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Abstract
Most existing antimicrobial peptides (AMPs) are α-helical and cationic that exhibit typical amphipathic feature to facili-
tate efficient interaction with bacterial outer membranes. However, short α-helix is unstable in water, and thus naturally 
occurring α-helical AMPs are generally long and structurally complex. Here, we attempt to perform de novo design of very 
simple AMPs with only a single-turn α-helix by using hydrocarbon-stapling technique, which can effectively constrain 
peptide conformation into helical form. The designed AMPs are heptapeptides that have an additional residue at each end 
of pentapeptides, the theoretical minimum to define an α-turn. Net charge, amphipathicity, sequence pattern and amino acid 
composition are systematically considered and examined based on the helical wheel of standard α-helical heptapeptide, which 
derive a series of potential one-turn unstapled AMP candidates with strong hydrophobic moment and a good balance between 
cationicity and hydrophobicity. Structural analysis suggests that, however, these designed AMPs cannot spontaneously fold 
into α-helical conformation, with helicity < 50%. An all-hydrocarbon bridge is stapled across the 2nd and 6th residues of 
several selected heptapeptides to arbitrarily force their α-helical propensity. Circular dichroism spectroscopy demonstrates 
that the stapling can largely enhance the helical content of these heptapeptides. Molecular dynamics simulation reveals that, 
as compared to unstapled peptides, the stapled peptides can more efficiently penetrate into the membrane surface of a lipid 
bilayer model and swiftly move across the hydrophilic surface layer. Susceptibility test reveals that the stapling can consid-
erably improve the antibacterial potency of designed peptides against both the antibiotic-sensitive and methicillin-resistant 
S. aureus; permeabilization assay confirms that the stapled peptides generally have a higher permeability on E. coil outer 
membrane than their unstapled counterparts.
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Introduction

Peptide segments of 10–20 amino acids long with α-helical 
conformation were estimated by Barlow and Thornton to 
account for more than 30% of protein secondary structures 
(Barlow and Thornton 1988). They have been frequently 
observed to regulate diverse biological functions through 
peptide-mediated interactions with their partner proteins, 
DNA or RNA. For example, crystal structure survey sug-
gested that roughly 62% of protein complexes constitute 
α-helical interfaces (Jochim and Arora 2010), which were 
identified as potential targets for synthetic modulators of 
protein–protein interactions (Jochim and Arora 2009). In 
addition, small helical peptide segments have been found as 
self-binding peptides, which serve as molecular switch to 
regulate the biological activity of their parent proteins (Yang 
et al. 2015a, 2016; Bai et al. 2017), and bioinformatics 
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methods such as machine learning and molecular dock-
ing have been successfully used to minimize the functional 
structures of small helical peptides (Ren et al. 2011; Li et al. 
2019a, b; Luo et al. 2015). However, short synthetic pep-
tides corresponding to such helical motifs tend not to form 
appreciable helical structure in water, away from the helix-
stabilizing hydrophobic environments of proteins (Scholtz 
and Baldwin 1992). If short peptide α-helices could be 
stabilized or mimicked in water by small molecules, such 
compounds might be valuable chemical or biological probes 
and lead to development of novel pharmaceuticals, vaccines, 
diagnostics, biopolymers, and industrial agents (Shepherd 
et al. 2005).

The α-helix is a common conformation adopted by 
many natural and synthetic antimicrobial peptides (AMPs), 
which can define the amphipathic helical motif that facili-
tates efficient interaction with bacterial outer membranes 
(Tossi et al. 2000). However, since short α-helix cannot sta-
bly exist in water, most known α-helical AMPs are longer 
than 15 amino acid residues, and only very few have shorter 
sequence length (e.g. 10–15 amino acids). Currently, the 
shortest α-helical AMPs deposited in the APD3 database 
(Wang et al. 2016) are natural octapeptide Temporin-SHf 
and synthetic octapeptide TetraF2W-RK. However, both the 
two peptides have been found to have a moderate content 
of structural disorder in water (Abbassi et al. 2010; Mishra 
et al. 2017), suggesting that they cannot be well stabilized in 
structured conformation and possess only a partial α-helix.

