μg/mL, Table 1) and toxicity against various human cell
lines (Figure 3a, Figure S15).25

Similar to the above AMPDs, stereorandomization to form
sr-T25 preserved the vesicle leakage activity on anionic EYPG
vesicles mimicking bacterial membranes (blue bars, Figure 3b,
Figure S13). sr-T25 also displayed similar antibacterial
activities as L- and D-T25 including a panel of MDR bacteria,
except for K. pneumoniae NCTC418 and the P. aeruginosa
clinical isolate ZEM9A (Table 1, Table S1). Transmission
electron microscopy (TEM) images of P. aeruginosa cells
exposed to sr-T25 showed extensive membrane damage, in line

with its membrane-disruptive activity on EYPG vesicles
(Figure 3c, Figure S16). However, stereorandomization of
T25 entirely abolished its hemolysis and its vesicle leakage
activity on neutral EYPC vesicles mimicking eukaryotic
membrane (Table 1, Figure 3b, red bars). Furthermore, sr-
T25 showed reduced cell toxicity compared to L- and D-T25
(Figure 3a and Figure S15).
Taken together, these data showed that stereorandomization

can selectively affect membrane-disruptive properties leading
to a higher selectivity for bacterial over eukaryotic membranes
and a stronger activity against bacteria versus eukaryotic cells.
This observation is partially related to the selective reduction
of hemolysis while preserving antibacterial effects reported
previously in AMP mixtures obtained by copolymerizing L-Lys
and L-Phe upon switching to copolymerizing L-Lys and D-
Phe,7,8 although these polymers are made from enantiomeri-
cally pure amino acids, while we are using racemic amino acids.

Partial Stereorandomization of T25 Shows That α-
Helical Folding of the Dendrimer Core Triggers
Hemolysis and Toxicity but Is Not Required for
Antibacterial Effects. As for α-helical AMPs and other
AMPDs, the CD spectrum of the all L- enantiomer L-T25
features a strong α-helical signal in the presence of TFE
(Figure 3d, blue trace). Indeed, molecular dynamics (MD)
simulation of AMPD L-T25 using GROMACS40 showed that
an α-helix involving the α-peptide backbone spanning from the
dendrimer core (G0) through the first generation (G1) and
second generation (G2) branches should be stable and
probably accounted for the α-helical CD signal (Figure 3e,

Figure 3. Full and partial stereorandomization of AMPD T25. (a) Cytotoxicity of G3KL, polymyxin B, and T25 analogues in HepG2 cells in
DMEM containing 10% FBS. (b) Vesicle leakage assays. (c) TEM images of P. aeruginosa cells treated for 60 min at 10×MIC with sr-T25 (40 μg/
mL). (d) CD spectra of T25 analogues (TFA salt 200 μg/mL) in aq. 6 mM phosphate pH 7.4 upon addition of 20% TFE. (e) Molecular dynamics
simulation of dendrimer L-T25. Stick model of MD structures color-coded by dendrimer generation (red = G0, orange = G1, blue = G2, black =
G3) highlighting the α-helical fold. (f) Cut-out view of (e) showing the G1-G0 α-helical core of L-T25 (brown = leucine, blue = lysine, gray =
branching lysine).
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Figure S18). Strikingly, the heptapeptide spanning through G0
and G1 formed an amphiphilic α-helix exposing a compact
hydrophobic patch of four leucine residues on the dendrimer
surface (Figure 3f). To test whether the α-helical conformation
of the G1-G0 heptapeptide might be responsible for the
hemolytic properties of L-T25, we prepared partially stereo-
randomized analogues featuring either a homochiral dendrimer
core (G0 and G1) and stereorandomized outer branches (G2
and G3, sr-T25a), or vice versa (sr-T25b, Table 1).
Both sr-T25a and sr-T25b showed similar antibacterial,

EYPG and EYPC vesicle leakage activities as L-T25 and sr-T25
(Table 1, Figure 3b). Furthermore, only AMPD sr-T25a with
the homochiral core showed an α-helical CD spectrum similar

to L-T25 (Figure 3d, red trace) and retained its strong
hemolytic effect (Table 1). By contrast, analogue sr-T25b with
a stereorandomized core and homochiral outer branches had a
CD spectrum indicating a disordered conformation (Figure 3d,
green trace), and completely suppressed EYPC vesicle leakage
activity and hemolysis (Table 1, Figure 3b).
Taken together, these data showed that the α-helical core is

responsible for the hemolytic activity and cell toxicity of L-T25,
presumably mediated by formation of a hydrophobic patch of
four leucine residues. The fact that sr-T25b largely preserves its
antibacterial activity shows that the folded core is however not
necessary in this case.

