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The recent development of plants that overexpress antimicro-
bial peptides (AMPs) provides opportunities for controlling
plant diseases. Because plants employ a broad-spectrum antimi-
crobial defense, including those based on AMPs, transgenic
modification for AMP overexpression represents a potential
way to utilize a defense system already present in plants. Herein,
using an array of techniques and approaches, we report on
VG16KRKP and KYE28, two antimicrobial peptides, which in
combination exhibit synergistic antimicrobial effects against
plant pathogens and are resistant against plant proteases. Inves-
tigating the structural origin of these synergistic antimicrobial
effects with NMR spectroscopy of the complex formed between
these two peptides and their mutated analogs, we demonstrate
the formation of an unusual peptide complex, characterized by
the formation of a bulky hydrophobic hub, stabilized by aro-
matic zippers. Using three-dimensional structure analyses of
the complex in bacterial outer and inner membrane compo-
nents and when bound to lipopolysaccharide (LPS) or bacterial
membrane mimics, we found that this structure is key for
elevating antimicrobial potency of the peptide combination.
We conclude that the synergistic antimicrobial effects of
VG16KRKP and KYE28 arise from the formation of a well-de-
fined amphiphilic dimer in the presence of LPS and also in the
cytoplasmic bacterial membrane environment. Together,
these findings highlight a new application of solution NMR
spectroscopy to solve complex structures to study peptide–
peptide interactions, and they underscore the importance of

structural insights for elucidating the antimicrobial effects of
AMP mixtures.

Despite progress in the field of antimicrobial therapeutics
(1, 2), plant production remains profoundly affected by
microbial disease outbreaks caused by pathogens of Xan-
thomonas and Pseudomonas species, leading to considerable
losses in crop production and challenges for global food
security (3). Finding new approaches for the management
of microbe-borne diseases in plants remains a challenge,
further complicated by the increasing occurrence of multi-
drug-resistant pathogens (“superbugs”) that are immune to
available treatments (4, 5). Additionally, commonly used
bactericides and fungicides pose considerable environmen-
tal constraints (6), necessitating the development of sustain-
able management techniques that can effectively combat
such pathogens.

Antimicrobial peptides (AMPs)3 represent the oldest do-
main of the evolutionary tree, being structurally and function-
ally conserved across all forms of life (7–10). While having
attracted research interest for several decades, peptide-based
antimicrobial therapy has seen accelerated attention during the
last few years, motivated by its potential applicability against
drug-resistant strains (11–15). The direct interaction of AMP
with bacterial membranes and membrane components pro-
vides broad-spectrum antimicrobial effects (16), and for many
AMPs also anti-inflammatory and other such effects (17, 18).
Despite such potent host defense functionality, the therapeutic
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application of AMPs suffers from challenges related to dose-de-
pendent toxicity, as well as scavenging and resulting activity
loss by binding to anionic proteins, polysaccharides, and other
compounds (19 –21), which has motivated recent research on
the combination of AMPs with drug-delivery systems (21–23).

Another prospective approach to address challenges with the
development of AMP-based therapeutics could be to use a
synergistic combination of AMPs for improved potency. The
methodology of combination or poly-therapy, involving the
rationale of using more than one drug, has attracted recent
interest because naturally occurring AMPs are ubiquitously
expressed together, and synergism between AMPs can very well
explain their success in combating infections (24 –27). In com-
binations, peptide interactions may lead to three primary out-
comes, i.e. (i) additivity, (ii) synergism, and (iii) antagonism, in
which the interacting peptides exhibit similar, stronger, and
weaker activity, respectively, compared with their combined
individual profiles at an equivalent dosage. The approach of
peptide-based combinatorial therapy has been reported previ-
ously in the literature (28). So far, peptide synergism has not
been conclusively correlated to the generation of specific struc-
tural motifs, which has resulted in other types of descriptions of
synergisms, in which the peptides act cooperatively in destabi-
lizing bacterial cell walls.

In previous work, we reported on the synthetically designed
peptides VG16KRKP (VARGWKRKCPLFGKGG) and KYE28
(KYEITTIHNLFRKLTHRLFRRNFGYTLR), exhibiting potent
activity against devastating plant pathogens of the genus Xan-
thomonas, including Xanthomonas vesicatoria, Xanthomonas
oryzae, and Xanthomonas campestris (29, 30). In doing so, we
have also highlighted the biological effects of these peptides ex
vivo and provided a structural correlation into the origin of
these effects. In this study, we expand on these previously
reported findings by combining the two peptides, VG16KRKP
and KYE28, to demonstrate synergistic antimicrobial potency
of the peptide mixture. In addition, we set out to obtain struc-
tural insights into the interaction of these peptides in the pres-
ence of bacterial membrane components and mimics and thus
to establish the structural basis of the synergism observed in
this particular system. As discussed below, the combination of
the two peptides promotes killing of several important plant
pathogens, as also established by scanning EM (SEM) imaging.
Elucidating the molecular origin of these effects, structure–
function correlation of the VG16KRKP–KYE28 system was
obtained by solving the three-dimensional solution structure of
the peptide complex in Escherichia coli total lipid extract
bicelles, the major components of the outer membrane of
Gram-negative bacteria, lipopolysaccharide (LPS) micelles, and
a bacterial cytoplasmic membrane mimic, 3:1 POPE/POPG
large unilamellar vesicles (LUVs), using nuclear magnetic reso-
nance (NMR) spectroscopy. Through this, aromatic–aromatic
interactions between Trp of VG16KRKP and Phe residues of
KYE28, in conjunction with charge clustering, were demon-
strated to be instrumental for structural stabilization of the
complex formed between these two peptides and for the
enhanced biological activity of the peptide combination.
These findings were supported by results from site-directed
mutagenesis.

Results

Combined antimicrobial effects of VG16KRKP and KYE28

Using binary combinations of the parent peptides,
VG16KRKP and KYE28 (Fig. 1A), checkerboard analysis (31)
was conducted to calculate the fractional inhibitory concentra-
tion index (FICI) (Fig. 1B and see Equation 3 under “Experi-
mental procedures”). As shown in Fig. 1B, for plant pathogens
of Xanthomonas and Pseudomonas genus, FICI results demon-
strated “partial synergy” to “synergy” between the two parent
peptides, with FICI values ranging between 0.32 and 0.60 (Table
S1). The combination also showed a synergistic effect against
the human fungal pathogen Cryptococcus grubii and a partial
synergy against Candida albicans, as well as good plant prote-
ase stability (Fig. 1C). In this context, it should be noted that for
highly potent peptides, such as VG16KRKP and KYE28, the
synergistic factor usually found is considerably smaller as
observed in this investigation.

Interaction of VG16KRKP–KYE28 with bacterial membrane
components

VG16KRKP–KYE28 interacts and disrupts bacterial mem-
branes—Scanning EM (SEM) analysis of X. vesicatoria cells
before and after exposure to the combination of the parent
peptides, VG16KRKP and KYE28, at their 0.5� and 1�
MIC99%, corresponding to 0.25 and 0.5 �M of each, respectively,
demonstrated bacterial cell death to be associated with mem-
brane disruption and leakage of intracellular content after only
1 h of treatment (Fig. 2, A–C). Analogous effects of membrane
destabilization were observed for the live X. vesicatoria cells,
probed using fluorescence-based experiments. As shown in Fig.
2D, the addition of the peptide combination at 1� and 2�
MIC99% concentrations (corresponding to 0.5 and 1 �M of each,
respectively) to live X. vesicatoria cells led to immediate depo-
larization of the bacterial cells as indicated by an increase in the
fluorescence intensity of DISC3, a membrane-potential sensi-
tive dye (32). In yet other set of fluorescence experiments, the
destabilizing effect of the peptide combination on X. vesicatoria
bacterial membranes was confirmed by monitoring the kinetics
of bacterial lipopolysaccharide and cytoplasmic membrane
permeabilization by measuring the uptake of the fluorescent
probes 8-anilino-1-naphthalenesulfonic acid (ANS), N-phenyl-
1-naphthylamine (NPN), and propidium iodide (PI), respec-
tively (30, 32, 33). Because dyes are membrane and/or nucleic
acid–specific in nature, peptide-induced membrane disruption
allows them to bind to their respective counterparts, thus
exhibiting enhanced fluorescence. Fig. 2, E–G, displays the
increase in fluorescence intensity of these dyes upon treatment
of the bacterial cell with 1� and 2� MIC99% concentration,
again demonstrating bacterial wall disruption induced by the
combination of VG16KRKP and KYE28.