An α-turn, the minimal repeating unit in an α-helix, 
is defined by a closed ring formed by a hydrogen bond 
between a carbonyl oxygen (>C=O) of one residue (i) and 
the amide hydrogen (–NH) of another residue (i + 4) sepa-
rated by three residues, suggesting that five residues is the 
theoretical minimum to define an α-turn (Shepherd et al. 
2005). However, such short α-helix cannot be spontaneously 
formed without protein context support (Zhou et al. 2018, 
2019). In order to stabilize the α-helical conformation of 
short peptides in water, all-hydrocarbon stapling technique 
was used in this study to examine the possibility of develop-
ing very small cationic AMPs with only single helical turn. 
Although five amino acids are enough to form a single turn 
of helix, it might be too short to effectively supply amphip-
athicity required for the antimicrobial activity of designed 
peptides. Therefore, we herein considered heptapeptides, in 
which an additional residue at each end of one helical turn 
would provide supplementary options to manipulate their 
physiochemical properties (Dinh et al. 2014, 2015; Luong 
et al. 2017). Hydrocarbon stapling has been widely used 
to constrain peptides into bioactive helical conformation 
(Walensky and Bird 2014), which has also been success-
fully applied to designing helical AMPs (Migoń et al. 2018). 
Here, we attempted to develop a standard modeling strat-
egy that can be used in the de nono design of single-turn 

α-helical, cationic AMPs without any priori knowledge, such 
as use of known longer AMPs as structural start or template. 
With the strategy we successfully designed several (i, i + 4) 
hydrocarbon-stapled heptapeptides and demonstrated that 
the stapling can promote the folding of very short peptides to 
amphipathic α-helix and effectively stabilize the single-turn 
helical structure in water. The complete dynamics trajectory 
and conformational flexibility of peptide interaction with 
the outer membrane model of Gram-positive bacteria were 
also investigated in detail using dynamics simulation and 
conformational analysis. In addition, the antibacterial activ-
ity and solution conformation of stapled peptides and their 
unstapled counterparts were measured using susceptibility 
test, permeabilization assay and circular dichroism.

Materials and Methods

Susceptibility Test

The unstapled peptides with C-terminal amidation (–NH2) 
were synthesized using Fmoc solid phase chemistry. For 
hydrocarbon-stapled peptides, the Grubbs catalysts were 
used in olefin metathesis to incorporate the all-hydrocarbon 
staples into peptides (Bird et al. 2011). The prepared pep-
tides were resuspended in water or phosphate-buffered saline 
(PBS) to a concentration of 10 mg/ml and stored at − 20 °C. 
The CLSI microbroth dilution susceptibility test described 
previously (Yau et al. 2001; Frecer et al. 2004) was used to 
determine the minimum inhibitory concentration (MIC) of 
peptides against two strains of Staphylococcus aureus, i.e. 
antibiotic-sensitive S. aureus (ATCC25923) and methicillin-
resistant S. aureus (MRSA). The strains were cultured in 
10 ml of Mueller–Hinton broth (MHB) at 37 °C and diluted 
to reach a final cell population of ~ 5 × 105 CFU/ml. To 
determine the effect of peptides on bacterial growth kinet-
ics, 100 μl bacterial suspensions incubated with peptides at 
different concentrations were placed in a microplate reader 
overnight and the optical density was recorded. The mini-
mum inhibitory concentration (MIC) was determined as the 
lowest concentration of peptide that reduced 50% bacterial 
growth. Each assay was performed in triplicate.

Circular Dichroism

Circular dichroism (CD) spectra of stapled and unstapled 
peptides in water solution were analyzed at room tempera-
ture by using a J-810 spectropolarimeter. The peptide sam-
ples were added to obtain a final concentration of 25 μM 
in 10 mM sodium phosphate buffer (pH 7.4). In addition, 
the CD spectra of stapled and unstapled p(3,7) peptides in 
0% and 50% TFE solutions (TFE:H2O = 0:100 and 50:50, 
respectively) were also tested to compare the effects of water 
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and lipid environments on peptide structures. The samples 
were loaded in a rectangular quartz cell with 0.1 cm path 
length, and the spectra were monitored at a 10 nm/min scan-
ning speed in wavelength range 190–250 nm (Wang et al. 
2019). The final spectra were expressed as mean residue 
ellipticity [θ] in deg  cm2  dmol−1, the molar ellipticity per 
residue. The percentage of peptide helical content (%helic-
ity) was calculated with spectral records at 222 nm (Green-
field 2006).