Figure 4. Stereorandomization of polymyxin B2. (a) Solid phase total synthesis of polymyxin B2. Conditions: a) linear chain synthesis by SPPS; b)
on-resin cyclization: (i) Pd(Ph3)4 (0.25 equiv), PhSiH3 (25 equiv), in dry DCM, (ii) Fmoc deprotection with 20% v/v piperidine in DMF, (iii)
Oxyma (7.5 equiv), DIC (10 equiv), 25 °C,12 h ; c) TFA cleavage with TFA/TIS/H2O (94:5:1), 4 h, 25 °C, then HPLC purification. (b)
Membrane-disruptive properties of commercial polymyxin and synthetic polymyxin B analogues (10 mM TRIS, 107 mM NaCl, pH 7.4). After 50 s
the indicated compound was added to reach the indicated concentration. After 300 s 1.2% Triton X-100 was added for full fluorescein release. (c)
Determination of TNF-α expression level in Raw264.7 murine macrophages by ELISA immunoassay. Polymyxin derivatives were coincubated with
or without 0.1 μg/mL of E. coli LPS containing 1 or 10% FBS for 4 h at 37 °C and 5% CO2. (d) TEM images of E. coli cells treated for 60 min at 20
× MIC with polymyxin B analogues. see the Supporting Information for details.
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Full or Partial Stereorandomization of the Cyclic
Peptide Polymyxin B2 Suppresses Membrane Disrup-
tion and LPS Binding but Partially Preserves Anti-
bacterial Activity. To test whether stereorandomization
might also affect the activity of cyclic peptides, we investigated
the last resort antibiotic PMB, which is also a membrane-
disruptive compound as the AMPs and AMPDs discussed
above.41,42 In addition, PMB binds strongly to lipid A and
thereby neutralizes the immune activating properties of the
lipopolysaccharide (LPS) released upon lysis of bacterial
cells.43 Structure−activity relationship studies have identified
residues critical for the activity of PMB.29,44 However, in terms
of stereochemistry, only the LPS binding activity of the cyclic
portion of PMB and its enantiomer has been investigated.45

Commercial PMB is a mixture of PMB1, acylated with 6-
methyl-octanoic acid at the N-terminus, and PMB2, acylated
with 6-methyl-heptanoic acid at the N-terminus. Here we
investigated PMB2, which we synthesized using the reported
SPPS approach.38 We used the same method to obtain the
fully stereorandomized (sr-PMB2) and two partially stereo-
randomized analogues fixing stereochemistry in positions 2, 5,
6, 8 (sr-PMB2a) or positions 1, 5, 6, 7, 8 (sr-PMB2b), which
have been previously reported to be critical for activity (Figure
4a).29,45

While our synthetic PMB2 had the similar activity as
commercial PMB, sr-PMB2 essentially lost all of the
antimicrobial and antibiofilm activity of the homochiral parent
compound except against E. coli (MIC = 2 μg/mL, Table 1).
Vesicle leakage activity on EYPG vesicles, reflecting mem-
brane-disruptive activity, was also abolished in sr-PMB2
(Figure 4b, Figure S14). Furthermore, sr-PMB showed
reduced LPS neutralizing activity, as assessed by LPS induced
TNF-α release from mouse macrophages (Figure 4c).
The partially stereorandomized analogues sr-PMB2a and sr-

PMB2b also lost their membrane disruptive and, in part, their
LPS neutralizing activities (Figure 4b,c). However, both
analogues retained significant antibacterial activity; in partic-
ular, sr-PMB2b had the same activity as PMB against E. coli
(MIC = 0.25 μg/mL, Table 1). Strikingly, TEM images of E.
coli cells exposed to the different PMB analogues at 20× MIC
showed that only PMB2 triggered detectable membrane
damage on the bacteria, in line with the vesicle leakage activity
data (Figure 4d, Figure S17). Strikingly, sr-PMB2a and sr-
PMB2b did not induce any visible damage despite of their
activity against these bacteria.
The different membrane-disruptive and antibacterial effects

observed with PMB2 and its full or partially stereorandomized
analogues demonstrate that stereochemical purity is essential
for membrane disruption and LPS neutralization by this
antibiotic but also point to the existence of alternative targets
at least in the case of E. coli.

■ CONCLUSIONS
In summary, we have shown, at the example of antimicrobial
peptides, peptide dendrimers, and the cyclic peptide polymyxin
B2, that SPPS with racemic amino acids readily delivers sr-
analogues as well-defined homogeneous products. sr-Analogues
exhibit distinct properties compared with the all L-, all D-, or
rac- (1:1 mixture of all L- and all D-) compounds, in particular
specific modulation of membrane disruption, hemolysis and
cytotoxicity. Comparing sr- with all L- or all D-peptides
generally offers a straightforward method to probe the role of
stereochemical purity and folding in activity and potentially

unravel diverse mechanisms of action involving different
conformations of the same peptide. This new approach should
be broadly applicable to better understand and improve the
activity and properties of peptides for various types of activity.

■ METHODS
Synthesis and characterization of peptide dendrimers and all
assays, measurements, and modeling studies are described in
the Supporting Information. No unexpected or unusually high
safety hazards were encountered.
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