VG16KRKP–KYE28 induces association of bacterial mem-
brane mimics—Fig. 3A shows results from dynamic light-scat-
tering (DLS) measurement performed with anionic LUVs (3:1
POPE/POPG) upon titration with increasing concentrations of
the peptide combination. For better representation, the auto-
correlation data (Fig. 3A, left) and the particle size distributions
(Fig. 3A, right) pertaining to P/L (VG16KRKP–KYE28/LUVs)

Structural basis of peptide synergism
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ratio of 1:1:20 (red), 1:1:10 (blue), 1:1:2 (green), and 1:1:1 (yel-
low) are shown, all at a constant VG16KRKP–KYE28 ratio of
1:1. Additionally, the same sample caused immediate vesicle
flocculation even at the lowest P/L (VG16KRKP–KYE28/
LUVs) ratio, leading to the generation of aggregates as indi-
cated by the slowing down of the relaxation decay and increase
in the delay time, �. As can be seen from the figure, the LUVs
used for the study displayed a quasi-perfect mono-exponen-
tially decaying correlation graph on the linear-log scale and a
low polydispersity index (PDI) of 0.13, indicating a narrow size
distribution of spherical LUVs, with the mean hydrodynamic
diameter centered around 149 nm. Increasing the total concentra-
tion of the 1:1 VG16KRKP–KYE28 peptide mixture resulted in
particles �1 �m in diameter, and PDI ranging between 0.39 and
0.52 (data not shown). In contrast, the VG16KRKP or KYE28 pep-
tides alone showed much smaller aggregation (Fig. S1).

To further extend our understanding of LUV aggregation
induced by the VG16KRKP–KYE28 combination, we next
employed 31P solid-state NMR and spectral-shape analysis for

model bacterial membranes (Fig. 3 and Fig. S2) (34). The 31P
spectrum of 3:1 POPE/POPG LUV or E. coli total lipid extracts
showed a typical powder pattern spectrum (Fig. 3B, left) (35).
Nonetheless, upon exposure to the peptide combination at 2
and 4 mol %, obvious and immediate changes were observed
in the overall spectral shapes, indicating relative population
changes of the orientations of phospholipid molecules. Careful
comparisons of the spectra of 3:1 POPE/POPG vesicles showed
the following: (i) a change in the intensity of the parallel (�26
ppm) and perpendicular (��15 ppm) edges in the 31P spectra,
and (ii) an increase in the spectral spans of the powder pattern
(40 � 0.5 ppm for 0 mol % and 44 � 0.5 ppm for 4 mol %) upon
peptide exposure. The relative intensity changes in the spectra
implied that upon exposure to the VG16KRKP–KYE28 mix-
ture, the vesicles underwent morphological changes that con-
verted them from spherical LUVs to deformed membranes.

In addition, the increase in the spectral span observed reports
on peptide-mediated vesicle aggregation, which retarded the
motional averages of the vesicles due to the larger size. Such

Figure 1. A, primary amino acid sequences of the parent peptides, VG16KRKP and KYE28, as well as of their mutant analogs. The three-dimensional structure
of the individual peptides in LPS is shown on right. The boldface amino acid residues are the mutated ones. B, checkerboard analysis using a modified micro
broth dilution assay was performed to calculate the values of MIC99% and FICI. As shown, the parent VG16KRKP and KYE28 peptides interact with each other,
demonstrated by the lowering of individual peptide concentration required for microbial killing. All experiments were performed in triplicate. C, proteolytic
stability of the respective parent peptides, VG16KRKP and KYE28, in tomato plant extract containing plant proteases was evaluated using HPLC-based analysis.
Both peptides displayed a half-life greater than 120 min. The peptides were incubated individually with the plant extract at 310 K, and aliquots were drawn at
regular intervals and analyzed using RP-HPLC.

Structural basis of peptide synergism
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changes were expected as immediate aggregates were observed
after peptide addition to the vesicles for all the samples during the
sample preparation step for the NMR experiments (Fig. 3B, inset).
This observation is consistent with the DLS data and SEM images.

Comparison of the 31P spectra of 3:1 POPE/POPG LUVs
with that of E. coli total lipid extract bicelle showed that the
latter underwent similar spectral shapes, but with a slightly
increased spectral span (38 � 0.5 ppm for 0 mol % and 44 � 0.5
for 4 mol %), implying that the bicelles undergo aggregation
without any apparent change in the spherical shape when
treated with the peptide combination, as also visible from the
NMR samples remaining comparatively clear (Fig. 3B, inset).
Such an observation highlighted an important aspect of peptide
action through synergism, indicating that, in case of bicelles,
the two peptides can bind to the surface of the bicelles and
network with other such complexes, hence facilitating aggre-
gate growth.

Probing peptide interaction with bacterial membrane
components using NMR spectroscopy to identify the binding
“hotspot”

Interaction of VG16KRKP–KYE28 with bacterial lipopoly-
saccharide—As a major component of the outer membrane in
Gram-negative bacteria, LPS acts as an inevitable barrier for

AMPs reaching the inner membrane (36, 37). Considering this,
we next set out to obtain insights into the structural properties
of the VG16KRKP–KYE28 combination, including any com-
plex formed between these, by determining its three-dimen-
sional LPS-bound structure.

LPS form high-molecular-weight aggregates at concentra-
tions above its critical micelle concentration (1.3 �M) (38). As a
result of peptide binding to LPS, as well as the large size and
slow diffusion of LPS aggregates, successive addition of small
aliquots of LPS to an equimolar solution of VG16KRKP and
KYE28 led to line-broadening of the peptide proton reso-
nances, indicating a fast–to–intermediate conformational
exchange on the NMR time scale (Fig. S3A). Additionally, the
binding of the individual VG16KRKP and KYE28 peptides to
LPS was in the micromolar range, as determined from isother-
mal titration calorimetry experiment of the individual peptides
with LPS. This suggests that transferred NOESY (tr-NOESY)
experiments can be used to determine the three-dimensional
structure of the peptide combination after LPS binding (39 –
41). In aqueous solution, the VG16KRKP–KYE28 displayed
only intra-residual (NOEs between residues of individual pep-
tide) �N(i,i � 1) backbone/side-chain NOEs, suggesting these
to be unfolded and highly dynamic (Fig. S4). As shown in Fig.
S5A, spectral overlap was not observed (contrary to larger pep-
tides), and the spectra could be assigned completely and unam-
biguously. A large number of intra-residual medium �N(i,i �
2/i � 3) NOEs, such as Ala-2/Gly-4, Arg-3/Trp-5, Arg-3/Lys-6,
and Cys-9/Leu-11 in VG16KRKP and Tyr-2/Ile-4, Tyr-2/
Thr-5, Ile-4/Ile-7, Ile-7/Asn-9, His-8/Phe-11, Leu-10/Arg-12,
Arg-17/Phe-19, Arg-17/Arg-20, Phe-19/Asn-22, Arg-20/Phe-
23, Asn-22/Gly-24, Phe-23/Thr-26, Gly-24/Thr-26, Gly-24/
Leu-27, and Thr-26/Arg-28 in KYE28 were observed in the
presence of LPS Fig. 4A, left. These provided a clear indication
that the two peptides adopt combined and well-defined sec-
ondary structures when simultaneously present as a complex in
LPS. In addition, several intra-molecular NN (i,i � 2) trNOEs
between the residues Gly-4/Lys-6, Trp-5/Arg-7, Cys-9/Leu-11,
Leu-11/Gly-13, and Gly-13/Gly-15 of VG16KRKP and Thr-6/
His-8, Ile-7/Asn-9, His-8/Leu-10, Leu-10/Arg-12, Asn-22/Gly-
24, and Phe-23/Tyr-25 of KYE28 (Fig. 4A, right, and Table S4)
were also observed, indicating the occurrence of partial helical
regions in both the peptides after LPS binding. Nevertheless,
neither VG16KRKP nor its shorter analogs alone adopt �-heli-
cal conformation in the presence of LPS (29, 42), a change that
could be therefore attributed to the interaction with KYE28.
The most striking observation was the inter-molecular (inter-
peptide NOEs) long-range (i,i � 4/i � 5) side-chain/side-chain
NOEs between residues Trp-5VG16KRKP/Phe-23KYE28, Tyr-
2KYE28/Trp-5VG16KRKP, Thr-5KYE28/Trp-5VG16KRKP, and Thr-
6KYE28/Trp-5VG16KRKP that gave a clear indication that the two
peptides interact with each other after simultaneous LPS bind-
ing. This interaction between VG16KRKP and KYE28 after LPS
binding may therefore be responsible for stabilizing them and
generating a unique orientation upon interaction with LPS
(Figs. 4B and Fig. S6A).

Interaction of VG16KRKP–KYE28 with bacterial membrane
mimics—The majority of antimicrobial peptides act via mem-
branolytic mechanisms, interfering with the integrity of both

Figure 2. A, SEM images of X. vesicatoria in the absence of both the peptides
VG16KRKP and KYE28 (control) showed no visible morphological changes
after 1 h of incubation. In contrast, cells exposed to 0.5 � MIC99% (MIC99% 	 1
�M each) showed onset of cell distortion (B), and exposure at 1� MIC99%
resulted in pronounced membrane perturbation with extensive release of
intracellular constituents and loss of cellular morphology (C). The scale corre-
sponds to 10 �m. Additionally, dye-based fluorescence assay with live X. vesi-
catoria cells displayed that the peptide combination at 1� and 2� MIC99%
concentration could effectively interact with bacterial cell membrane bring-
ing about a change in membrane potential as indicated by an increase in
DISC3 fluorescence (D), thus disrupting the outer membrane comprising of
lipopolysaccharide (E and F), and the inner membrane made of negatively
charged lipid components (G). The control cell showed baseline fluorescence
under all conditions. It should be noted that ANS and NPN are lipophilic dyes,
which fluoresces strongly in nonpolar environments of the cell membrane,
which gets exposed upon membrane disintegration. PI, however, binds to
nucleic acid components of the dead cell conforming inner membrane dis-
ruption. Each experiment was recorded for 30 min at 298 K.