Membrane Permeabilization

The outer membrane permeability of stapled and unstapled 
peptides was determined by using N-phenyl-1-napthylamine 
(NPN) uptake assays with E. coli strain UB1005 (Lee et al. 
2004; Lv et al. 2014). Briefly, the strain was suspended in 
HEPES buffer (pH 7.4) containing 5 mM glucose. 10 mM 
NPN was added to cells in a quartz cuvette, and the tested 
peptides with varying concentrations were then added to 
the cuvette, for which the fluorescence was recorded. The 
permeability of bacterial outer membrane can be increased 
by peptide disruption, which promotes NPN interaction 
with the membrane and thus results in an increased fluo-
rescence. Consequently, the NPN uptake can be calculated 
as: uptake = 100% × (Fobs − Fo)/(FPB − Fo), where Fo is the 
background fluorescence of NPN without peptides, Fobs is 
the observed fluorescence of NPN with a particular pep-
tide concentration, and FPB is the fluorescence of NPN with 
10 μg/ml positive control (polymyxin b).

Dynamics Simulation

The start structures of stapled p(3,7) peptide and its unsta-
pled counterpart were assigned with helical and linear con-
formations, respectively. The peptide interaction dynam-
ics with bacterial outer membrane was investigated with 
atomistic molecular dynamics (MD) simulations in the 
GROMACS ver. 4.5.5 package (Van Der Spoel et al. 2005; 
Yu et al. 2014). The simulations were essentially similar 
to previous reports (Fu et al. 2018; Bai and Chen 2019). A 
solvated lipid bilayer model was set up with a composition 
of mixed lipids POPG:POPE (3:1) to mimic the zwitteri-
onic outer membrane of Gram-positive bacteria (Yang et al. 
2018; Ye 2018). The OPLS force field was used to describe 
stapled and unstapled peptides (Jorgensen et al. 1996), and 
the force field parameters for lipid models were taken from 
Kukol et al. (2009). Since the OPLS is an all-atom force 
field, it can be directly applied to hydrocarbon bridge. Previ-
ously, the force field has been successfully used to perform 
MD simulations of hydrocarbon-stapled peptides in the 
GROMACS environment (De Paola et al. 2015). The cre-
ated lipid bilayer consisted of 72 lipid molecules and ~ 4000 
TIP3P water molecules in each monolayer. The investigated 

peptide was placed ~ 40 Å away from the membrane center. 
Subsequently, 500-ns MD simulations with 2 fs time step 
were performed for each system under NPT ensemble (Yang 
et al. 2015b; Zhou et al. 2016), with water, lipids and the 
peptide coupled separately to a heat bath with T = 298 K and 
a time constant τ = 0.1 ps using weak temperature coupling, 
and atmospheric pressure was maintained at 1 bar using 
weak semi-isotropic pressure coupling (Wang et al. 2014). 
During the simulations particle-mesh-Ewald (PME) method 
was applied to long electrostatic interactions (Darden et al. 
1993) and LINCS algorithm was used to treat covalent bonds 
involving hydrogen atoms (Hess et al. 1997).

Results and Discussion

De novo Design of Single‑Turn Amphipathic 
α‑Helical Heptapeptides

It is known that short peptides are hard to be stabilized in 
α-helical conformation without protein context support 
(Shepherd et al. 2005). By searching against the APD3 
database (Wang et al. 2016), only very few short AMPs are 
assigned as helical structure, including two octapeptides, 
two nanopeptides and three decapeptides (Table 1). They 
are all cationic AMPs with + 1 to + 4 net charges. Most 
of these peptides have moderate or high hydrophobicity 
(H > 0.5) and hydrophobic moment (µ > 0.4). In addition, 
they were also predicted to considerably or partially fold 
into α-helical conformation, with helicity > 50%. However, 
there are two outliers, i.e. Cn-AMP1 and Cm-p1, which have 
relatively low helicity, hydrophobicity, hydrophobic moment 
(h = 37.9% and 28.2%; H = 0.200 and 0.189; µ = 0.265 and 
0.057, respectively), suggesting that the two peptides may 
exert their antibacterial activity via a non-amphipathic heli-
cal mechanism. In this respect, we considered that a short 
amphipathic AMP should be helical (h > 50%) and cationic 
(c >  + 1) as well as have high hydrophobicity (H > 0.5) and 
hydrophobic moment (µ > 0.4).