Structural basis of peptide synergism
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bacterial cell wall and cell membrane. The inability to do so
generally results in the loss of activity, a fact well-established by
the example of the cyclic lipopeptide, daptomycin (43). Thus, to
obtain in-depth insights into the mechanism of peptide syner-

gism, to conclusively demonstrate the generation of a func-
tional complex between the two peptides, as well as its impor-
tance for bacterial cell wall disruption, we set out to probe
similar interactions with the cytoplasmic membrane. As in the

Figure 3. A, dynamic light-scattering experiment was performed with monodisperse population of spherical 3:1 POPE/POPG LUV. The concentrations stated
indicate equimolar absolute concentrations of the two peptides individually, in �M. Upon titration with VG16KRKP and KYE28 mixtures, the vesicles showed
significant changes in shape and size, as indicated by the increased PDI value and the increase in delay time (black broken line), respectively (left side). Each
experimental set was done in triplicate. B, 31P solid-state NMR studies further supported VG16KRKP–KYE28 –induced vesicle deformation and aggregation
(right) as depicted by the change in intensity of the parallel (�30 ppm) and perpendicular (��15 ppm) edges and an increased spectral span. The inset shows
immediate vesicle flocculation upon addition of the peptides, whereas the control vesicles remain unchanged. In contrast, as seen on the left side, the peptide
combination could only cause flocculation but no morphological changes in the bicelles prepared from E. coli total lipid extract bicelle.

Figure 4. A, two-dimensional 1H-1H trNOESY spectra of VG16KRKP–KYE28 complex in the LPS micelle, displaying the NOE contacts in the fingerprint region for
C�H-NH and NH-NH resonances important for structure stabilization. B, parent peptide complex also displayed intra- and inter-molecular long-range NOE
contacts, illustrating the importance of aromatic residues in the formation of a stabilized structure and justifying the strong synergistic interaction observed.
The experiments were performed by titrating 0.6 mM of the total peptides with 10 �M LPS (LPS: each peptide 	 1:30) at pH 4.5, using a Bruker Avance III 700 MHz
NMR spectrometer (NOESY mixing time 	 150 ms) and at 298 K (residues marked in blue are from VG16KKRP and in red are from KYE28).

Structural basis of peptide synergism
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case of LPS, tr-NOESY experiments were used to determine the
three-dimensional structure of the complex when bound to
bacterial cytoplasmic membrane mimic, 3:1 POPE/POPG
LUVs, and E. coli total lipid extract bicelles. Analogous to LPS,
the peptide combination in 3:1 POPE/POPG LUVs displayed
unambiguous and explicit intra-residual �N (i,i � 1) and an
almost similar intra-residual medium �N (i,i � 2/i � 3) NOEs
(Fig. 5A, left, and Fig. S5B). Additionally, intra-molecular NN
(i,i � 2) and inter-molecular long-range (i,i � 4/i � 5) side-
chain/side-chain trNOEs between the residues remained
largely conserved (Fig. 5B and Table S4). However, the long-
range interaction between the H�/� of Thr-5 and Thr-6 and the
aromatic ring proton of Trp-5 was lost, implying a structural
re-organization of the VG16KRKP–KYE28 complex upon
crossing the outer membrane.

These results obtained for VG16KRKP–KYE28 simultane-
ously present in bound complex with either LPS or 3:1 POPE/
POPG suggest that the aromatic residues, because of their
innate propensity to exclude water, play a central role in struc-
tural stabilization via generation of an aromatic zipper and a
hydrophobic hub, effectively defining a structural hotspot for
synergism in the VG16KRKP–KYE28 system. Also, this results
in energetically-favorable salt-bridge interactions that have a
substantial overall contribution in structure stabilization and
hence activity. Of note, the indole ring proton (N�H), resonat-
ing at �10.2 ppm, did not show any NOE contacts with other
peptide residues in the complex. This is consistent with the
observation for the individual peptide VG16KRKP interacting
with LPS. Apart from that, the Cys–Pro bond maintained a
trans-conformation in LPS as indicated by the presence of
C9C�H/P10C�H NOE in all the three complexes.

In the case of E. coli total lipid extract bicelles, interference
from CHAPSO, the detergent used for bicelles preparation,
structural destabilization, and the lack of unambiguous peaks
were observed, thus impeding identification of a well-defined
structure (Figs. S6C and S7, A–E). The latter finding suggests
that the VG16KRKP–KYE28 complex is relatively subtle, sen-
sitive to surfactant exposure, in line with well-established con-
formational changes in peptides and proteins observed by a
wide range of surfactants (44 –46).

Aromatic cluster stabilizes the bound three-dimensional
structure of the peptide complex

Interaction of VG16KRKP–KYE28 with bacterial lipopoly-
saccharide—The 15-ensemble structures of VG16KRKP–
KYE28 in LPS, 3:1 POPE/POPG LUVs, and E. coli total lipid
extract bicelle were generated using CYANA (47), at an
equimolar peptide ratio and an LPS/peptide mixture of 1:30,
based on the NOE distance constraints obtained from the
tr-NOESY spectrum. In LPS, good convergence upon super-
position of the backbone (C�, N, and C�) atoms was obtained,
as expected due to the higher number of NOEs obtained (Fig.
6, A and B), as also demonstrated by the low value of root
mean square deviation for backbone and heavy side-chain
atoms (Table S6).

Closer inspection of the three-dimensional LPS-bound
structure of VG16KRKP–KYE28 complex highlighted a
marked change from their native LPS-bound structure (Fig. 6A
and Fig. S8). In the binary peptide complex, VG16KRKP exhib-
ited a more prominent structural change than KYE28 after LPS
binding (Fig. S8, top). Notably, a helix Pro-10 –Gly-16 was
obtained at the C-terminal end of VG16KRKP to adopt a triad

Figure 5. A, two-dimensional 1H-1H trNOESY spectra of VG16KRKP–KYE28 in a 3:1 POPE/POPG vesicle, displaying the NOE contacts in the fingerprint region for
C�H-NH and NH-NH resonances important for structure stabilization. VG16KRKP–KYE28 upon interaction with 3:1 POPE/POPG vesicles exhibited several
trNOEs hinting toward the adoption of a rigid and well-converged structure. B, parent peptide complex, also displayed intra- and inter-molecular long-range
NOE contacts. The experiments were performed by titrating 0.6 mM of the total peptides with 12 �M of 3:1 POPE/POPG LUV (LUV: each peptide 	 1:25) at pH
4.5, using a Bruker Avance III 700 MHz NMR spectrometer (NOESY mixing time 	 150 ms) and at 298 K (residues marked in blue are from VG16KKRP and in red
from KYE28).
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“Trp-5–Leu-11–Phe-12,” as opposed to a turn structure when
present individually (Fig. 6C). In contrast, KYE28 in the peptide
complex conserved its native “helix–loop– helix” motif with a
minor (Glu-3–Ile-7) and a major (Leu-18 –Leu-27) helix, also
adopted when this peptide was present alone in LPS (Fig. S8,
bottom). Importantly, the structural contribution of each resi-
due in KYE28 in the VG16KRKP–KYE28 complex was not the
same as in the case of the KYE28 peptide alone in LPS. A key
structural change was observed in the central region of both
VG16KRKP and KYE28, which together formed a dimer, char-
acterized by a tight and bulky aromatic cluster stabilized by
residues Trp-5 and Phe-12 of VG16KRKP and Tyr-2, Phe-19,
and Phe-23 of KYE28, together forming a hotspot (Fig. 6D).
Additionally, a smaller and loosely arranged hydrophobic hub
formed by Leu-10 –Leu-14 –Leu-18 –Phe-19 of KYE28 was also
observed.

It is worth mentioning that the orientation of aromatic resi-
dues within a distance of 4.5–7.0 Å plays an essential role in
structural stabilization (48, 49). Among the three probable

aromatic–aromatic orientations, i.e. T-shaped or edge–to–
face, face–to–face, and parallel-displaced, the obtained dis-
tance constraints allowed the VG16KRKP–KYE28 complex to
adopt an energetically favorable aromatic cluster geometry by
forming a T-shaped interaction (50) between Phe-12VG16KRKP–
Trp-5VG16KRKP–Phe-23KYE28 (Fig. 6D). An additional cluster
between Tyr-2KYE28–Phe-19KYE28 was also observed between
the helix–loop– helix structure of KYE28, allowing correct
folding and providing scaffold stability (51). Although these
interactions provide weak contributions individually, together
they helped to maintain the VG16KRKP–KYE28 complex in a
globally favorable conformation in LPS to provide stability and
rigidity.

Opposing the hydrophobic hub, the positively charged
Lys and Arg residues of both peptides in the LPS-bound
VG16KRKP–KYE28 complex remained disseminated toward
the solvent front, maintaining a distance of 10 –15 Å between
the headgroup, being almost identical to the distance between
two-phosphate groups of the LPS (Fig. 6E) (39). An interesting

Figure 6. A and B, 15 ensemble LPS-bound structure of the VG16KRKP–KYE28 complex showed a well-defined conformation with good convergence of the
backbone atoms (Protein Data Bank code 6KBO). C, cartoon representation of the complex indicated adoption of an amphipathic structure stabilized by an
inter-molecular aromatic–aromatic hub, with the agreement of an overall “helix-loop-helix” structure. Interestingly, both the peptides showed a marked
difference from the original structure in LPS, which could give a plausible justification for their enhanced activity. D, hydrophobic hub of VG16KRKP–KYE28
complex was characterized by energetically favorable cluster of aromatic–aromatic interactions, especially T-shaped geometries, formed between aromatic
residues, which maintained a spatial distribution of �3.5–7 Å between them. E, two positively charged clusters with an end-to-end distance of 29 Å, corrob-
orating closely with the thickness of the LPS bilayer, giving subtle hints toward the mode of action of the peptide complex. F, electrostatic surface potential of
the LPS-bound complex at an angle of 180° further depicted the clear demarcation of the surface charge distribution, generated using MOLMOL software.
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observation emerging here was the presence of two distinct
clusters of concentrated positive charges at the two opposite
faces of the adopted complex structure.

Collectively, the LPS-bound complex displayed an am-
phipathic structure, with a hydrophobic hub with well-sepa-
rated charge distribution at the two termini, similar to some
previously reported designed antimicrobial peptides, upon
interaction with the bacterial membrane (39, 52). The electro-
static potential map confirmed the adoption of an amphipathic
rigid structure in LPS that helped the two peptides to interact
cooperatively with each other (Fig. 6F).

Interaction of VG16KRKP–KYE28 with bacterial membrane
mimics—The three-dimensional structure of VG16KRKP–
KYE28 bound to a negatively charged bacterial cytoplasmic
membrane mimic, 3:1 POPE/POPG LUV, exhibited marked
changes from their native as well as their complex LPS-bound
structure (Fig. 7). Although the distorted helix at the C termi-
nus remains conserved, the “Trp-5–Leu-11–Phe-12” triad was
lost (Fig. 7, A–C). Additionally, KYE28 adopted a helix–loop–
helix orientation, with two short helices, between residues Ile-

4 –Leu-10 and Leu-18 –Thr-26, distinct from the major and
minor helices adopted in LPS, both when alone and in the com-
plex (Fig. 7C). Of note, the hydrophobic cluster formed by
Trp-5 and Phe-12 of VG16KRKP and Tyr-2, Phe-19, and
Phe-23 of KYE28 in LPS remained conserved upon interaction
with the bacterial cytoplasmic membrane mimic, thus forming
a hotspot helping the peptide complex to penetrate deeper into
the membrane bilayer (Fig. 7C). Despite this conservation of the
hydrophobic hub, local reorientation of aromatic residues was
observed, with the generation of three T-shaped or edge–to–
face interactions, between residues Phe-12VG16KRKP–Trp-
5VG16KRKP–Phe-23KYE28, Trp-5VG16KRKP–Tyr-2KYE28–Phe-
12VG16KRKP, and Phe-19KYE28–Trp-5VG16KRKP–Phe-23KYE28,
respectively (Fig. 7D).

The positively charged residues Lys and Arg remained flexi-
ble and oriented toward the solvent, causing the complex to
adopt an overall amphipathic structure. Here again, the antici-
pated re-distribution in residue assembly was observed when
compared with the LPS-bound complex. Thus, the two posi-
tively charged clusters found in the presence of LPS was dis-

Figure 7. A and B, 15 ensemble 3:1 POPE/POPG LUV-bound structure of the VG16KRKP–KYE28 complex displayed a well-defined conformation that, when
compared with the LPS-bound structure, was more flexible (Protein Data Bank code 6KBV). C and D, one molecule cartoon representation of the complex
indicated adoption of an amphipathic “helix-loop-helix” structure with a clear separation of charge with the hydrophobic network formed by the bulky
aromatic groups as well as aliphatic residues involved in intra- and inter-molecular aromatic–aromatic and aromatic–aliphatic interaction via three T-shaped
interactions between the residues Phe-12VG16KRKP–Trp-5VG16KRKP–Phe-23KYE28, Trp-5VG16KRKP–Tyr-2KYE28–Phe-12VG16KRKP, and Phe-19KYE28–Trp-5VG16KRKP–Phe-
23KYE28, whereas E, the cationic face remained exposed to the solvent front, forming a single tight cluster of positive charges, which aids in initial electrostatic
interaction with the negatively charged phosphate headgroups of the lipid molecules. F, electrostatic surface potential of the vesicle-bound complex at an
angle of 180° further depicted the clear demarcation of the surface charge distribution, generated using MOLMOL software.
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rupted, and instead a single face of high-charge density was
observed, located opposite to the hydrophobic hub (Fig. 7E).
Such local changes could be attributed to the difference in
mechanism adopted by the peptide to establish an initial inter-
action with the microbial cell and thus leading onto the killing
of the same.

On the contrary, the three-dimensional structure of the pep-
tide complex bound to E. coli total lipid extract bicelles adopted
a very loose and open structure, consisting of two very short
helices, Thr-6 –Asn-9 and Leu-18 –Gly-24, generating a nearly
helix–loop– helix motif for KYE28, whereas the helix at the C
terminus of VG16KRKP remained conserved, with the “Trp-5–
Leu-11–Phe-12” triad lost (Fig. S7F). The overall structure as a
whole resonated more with the complex structure bound to 3:1
POPE/POPG membrane mimic, having a distinct dual-face res-
idue alignment, a bulky hydrophobic hub, and a highly-flexible
hydrophilic face consisting of positively charged amino acids.

As mentioned above, interference of the surfactant CHAPSO
used in the bicelles destabilized the VG16KRKP–KYE28 dimer
and precluded structure determination. Considering this, fur-
ther studies with this system were not undertaken, but the find-
ings are nevertheless interesting in that they indicate that the
VG16KRKP–KYE28 dimer is a restrained structure, sensitive to
the presence of surfactants, in line with observations in the
literature for a wide range of features in the structure of pro-
teins and peptides (44 –46).

Structural characterization and validation of the hotspot
region in lipopolysaccharide

Site-directed mutagenesis studies—To validate the structure
of VG16KRKP–KYE28 after LPS and membrane mimic bind-
ing, as well as the hotspot responsible for the same, mutants
of the parent peptides (VG16KRKP and KYE28) were gener-
ated, viz. VG16W5A (VARGAKRKCPLFGKGG), VG16F12A
(VARGWKRKCPLAGKGG), VG16WFA (VARGAKRKC-
PLAGKGG), and KYE28A (KYEITTIHNLARKLTHRLAR-
RNAGATLR, respectively (Fig. 1A). Here, it should be noted
that the three VG16KRKP mutant analogs were generated via a
single-point mutation, whereas KYE28A bore four individual
point mutations. In addition to providing further insight into
the structural motifs forming the hotspot, these analogs can
also be used for investigating the consequences of the observed
structural features for antimicrobial activity, and synergy in this
system, in particular. Considering this, FICIs were calculated
for the parent and mutated analogs in pairs. The mutated pep-
tides, VG16W5A and VG16F12A, at a concentration of 10 �M

individually, displayed synergistic interaction with the parent
peptide, KYE28 against Xanthomonas species (Tables S1–S3).
This is in striking contrast to the finding that VG16F12A, either
alone or in combination with other mutated analogs, lacked any
activity. The same, however, was not observed for a combina-
tion of VG16KRKP with the mutated analog KYE28A.

These findings indicate that if two peptides, in the presence
of microbes, interact with one another and undergo favorable
structural transition, different from when they act alone, the
complex generated can enhance their potency or, in some cases,
induce potency in the nonactive peptide partner. This also
implicated a structural re-organization that leads to the gener-

ation of an aromatic hub. Addressing the structural basis for
this, the trNOESY profiles revealed medium-range �N (i,i �
2/i � 3) intra-molecular NOEs between the residues Tyr-2/
Thr-6, Ile-4/Ile-7, Ile-7/Asn-9, Leu-10/Arg-12, Arg-17/Phe-19,
Arg-17/Arg-20, Phe-19/Phe-23, Arg-20/Phe-23, and Phe-23/
Thr-26 of KYE28 (Figs. S9A and S10B and Table S5). Once
again, it was clear that aromatic–aromatic, inter-residual, and
long-range interactions between Trp-5VG16F12A/Phe-11KYE28

and Trp-5VG16F12A/Phe-19KYE28 are the major players for the
observed synergistic interaction, allowing VG16F12A to partic-
ipate in the formation of an aromatic hub with KYE8 (Fig. S9B).
The similar intra- and inter-molecular long-range NOEs were
absent in VG16W5A-KYE28 or VG16WFA-KYE28 complexes
in LPS (data not shown), suggesting that the aromatic–
aromatic interaction plays an important role in structural sta-
bilization and hence the antimicrobial activity. Additionally,
checkerboard analysis using VG16KRKP and KYE28A indi-
cated that the low antimicrobial activity displayed by the
mutant peptide KYE28A remains unaltered even upon the
inclusion of the potent VG16KRKP. This observation was also
evident in their trNOESY profile, lacking inter-molecular
medium- and long-range contacts (Fig. S10A).