Although pentapeptide is the minimal length requirement 
for a single turn of α-helix, it might be too short to effec-
tively supply amphipathicity required for the antimicrobial 
activity of designed peptides. Therefore, we considered 
heptapeptides, in which an additional residue at each end 
of one helical turn would provide supplementary options 
to manipulate their physiochemical properties (Dinh et al. 
2014, 2015). Since the cationic AMPs should be positively 
charged but also have a high hydrophobicity, we considered 
a moderate net charge (+ 2 or + 3) for the peptides. In addi-
tion, according to a previous statistical survey the positively 
charged Lys (K) and Arg (R) as well as the hydrophobic/
aromatic Leu (L) and Trp (W) contribute the highest amino 
acid composition abundance to α-helical AMPs (Mishra 



1714 International Journal of Peptide Research and Therapeutics (2020) 26:1711–1719

1 3

and Wang 2012). Therefore, we considered their four pos-
sible combinations to define an AMP, i.e. (K, L) (K, W) 
(R, L) and (R, W). The helical wheel of a standard one-
turn α-helical heptapeptide is shown in Fig. 1, from which 
the residue distribution around the wheel is readily visual-
ized, that is, in turn, X1 → X5 → X2 → X6 → X3 → X7 → 
X4. Here, 14 AMP sequence patterns were designed based 
on the residue distribution order of helical wheel, including 
7 patterns with + 2 net charge and 7 patterns with + 3 net 
charge; they represent totally 56 heptapeptides (see Table S1 
in Supplementary Materials). As can be seen, these designed 
peptides with different sequence patterns exhibit an appre-
ciable hydrophobicity (H > 0.4) and a moderate or high 

hydrophobic moment (µ > 0.5) as predicted by HeliQuest 
server (Gautier et al. 2008). The + 2-carrying peptides gen-
erally have higher hydrophobicity but lower hydrophobic 
moment than those of + 3-carrying peptides. Therefore, the 
H and µ can be regarded as a compromise with respect to 
peptide charges and their distribution. In addition, the Trp 
seems to associate with high hydrophobicity as compared 
to Leu, while the Arg appears to have large hydrophobic 
moment relative to Lys (Zhou et al. 2013a, b). However, 
all the 56 designed heptapeptides were predicted to pos-
sess only a low (or moderately low) helicity by using the 
AGADIR algorithm (Muñoz and Serrano 1994), with h 
ranging between 7.6 and 51.7%. The Leu and Lys confer 

Table 1  The short α-helical AMPs recorded in the APD3 database

a The database accession id of AMPs
b The net charge does not include the formal positive charge of peptide free N-terminus
c Predicted by AGADIR algorithm (Muñoz and Serrano 1994)
d Predicted by HeliQuest server for standard α-helix (Gautier et al. 2008)

Helical AMP APD  ida Sequence Length Net charge (c)b Helicity (h)c (%) Hydropho-
bicity (H)d

Hydrophobic 
moment (µ)d

Temporin-SHf AP01534 FFFLSRIF-NH2 8  + 1 57.9 1.068 0.427
TetraF2W-RK AP02856 WWWLRKIW-NH2 8  + 2 63.8 1.167 0.451
Cn-AMP1 AP01342 SVAGRAQGM-NH2 9  + 1 37.9 0.200 0.265
Pac-525 AP02664 KWRRWVRWI-NH2 9  + 4 75.0 0.639 0.894
Anoplin AP00447 GLLKRIKTLL-NH2 10  + 3 72.5 0.587 0.715
Temporin-H AP00859 LSPNLLKSLL-NH2 10  + 1 78.3 0.755 0.497
Cm-p1 AP02305 SRSELIVHQR-NH2 10  + 1 28.2 0.189 0.057

Fig. 1  Front view of the helical wheel of a standard α-helical heptapeptide, from which the residue distribution around the wheel is readily visu-
alized, that is, in turn, X1 → X5 → X2 → X6 → X3 → X7 → X4
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stronger helicity to peptides than Trp and Arg, respectively. 
This is basically in line with the amino acid intrinsic helical 
propensity observed in protein structures, which well meets 
the notion of rational peptide design (Tian et al. 2011, 2013, 
2014).