Next, the three-dimensional LPS-bound structure of the
mutants in complex with either of the parent peptides was cal-
culated (Table S7). The VG16F12A–KYE28 complex adopted a
comparatively relaxed structure, being held together by the aro-
matic tetrad formed by residue Trp-5 of VG16F12A with Phe-
11, Phe-19, and Phe-23 of KYE28, which may explain its biolog-
ical activity (Fig. S9, C and D, and Fig. S11, A and B, left). Apart
from this, the overall structure of the complex-forming pep-
tides remained conserved, with VG16F12A remaining in an
extended conformation and KYE28 adopting a helix–loop–
helix structure via formation of a major (Glu-3–Leu-14) and a
minor (Phe-F23–Leu-27) helix (Fig. S9, C and D).

Although the helical regions of KYE28 remain conserved in
both the VG16KRKP–KYE28 and VG16F12A–KYE28 com-
plexes in LPS, a slight change in the locus and overall orienta-
tion allows conserving the variants in their bioactive conforma-
tion, resulting in partially maintained antimicrobial potency.
This structural re-arrangement could also justify the relatively
relaxed and dynamic orientation of the VG16F12A–KYE28
complex structure, as peptides and proteins have evolved to
prioritize functional aspects by compensating in terms of struc-
tural stability (53). Exemplifying this, the mutation of the
Phe-12 residue in this complex generated a change in the over-
all geometry and orientation of aromatic residues, so that the
inter-helical interaction between Tyr-2KYE28 and Phe-19KYE28

was lost to maintain the T-shaped or face–to– edge interaction
between Phe-xKYE28 (x 	 11, 19, and 23) and Trp-5VG16KRKP

(Fig. S9C) in order to retain the synergism and the activity of
VG16F12A. In line with this, the lack of a well-folded three-
dimensional structure is consistent with the inactivity of the
VG16WFA–KYE28A complex against the plant pathogens and
the apparent lack of synergism.

Additionally, as predicted from the lack of inter-molecular
NOE contacts in the VG16KRKP–KYE28A complex and the
tendency of protein/peptide folding toward functional con-
servation, these peptides adopt their native secondary struc-

Structural basis of peptide synergism
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ture mutually exclusive of the other, conforming with the
low antimicrobial activity displayed (Fig. S11, right). Circular
dichroism (CD) studies supported the adoption of an exten-
sive �-helical conformation for the VG16KRKP–KYE28,
VG16F12A–KYE28, and VG16KRKP–KYE28A complexes
in LPS (Fig. S12). Intriguingly, VG16F12A–KYE28, and to
some extent VG16KRKP–KYE28, displayed a diffuse CD
spectral pattern, which could be corroborated to their inter-
action with the other peptide partner in the complex, the
same being absent in VG16KRKP–KYE28A.

Paramagnetic relaxation enhancement (PRE)–NMR stu-
dies—To corroborate our findings further, PRE NMR experi-
ments were performed next. Because a Cys residue was present

at the central region of VG16KRKP, 1-oxyl-2,2,5,5-tetra-
methylpyrroline-3-methyl methanethiosulfonate (MTSL) was
tagged to VG16KRKP via disulfide bonding. On the NMR tim-
escale, the T2 relaxation rate of nuclei in the vicinity of a para-
magnetic group is increased, leading to peak broadening and
loss of peak intensity for the corresponding nearby nuclei (Fig.
S13C). Therefore, MTSL conjugation can be applied to infer
proximity of any one nucleus with the other, within a distance
of 25 Å (54). Employing this method, MTSL-conjugated
VG16KRKP was found to result in peak broadening in the
C�-H of the N-terminal residues of VG16KRKP and KYE28
peptides in complex with LPS, because of their distal proximity
(Fig. 8A). Most notably, residues in KYE28, which were in-

Figure 8. A, PRE NMR was performed using MTSL-tagged VG16KRKP with KYE28 in LPS. The trNOESY experiment was conducted under similar conditions with the
unlabeled peptide to compare residue-specific T2 relaxation, depicted as I/I0. The residues in the vicinity of the labeled Cys-9 residue exhibited almost complete
relaxation as shown by broadened H�/NH trNOESY peaks. B, similarly, H/D experiments performed throughout 5 h corroborated with the solved structure with
residues involved in the formation of the hydrophobic hub and those engaged in �-cation interaction remaining shielded from the exchange kinetics. C, FRET
experiment showed a linear change in the emission intensity of the Trp residue of the donor peptide, VG16KRKP upon titration with increasing concentrations of
dansylated acceptor KYE28, upto 0.5 mol fraction. The FRET experiment was performed at 298 K in 10 mM potassium phosphate buffer (pH 7.4).
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teracting with or were in close juxtaposition to Cys-9 of
VG16KRKP and its nearby amino acid groups, also experienced
faster T2 relaxation of the C�-H. This mainly includes residues
in the extreme N- and C-terminal of KYE28, which underwent
complete relaxation.

In comparison, the residues at further distances experienced
a suppressed effect. The same was found true for the C�/	/�-H,
which because of the tapered relaxation effect was not affected
to a similar extent as C�-H (Fig. S14A). Nonetheless, the obser-
vation that the end–to– end distance from MTSL-C9 is �25 Å
(Fig. S14B) helps to justify the phased out quenching pattern
observed for all the residues and hence corroborates well with
the complex three-dimensional structure discussed above.

Hydrogen/deuterium (H/D) exchange studies—NMR-based
H/D exchange experiment helped to assess the degree of pro-
tection of the LPS-bound VG16KRKP–KYE28 complex. Care-
ful examination of the 1H-1H TOCSY spectra, recorded
through 5 h of exchange, demonstrated that the backbone
amide protons of several residues, notably Ala-2/Trp-5/Phe-12
(from VG16KRKP) and Phe-11/Phe-19/Phe-23 (from KYE28),
undergo slow solvent exchange, as evident from their estimated
protection factors (Fig. 8B and Fig. S15A). These residues play a
central role in forming the �-helix and are involved in structure
stabilization and folding through aromatic–aromatic and
aromatic–aliphatic interaction, as well as through �– cation
interactions, as also indicated by the protection factor (Fig.
S15A). Moreover, the solvent-accessible surface area (SASA),
calculated using the POPS* software (55), indicated that the
residues involved in the peptide–peptide and the peptide–LPS
and peptide–peptide–LPS interactions are characterized by an
overall decrease in SASA on complexation. In contrast, the cat-
ionic residues in both the peptides forming the complex dem-
onstrated an enhanced value of the same (Figs. S15B and S16).
Collectively, these results show that such interactions play a
vital role in maintaining the conformational stability of the pep-
tide complex.

FRET experiments indicate complex formation—The interac-
tion between the parent peptides and their mutant analogs
to come together and generate synergistic antimicrobial activ-
ity was further investigated by fluorescence-based FRET analy-
sis (56). Interaction between the Trp of donor peptide
(VG16KRKP) and dansyl of N-terminal labeled acceptor pep-
tide (KYE28) was probed by monitoring the quenching of Trp
emission intensity upon titration with the acceptor dansyl in
the presence of E. coli LPS, cytoplasmic membrane mimic 3:1
POPE/POPG, and E. coli total lipid-extract bicelles. The
VG16KRKP–KYE28 complex showed highly quenched Trp
emission upon addition of increasing concentrations of dan-
sylated KYE28 (dans-KYE28), giving a linear relationship
between the quenching of donor and concentration of the
acceptor molecule (Fig. 8C). The interaction between
VG16KRKP and the parent KYE28 exhibited a strong FRET
effect amounting to a maximum quenching of 0.56, corroborat-
ing to a distance of 16.5 Å, in satisfactory agreement with the 3D
structure (Fig. S17, A and F). The slight deviation from the
NMR-derived structure could be attributed to the motional
freedom and difference in orientation of the fluorophore
groups attached. In contrast to these findings for LPS-bound

peptide complexes, FRET analysis in 3:1 POPE/POPG and
E. coli total lipid-extract bicelles did not reveal a strong inter-
action between VG16KRKP and KYE28.

The same could be true for VG16F12A–KYE28, which exhib-
ited a modest FRET effect surmounting to a distance of 15.6 Å,
in satisfactory agreement with the 3D structure (Fig. S17, E and
F). Strikingly, the VG16KRKP–KYE28A complex did not show
any FRET effect, in line with the absence of any significant
interaction observed on the NMR timescale (Fig. S17B).

Discussion

Matsuzaki et al. (57) did the first pioneering work to study
peptide synergism and attempted to reach an understanding of
the mechanism of the same by trying to elucidate the molecular
and structural basis of peptide synergism, using the two
amphibian antimicrobial peptides, magainin 2 and PGLa. Initial
studies with the two peptides displayed maximum synergy at a
1:1 molecular ratio, hinting toward a probable heterodimer
complex formation (57, 58). The three-dimensional structure
of the hybrid peptides generated in the presence of SDS and
DPC micelles, however, failed to demonstrate any stable
heterosupramolecular structure, underlying the synergism
observed (59). Following this early work, studies of the struc-
tural aspect of synergism remained largely unexplored because
of the limitations associated with the available biophysical tech-
niques. Therefore, Matsuzaki et al. (57) also highlighted the
importance of well-defined NMR experiments required for
obtaining unambiguous NOE peaks, which can make structure
determination more precise. Later, Bhunia et al. (56) studied
the synergistic interaction between two amphibian peptides,
temporin 1Tl (TL) and temporin 1Tb (TB), using NMR in con-
junction with other biophysical experiments, showing that the
peptide TL affects the LPS-mediated oligomerization state of
TB, while maintaining its native antiparallel dimer helix. How-
ever, the group did not report on the complex structure or its
implications.

Also addressing the structural origin of AMP synergy, Ulrich
and co-workers (60), working on PGLa–MAG2 peptide combi-
nation, highlighted that the GXXXG motif plays an important
role in synergy. These authors proposed the formation of a
functionally active PGLa–MAG2 complex, in which an anti-
parallel PGLa dimer stabilized by the GXXXG motif was gener-
ated and interacted with MAG2 monomers via its C terminus
(60). In addition to studying the structural features underlying
synergy, various groups have highlighted the importance of
intrinsic membrane curvature for AMP synergy (61–63). Here,
Bechinger and co-workers (64) have performed breakthrough
work, associating peptide synergism with the “Soft Membranes
Adapt and Respond, also Transiently” (‘SMART’) model to gain
mechanistic insights for peptide synergism. This highlights the
importance of both the peptide and the interacting lipid part-
ners in deciding the mode of action. Additionally, work from
these authors has identified the importance of individual pep-
tides, which do not form complexes but do interact at the mem-
brane interface to generate peptide synergism. For example,
through their work on the PGLa–MAG2 system, Bechinger
and co-workers (64) highlighted that magainin displays sta-
ble membrane surface alignment, whereas PGLa undergoes
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re-alignment when in the presence of magainin, but only in
the unsaturated lipid membrane, adopting a mesophase
arrangement.

In this study, probing the structural basis of synergism via
three-dimensional structure calculation in bacterial outer and
inner membrane components highlighted the underlying key
aspect of observed synergism to be lying in its aromatic core,
which formed the hotspot region for peptide activity. Studies
have associated overly high hydrophobicity of small peptides
with an enhanced ability to self-associate and precipitate, thus
negating availability and decreasing the antimicrobial efficacy
(65). Nevertheless, the fact that VG16KKRP–KYE28 complex
generated an aromatic packing cluster that remained globally
conserved while incorporating local changes in all three struc-
tures calculated, as well as in the mutant complex studied, high-
lighted the importance of these hotspot residues. Experimental
and structural analyses have previously established the role of
such interaction and the resulting higher-order clusters in gen-
erating a super-secondary structure in �-helices of the type
“helix–loop– helix” in proteins (66) as observed for our peptide
combination.

A comparison between the LPS-bound and the bacterial
membrane mimic-bound structure of the VG16KKRP–KYE28
complex further indicated defined differences between the two,
which might help to deduce the mode– of–action of the peptide
complex. A key change observed was in the segmentation of
positive charges in the three-dimensional LPS-bound struc-
ture. Although the complex maintained its amphipathicity, the
hydrophilic, cationic residues generated two clusters of mild
positive charges when bound to LPS as opposed to a highly-
concentrated charged region adopted in a bacterial membrane
mimic. The end–to– end distance between the two clusters was
�29 Å, closer to the LPS bilayer thickness of 32 Å, implying that
the complex as a whole could mount itself into the bilayer and
generate transient pores and traverse further to reach the inner
membrane. Such charge segmentation could be looked upon as
an approach to help prevent excess peptide oligomerization
(60), so that higher numbers of peptide complexes could be
generated, attacking the Gram-negative bacteria’s first line of
defense, the LPS. Upon reaching the inner membrane, com-
posed of a 3:1 mixture of bulky POPE and smaller POPG, the
peptide undergoes structural reorganization as explained
above. Such clustering of positive charges helps the peptide
complex to interact with a negatively charged phosphate head-
group of the lipid, by launching themselves into the spatial
voids. Such voids are generated due to the difference in size of
the lipid headgroup constituting the inner membrane, and pep-
tide interaction at these voids would cause further membrane
incompatibility leading to increased mobility and stress
through generation of positive curvature, thus affecting lipid
alignment in the membrane, membrane thinning, and mani-
festing in a detergent-like mechanism of action (67). This struc-
tural attribute correlated very well with the 31P NMR data,
which indicated similar deformation of the membrane mimics.

An important point to note here is the fact that the electro-
static interaction observed emerging from the positive charge
cluster and their orientation in different membrane mimics,
although important for launching an initial assault on the mem-

brane, remained secondary in importance, contributing indi-
rectly to synergy. This could be attributed to the observation
that the mutant peptides, lacking critical aromatic residues, dis-
played diminished or no synergy.

VG16KRKP and KYE28 individually are capable of forming
membrane defects and killing cells by a detergent-like or toroi-
dal-pore mechanism (29, 30, 68). As clearly demonstrated in
this investigation, the VG16KRKP–KYE28 complex similarly
destabilizes both bacterial cell walls and model membrane
mimics. Strikingly, this is paralleled by the generation of
defined complexes, involving VG16KRKP–KYE28 dimer for-
mation. Although some features of these binary peptide com-
plexes are the same in the LPS and plasma membrane environ-
ment, notably in relation to the overall symmetry and the
aromatic hub, there are also distinct differences between these
environments, as is evident by the changed orientation of par-
ticular residues, especially the polar cationic ones which differ
locally, upon interaction with a different region of the bacterial
membrane. When added together to a bacterial suspension, the
two peptides first interact with the bacterial outer membrane-
forming heteropeptide complex that disrupts LPS assembly,
followed by diffusion deeper into the bacterial cell wall to reach
the inner membrane. Here, the complex disturbs membrane
fluidity as found by 31P NMR experiments, causing membrane
deformation and ultimately lysis, in turn contributing to the
observed synergism. Such a scenario is also compatible with
findings of both structure, membrane disruption, and anti-
microbial effects of combinations of native and mutated
VG16KRKP and KYE28 analogs.

Although synergy between VG16KRKP and KYE28 thus
seems to involve formation of a well-defined structure in the
LPS region of the bacterial wall, which is partly retained and
partly transformed when reaching the cytoplasmic membrane
environment, a key question is that of the generality of this
mechanism of AMP synergy. Here, it should be noted that
aromatic–aromatic interactions have been observed to be
widely important for structural stabilization and hydrophobic
domain formation in AMPs, e.g. the peptide combination used
in this study, VG16KRKP and KYE28 as well as their shorter
analogs, when present individually in LPS, exhibit similar struc-
tural characteristics (29, 30, 52, 68). One should also note that
previous work on AMP synergy has only partly succeeded in
identifying structural features associated with synergy, which in
turn has led to other approaches, such as that based on local
curvature (62, 64). Also, as shown for the results obtained for
the E. coli total lipid extract bicelles, the presence of the surfac-
tant CHAPSO was sufficient to destabilize the dimer formed by
VG16KRKP–KYE28 in either LPS or cytoplasmic membrane
mimic environments. This, in turn, suggests a relatively low
stability of the binary structure formed. Adding these consider-
ations together, further work is therefore needed to assess
whether the structure formed in this study is a rare exception
or whether related aromatic–aromatic hotspot formation
through dimerization can also be found in other AMP systems.

Furthermore, a useful understanding of the interplay in mix-
tures of AMP will require wider considerations than addressed
here, e.g. relating to pharmacodynamic aspects of such interac-
tions. Synergism between two to three peptides, including nat-
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urally occurring AMP, as well as between AMP and either
antibiotics or nanoparticles, has been reported (69, 70). Exem-
plifying this, interaction studies between peptides of the derma-
septin family, between �-defensins and the cationic protein
BPI, and between the �-helical peptides magainin and PGLa
have all been reported before (64, 71, 72). In none of these cases,
however, has a well-defined structure of the type reported here
been observed.

Within the context of plant protection, it should also be
noted that transgenic plants with individual defense genes
have been found to display only partial resistance against key
plant pathogens (73–75). Therefore, combining heterologous
defense genes from various sources offers a more promising
alternative for enhanced resistance in transgenic plants. Simul-
taneous expression of chitinase and glucanase is one such first
example of synergism-induced enhanced resistance against
fungus infection in the transgenic tomato (76). Similarly, using
a synergistic combination of Fusarium-specific antibody linked
to antifungal peptides was found to boost resistance against
Fusarium oxysporum f. sp. matthiola in Arabidopsis (77).