Hydrocarbon Stapling of Single‑Turn Amphipathic 
α‑Helical Heptapeptides

The 56 designed heptapeptides were found to possess a 
satisfactory profile of hydrophobicity and hydrophobic 
moment, but cannot effectively fold into standard α-helix in 
a spontaneous manner. Therefore, we considered employing 
hydrocarbon stapling technique to constrain the peptide heli-
cal conformation in water. The stapling was placed across 
the 2nd and 6th residues of heptapeptides, thus satisfying 
the (i, i + 4) rule for the span of an all-hydrocarbon bridge. 
In this respect, it is required that the 2nd and 6th residues 
cannot be positively charged amino acids; thus replacement 
of the two residues by nonpolar α-methyl,α-alkenylglycine 
would not change the physicochemical property of hepta-
peptides. In this consideration, we selected five from the 
56 designed heptapeptides; they are structurally diverse and 
commercially available as well as possess relatively high 
hydrophobicity and hydrophobic moment. The five (unsta-
pled) heptapeptides and their stapled counterparts are tabu-
lated in Table 2, including three + 2-carrying peptides and 
two + 3-carrying peptides. Their MIC values were tested 
against antibiotic-sensitive S. aureus (ATCC25923) and 
methicillin-resistant S. aureus (MRSA) using susceptibil-
ity assays. As can be seen in Table 2, there is no essential 
difference of measured MIC values between ATCC25923 
and MRSA for the same peptides, suggesting that the anti-
bacterial mechanism of the designed AMPs is different to 
those of small-molecule antibiotics. As might be expected, 
stapling can moderately or considerably improve these pep-
tide potencies by two–tenfold, with MIC change from, at 
most, > 100 μg/ml to < 10 μg/ml upon the stapling. In par-
ticular, the stapled p(3,7) peptide exhibited high potency 
against the two strains and substantial activity increase as 
compared to its unstapled counterpart (MIC = 8.3 and 14 μg/
ml for stapled peptide versus 76 and 62 for unstapled peptide 
against ATCC25923 and MRSA, respectively) (Fig. 2).

The membrane permeabilization activities of five stapled 
peptide and their unstapled counterparts were determined 
using NPN uptake assays with E. coli strain UB1005. NPN, a 
neutral hydrophobic fluorescent probe, is normally excluded 
by the outer membrane but exhibits increased fluorescence 
intensity when it partitions into the outer membrane dis-
rupted by antibacterial agents (Lv et al. 2014). The plots of 
NPN uptake by E. coli against varying peptide concentra-
tions are shown in Fig. 3. It is revealed that, as might be 
expected (i) the stapled peptides exhibit generally higher 

membrane permeabilization activity than their unstapled 
counterparts, and (ii) the activity is basically consistent with 
peptide antibacterial potency, that is, a peptide with stronger 
antibacterial potency generally has higher permeabilization 
activity. For example, the stapled p(3,7) peptide was found 
to have the highest antibacterial activity with MIC value 
of 8.3 ± 1.8 μg/ml in all designed candidates; the peptide 
can also efficiently disrupt bacterial outer membrane with 
NPN uptake potency of 85.8% at concentration 10 μM. In 
contrast, its unstapled counterpart has only a moderate NPN 
uptake potency of 45.5% at the concentration.

CD spectroscopy was used to characterize the second-
ary structure of five unstapled heptapeptides and their sta-
pled counterparts in phosphate buffer, indicating a signifi-
cant increase in peptide helical content upon the stapling, 
with helicity change from h = 14.1%–33.7% (for unsta-
pled peptides) to h = 58.9–75.1% (for stapled peptides). In 
addition, we also compared the CD spectra of stapled and 
unstapled p(3,7) peptides in 0% and 50% TFE solutions 
(TFE:H2O = 0:100 and 50:50, respectively). As can be seen 
in Fig. 2, the unstapled peptide shows a typical spectral fea-
ture of random coil structure in 0% TFE solution (helic-
ity = 26.3%), characterized by a single negative band below 
210 nm. Addition of 50% TFE results in an increased con-
formational transition to α-helix (helicity = 51.4%), which 
presents two negative bands at 208 and 222 nm along with 
one positive band at 192 nm. In contrast, the stapled pep-
tide behaves as a well-folded helical conformation in 0% 
TFE solution (helicity = 65.9%), and presence of 50% TFE 
has only a modest effect on the peptide helical content 
(helicity = 67.4%).