In conclusion, the studies above demonstrate that the syner-
gistic antimicrobial effects observed for VG16KRKP and
KYE28 in combination are related to the formation of a well-
defined amphiphilic dimer in the presence of LPS, which is
partially retained upon interaction of this peptide pair in the
cytoplasmic membrane environment. In addition, the adoption
of such an aromatic zipper motif in the three-dimensional LPS-
bound structure was demonstrated to induce antimicrobial
potency in an inherently inactive peptide VG16F12A. Although
only one peptide pair was demonstrated, both the structural
requirements and the effects of peptide amino acid changes
suggest these effects to be of potentially wider importance,
applicable also to other peptide combinations. That said, addi-
tional work is required to elucidate the potential generalization
of the effects observed in this investigation.

Experimental procedures

Reagents

E. coli O111:B4 LPS and polymyxin B were purchased
from Sigma. 3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP)
sodium salt and deuterium oxide were purchased from Cam-
bridge Isotope Laboratories, Inc. (Tewksbury). MTSL was pur-
chased from Santa Cruz Biotechnology, Inc. (Dallas). DISC3,
ANS, NPN, and PI were purchased from Thermo Fisher Scien-
tific (Waltham, MA). All buffer components, including salts,
were purchased from Merck (Kenilworth, NJ). CHAPSO was
purchased from Sigma. POPE and POPG were obtained from
Avanti Polar Lipids (Alabaster, AL).

Bacterial and fungal media components were purchased
from Himedia Laboratories Pvt. Ltd. (Mumbai, India).
VG16KRKP and its analogs were obtained from GL Biochem
(Shanghai, China), and KYE28 and its variant were from Bio-
peptide Co. (San Diego), both with 
95% purity. Peptide purity
was confirmed by RP-HPLC, MS, and NMR spectroscopy (78).
Peptide stock solutions were prepared either in autoclaved
water or phosphate buffer (pH 4.5 and 7.4, respectively) and
filter-sterilized unless stated otherwise.

Bacterial and fungal strains and reagents

Plant pathogenic strain X. campestris pv. vesicatoria was a
kind gift from Dr. Christian Lindermayr, Institute of Biochem-
ical Plant Pathology, Germany. X. campestris pv. campestris
was isolated locally from fields of Kalyani, West Bengal, India,
and X. oryzae pv. oryzae was kindly provided by Professor
Sampa Das, Bose Institute, India. Pseudomonas syringae DCM
300 was a gift from Dr. Pallob Kundu, Bose Institute, India.
Fungal strains C. albicans SC5314 and Cryptococcus neofor-
mans var. grubii H99 were the kind gift from Prof. Kaustuv
Sanyal, JNCASR, India.

For microbroth dilution and checkerboard activity assay,
X. vesicatoria, X. campestris, and X. oryzae were grown in
Nutrient Broth, PS broth (1% peptone and 1% sucrose), and PSP
broth (0.5% peptone, 2% sucrose dissolved in starch obtained
from boiling 200 g of potato/liter of media), respectively, and
maintained at 301 K under shaking. P. syringae DCM 300 was
grown in King’s Broth supplemented with 50 �g/ml rifampicin
and kanamycin, respectively, and maintained at 301 K under
shaking. C. albicans and C. grubii were grown in YPDU broth
(1% yeast extract, 1% peptone, 2% dextrose, and 20 �g/ml uri-
dine) and maintained at 301 K under shaking.

Microbroth dilution assay

To assay for antimicrobial activity of the peptides, standard
microdilution broth assay was used, as described previously
(79). Overnight-grown cultures of the respective plant patho-
gens, X. vesicatoria, X. campestris, X. oryzae, and P. syringae
DCM 300, were used to obtain mid-log–phase cultures The cell
suspensions were centrifuged at 6000 rpm for 5 min, after
which cell pellets were washed three times with 10 mM phos-
phate buffer (pH 7.4), followed by resuspension in the same
buffer to 105 CFU/ml. The reactions were set in a 96-well flat-
bottom plate by incubating 50 �l of the cell suspension with
2-fold increasing concentrations of the respective peptides
(ranging from 1 to 100 �M) prepared from 1 mM peptide stock
in phosphate buffer (pH 7.4) and incubated at 301 K, 150 rpm
shaking for 4 h. For negative and positive controls, samples
containing only cell suspension and 10 �M polymyxin
B–treated cell suspension, respectively, were included. Next,
150 �l of suitable media was added to each well and incubated
for 48 h with shaking at 301 K. Bacterial growth was monitored
by measuring the absorbance at 630 nm. All absorbance read-
ings were normalized using the negative control polymyxin B.
The peptide concentration at which 99 � 0.5% growth inhibi-
tion was observed served as its MIC99%. All experiments were
performed in triplicate.

Checkerboard dilution assay

A modified version of a standard microdilution broth assay
was used to analyze the possible synergistic interaction between
the parent peptides (VG16KRKP and KYE28) and their mutant
variants using two-dimensional checkerboard dilution assay
(80). Mid-log phase cultures of each organism were obtained by
inoculating the overnight grown cultures of respective patho-
gens in their respective growth medium. The cell suspensions
were centrifuged at 6000 rpm for 5 min, followed by washing
three times with 10 mM phosphate buffer (pH 7.4) and resus-
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pension in the same buffer to 105 CFU/ml for bacteria and 104

CFU/ml for fungi. In a 96-well plate format, 50 �l of this sus-
pension was incubated with varying concentrations of
VG16KRKP against a 2-fold dilution range of KYE28 to obtain
MIC99% of the combination by incubating at their respective
temperatures for 4 h. A negative control containing only cell
suspension, as well as a positive control containing 10 �M poly-
myxin B with cell suspension, was included as well. 150 �l of
suitable media was added to each well and incubated overnight
with shaking at their respective temperatures. All experiments
were performed in triplicates. Peptide interaction was assessed
by calculating the fractional inhibitory concentrations of the
two-peptide combinations, according to Equations 1–3,

FICpep1 �
MIC of peptide1 in combination

MIC of peptide1 alone
(Eq. 1)

FICpep2 �
MIC of peptide2 in combination

MIC of peptide2 alone
(Eq. 2)

FIC index (FICI)combination � FICpeptide1 � FICpeptide2

(Eq. 3)

FICI, calculated as the sum of each individual fractional inhib-
itory concentration, was interpreted as follows: FICI 
 0.5 syn-
ergy; 0.5  FICI 
 1 partial synergy; 1  FICI 
 4 additive effect
or indifference; and 4 
 FICI antagonism.

Plant extract stability assay

Stability of VG16KRKP and KYE28 against degradation by
plant proteases obtained from plant leaf extract was investi-
gated using a modified version of a previously reported experi-
ment (81). For this, 1 g of a 1-month-old tomato (Pusa Ruby)
leaf was ground in liquid nitrogen, followed by extraction with 2
ml of 10 mM phosphate buffer (pH 7.4). The mixture was cen-
trifuged at 13,500 rpm (5 min, 277 K), and the supernatant was
collected and saved in aliquots at �80 °C until further use. To
analyze peptide stability, 1 mM of the respective peptide was
incubated with 20 �g/ml of the leaf extract (concentration
determined using BSA assay) at 310 K, and aliquots of 100 �l
were withdrawn at the respective time points. The reaction was
stopped by adding trifluoroacetic acid (TFA) to a final concen-
tration of 1%. Water and plant extract (20 �g/ml) were used as
blank and negative control, respectively. The reaction mixture
was next loaded onto a Phenomenix C18 column (Dimension
250 � 10.0-mm, pore size 100 Å, particle size 5 �m), at room
temperature, to be analyzed by an LC-20AT reverse phase-
HPLC system (SHIMADZU, Japan) using dual solvent (aceto-
nitrile and water in 0.1% TFA) linear gradient elution at a flow
rate of 1 ml/min. To determine the remaining peptide in per-
centage (%), the peak obtained at 220 nm was integrated using
the SPINCHROME CFR software, and the area obtained was
compared with that of a free peptide in the absence of plant
extract.

Scanning Electron Microscopy

X. vesicatoria cells were cultured in nutrient broth (NB) to
mid-logarithmic phase and were harvested by centrifugation at

6000 rpm for 5 min, washed twice with phosphate buffer (10
mM (pH 7.4), and resuspended in the same to a final concentra-
tion of 106 cells per ml. 50 �l of this suspension was incubated
with 0.5� and 1� MIC99% concentration of the peptide com-
bination, VG16KRKP and KYE28, for 1 h at 310 K. Untreated
cells were set as control. After treatment, the cells were fixed
with 4% (v/v) glutaraldehyde, and 15 �l of the same was spotted
on clean poly-L-lysine– coated glass slides and dried overnight.
Next, the slides were washed twice with phosphate buffer, fol-
lowed by dehydration with a graded series of ethanol (30, 50, 70,
90, and 100%), each for 15 min. The sample slides were then
air-dried, followed by gold coating, and observed by SEM (FEI,
QUANTA 200).