The stapled p(3,7) peptide was determined to have the 
strongest antibacterial potency and the highest permeabi-
lization activity in all designed peptide candidates. Here, 
the peptide and its unstapled counterpart were initially 
assigned with helical and linear conformations, respec-
tively, and placed in water ~ 40 Å away from the mem-
brane center, which gradually approached to and were 
then immersed into membrane over MD simulations. The 
hydrocarbon stapling can influence the interaction dynam-
ics substantially, particularly in the phase of peptide pene-
trating into membrane. The whole simulation includes four 
key time points (Fig. 4): point 0: simulation is start (0 ns); 
point 1: peptide touches on hydrophilic membrane surface; 
point 2: peptide penetrates into hydrophilic membrane 
surface; point 3: peptide transfers from hydrophilic mem-
brane surface to hydrophobic membrane interior; point 
4: simulation is end (500 ns). By visually examining the 
peptide conformations at each point it is revealed that the 
stapled peptide with restriction imposed by hydrocarbon 
bridge can well maintain in helical conformation over the 
whole simulation, whereas a significant conformational 
change was observed for its unstapled counterpart during 
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Table 2  The structural property and antibacterial activity of five unstapled heptapeptides as well as their stapled counterparts

Sequence pattern
Net charge

(c)a Type Heptapeptide Helical wheelb
MIC (μg/ml)c Helicity 

(h)f (%)ATCC259d MRSAe

p(1,5) +φφφ+φφ + 2

Unstap
led

RWWWRWW-NH2 83 ± 18 >100 22.7

Staple
d

19 ± 4 25 ± 6 61.3

p(3,7) φφ+φφφ+ + 2

Unstap
led

WWKWWWK-NH2 76 ± 14 62 ± 10 24.6

Staple
d

8.3 ± 1.8 14 ± 3 69.8

p(7,4) φφφ+φφ+ + 2

Unstap
led

LLLRLLR-NH2 45 ± 9 32 ± 5 30.2

Staple
d

24 ± 4 15 ± 3 75.1

p(4,1,5) +φφ++φφ + 3

Unstap
led

WWRRWWR-NH2 > 100 > 100 14.1

Staple
d

56 ± 12 72 ± 18 58.9

p(7,4,1) +φφ+φφ+ + 3
Unstap

led
KLLKLLK-NH2 49 ± 11 41 ± 9 33.7

a The net charge does not include the formal positive charge of peptide free N-terminus
b Drawn by DrawCoil server (https ://grigo ryanl ab.org/drawc oil/)
c The MIC value is expressed as mean ± s.d., derived from triplicate
d ATCC25923, antibiotic-sensitive Staphylococcus aureus for quality control

https://grigoryanlab.org/drawcoil/
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the simulations. By comparing the dynamics trajecto-
ries of stapled and unstapled peptides, it is noticed that 
the stapling would not essentially influence phase [point 
0 → 1] (in water) and phase [point 3 → 4] (in hydrophobic 

membrane interior), since the stapling does not alter the 
peptide electrostaticity and hydrophobicity that dominate 
the long-range membrane–peptide attraction in phase 
[point 0 → 1] and the short-range membrane–peptide inter-
action in phase [point 3 → 4], respectively. However, the 
stapling seems to considerably reduce the simulation time 
of phase [point 1 → 2] and phase [point 2 → 3]. In addition, 
it is revealed that, although the unstapled peptide is highly 
disorder in water, it appears to be partially folded as a heli-
cal conformation upon penetrating into the membrane and 
immersed in the membrane interior. As shown in Fig. 4, 
the peptide is fully linear at point 0, which would become 
slightly helical at points 1 and 2, and then further increase 
its helical content at point 3 to reach final helical state 
at point 4, imparting that the lipid environment can help 
the structured folding of unstapled peptide. This is con-
sistent with the CD analyses that the unstapled peptide is 
largely disordered in water, but can be partially structured 
in amphipathic membrane, whereas the stapled peptide 
always keeps in structured helical state in both water and 
membrane environments.

e MRSA, methicillin-resistant Staphylococcus aureus for resistance study
f Measured by CD spectroscopy

Table 2  (continued)

Fig. 2  CD spectra of stapled and unstapled p(3,7) peptides in 0% and 
50% TFE solutions

Fig. 3  NPN uptake by E. coli in the presence of varying peptide con-
centrations at 0, 1, 2, 5 and 10  μM. a stapled and unstapled p(1,5) 
peptides, b stapled and unstapled p(3,7) peptides, c stapled and unsta-

pled p(7,4) peptides, d stapled and unstapled p(4,1,5) peptides, and e 
stapled and unstapled p(7,4,1) peptides
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