Fluorescence spectroscopy

All studies were conducted with X. vesicatoria live cell. The
cells were grown and maintained as mentioned above, and a
final concentration of 106 or 107 cells per ml was used for exper-
imental purposes until unless specified otherwise. Measure-
ments were performed at 298 K by monitoring the emitted fluo-
rescence, at the excitation wavelength of the dye used, upon
peptide treatment of the cells using a Hitachi F-7000 FL
spectrometer.

Cytoplasmic membrane depolarization assay—Mid-loga-
rithmic phase X. vesicatoria cells were washed in 5 mM HEPES
buffer (pH 7.4) supplemented with 5 mM glucose and resus-
pended in the same along with 100 mM potassium chloride in
1:1:1 (v/v) ratio to a final concentration of 106 cells per ml. Next,
1 �M of the membrane potential sensitive dye, DISC3, was
added to the cell suspension and incubated in the dark for an
hour. Fluorescence from DISC3 was recorded for 30 min at an
excitation wavelength of 622 nm, an emission wavelength of
670 nm, and a slit width of 10 and 5 nm, respectively. The
uptake of the dye by the cell resulting in self-quenching prop-
erties are dependent on the potential of the membrane. Upon
maximum uptake, indicated by a decrease in the inherent fluo-
rescence of the dye, the peptides were added to the cells at 1�
and 2� MIC99% concentration, and the decrease in membrane
potential as indicated by an increase in dye fluorescence was
recorded.

Outer-membrane disruption assay—The experiment for
outer membrane interaction and disruption by the peptide
combination was performed using ANS and NPN dyes. 10 �M

of the respective dye was added to the cell suspension and incu-
bated in the dark for 60 and 15 min, respectively, to allow equil-
ibration. Next, the cells were titrated with 1� and 2� MIC99%
concentration of the parent peptides, and the increase in fluo-
rescence intensity was recorded for 30 min.

Fluorescence from ANS was recorded at an excitation wave-
length of 380 nm, an emission wavelength of 470 nm, and a slit
width of 1 nm. Fluorescence from NPN was recorded at an
excitation wavelength of 350 nm, an emission wavelength of
400 nm, and a slit width of 5 nm.

Inner-membrane permeabilization assay—PI dye, which
binds DNA/RNA of dead cells, was used to probe disruption of
the inner membrane. 10 �M of the dye was added to the cell
suspension (107 cells/ml) and incubated in the dark for 15 min
for equilibration. Next, the cells were titrated with 1� and 2�
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MIC99% concentration of the parent peptides, and the increase
in fluorescence intensity of PI was recorded for 30 min. Fluo-
rescence from PI was recorded at an excitation wavelength of
535 nm, an emission wavelength of 617 nm, and a slit width of
10 nm.

Liposome preparation

Approximately, 1 mg of POPE and POPG was weighed and
dissolved in chloroform to obtain stock solutions and further
mixed to obtain the model liposomes, a 3:1 molar ratio of ani-
onic POPE/POPG, which is reported to be used extensively as a
model system for negatively charged bacterial membranes in
the literature (82). Next, uniform lipid films were obtained by
drying the lipid suspension of model liposomes in a nitrogen
stream, followed by overnight lyophilization. The film was
resuspended in 10 mM sodium phosphate buffer at pH 7.4 by
vigorous vortexing for 30 min, followed by five freeze-thaw
cycles in liquid nitrogen to obtain vesicles. To isolate unilamel-
lar vesicles, the suspension was passed through a mini-extruder
(Avanti Polar Lipids, Alabaster, AL) using stacked 100-nm
pore-size polycarbonate membrane filters. Samples were sub-
jected to 23 passes through the filter. To avoid contamination
by vesicles that may not have passed through the first filter, we
performed an odd number of passages. The LUVs so generated
were used for DLS experiments.

Dynamic light scattering

The experiment was performed on a Malvern ZetasizerNano
S (Malvern Instruments) provided with a 4-milliwatt He-Ne
laser (� 	 633 nm) and a back-scattering angle of 173°. DLS
experiments were performed using Malvern ZetasizerNano S
(Malvern Instruments) provided with a 4-milliwatt He-Ne laser
(� 	 633 nm) and a back-scattering angle of 173°. LUVs (pH 7.4)
were titrated with increasing concentrations of the peptide
solution, prepared in the same buffer (phosphate buffer (pH
7.4)), and DLS measurement was performed in triplicate and
three independent experimental sets were recorded. All sam-
ples were filtered using Millipore 0.45-�m polycarbonate
membrane filters, degassed before use, and measured at 298 K
in low-volume disposable sizing cuvettes. For data analysis, the
viscosity and refractive index of 10 mM Tris buffer containing
100 mM NaCl buffer (pH 7.4) were taken to be 0.89 and 1.33,
respectively. The particle size distributions were generated
using the autocorrelation data from the non-negative least-
squares fit algorithm provided by the instrument manufacturer
(83).

Circular dichroism spectroscopy

CD spectra of the peptide combination were obtained using a
JASCO 814 spectrometer (Japan). For this, 25 �M of both pep-
tides, prepared in 10 mM phosphate buffer (pH 7.4), was titrated
with increasing concentrations of LPS, prepared in the same
buffer. The spectra were recorded in a 0.2-cm cuvette, at 298 K
with three scans accumulating at a speed of 100 nm/min, scan-
ning from 190 to 260 nm, at a data interval of 1 nm. The spectra
generated were corrected using a baseline spectrum for each
combination of peptide, and the ellipticity in milli-degrees was
plotted against wavelength in nanometers.

Solid-state NMR spectroscopy

NMR sample preparation—Sample preparation for 31P solid-
state NMR was done by dissolving 3:1 POPE/POPG in chloro-
form. The mixed samples were dried under a stream of nitrogen
followed by vacuum-dry oven (30 °C) overnight to completely
remove any residual solvent. 10 mM Tris buffer (pH 6.0) was
added to the samples to hydrate the lipid film. The hydrated
samples were next vortexed for 2 min above the lipid-phase
transition temperature and freeze-thawed for a minimum of
four times using liquid nitrogen, ensuring a generation of a
single lamellar vesicle. To obtain LUVs with a uniform size of 1
�m in diameter, the sample was extruded through polycarbon-
ate filters (pore size of 1 �m, Nuclepore�, Whatman, NJ)
mounted on a mini-extruder (Avanti Polar Lipids, AL) fitted
with two 1.0-ml Hamilton gastight syringes (Hamilton, NV).
Samples were typically subjected to 23 passes through the filter.
Such an odd number of passages helps to avoid contamination
of the sample by vesicles that have not passed through the first
filter. The VG16KKRP or KYE28 or both peptide solutions, dis-
solved in similar buffer, were added to the LUVs to prepare the
appropriate final peptide concentration/lipid molar ratio, mak-
ing a final sample volume of 120 �l.

Solid-state NMR spectroscopy—NMR experiments were per-
formed on an Agilent NMR spectrometer (DD2) operating at
the resonance frequency of 699.88 MHz for 1H and 283.31 MHz
for 31P nuclei and a 4-mm MAS HXY solid probe (Agilent). 31P
NMR experiments were performed using a 90° pulse and 24
kHz TPPM proton decoupling. Pulse length for the 31P experi-
ment was 5.5 �s. In all cases, a total of 512 scans were acquired
for each sample with a relaxation delay time of 2.0 s. LUVs were
put in a 4-mm Pyrex glass tube, which was cut to fit into the
MAS probe. 31P NMR spectra of LUVs without peptide were
first recorded, and next an appropriate amount of peptide for
first molar ratio (2 and 4 mol %) from a stock solution in buffer
was added; the mixture was gently shaken, and the sample was
placed back into the magnet for acquiring 31P NMR spectra at
the ambient temperature. All 31P NMR spectra were processed
using 150 Hz line broadening referenced externally to 85%
phosphoric acid (0 ppm).

Solution-state NMR spectroscopy

All NMR experiments were carried out at 298 K using a
Bruker Avance III 700 MHz NMR spectrometer, equipped with
5-mm cryogenic cooled triple resonance probe. NMR samples
were prepared in 10% deuterated water (pH 4.5), and TSP was
used as an internal standard (0.0 ppm). Two-dimensional
1H-1H nuclear Overhauser effect spectroscopy (2D NOESY)
with a sweep width of 12 ppm in both directions was recorded
for the peptides VG16KRKP and KYE28 at a 1:1 molar ratio in
aqueous solution. The number of scans was fixed at 16 per t1
increment with 16 dummy scans. Next, to probe the synergistic
interaction of the two peptides with LPS, 1D proton NMR spec-
tra of 0.6 mM VG16KRKP and KYE28 was recorded alone and
upon titration with increasing concentrations of E. coli LPS.
The 1D spectra were acquired using excitation-sculpting
scheme for water suppression and the States-TPPI for quadra-
ture detection in the t1 dimension (84). The molar ratio of LPS/
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VG16KRKP/KYE28 of 1:30:30 was used for two-dimensional
1H-1H total correlation spectroscopy (2D TOCSY) (mixing
time 	 80 ms) and two-dimensional 1H-1H trNOESY (mixing
times 	 100, 150, and 200 ms) experiments, keeping all other
parameters the same. The number of scans was fixed to 16 and
72, respectively, for TOCSY and trNOESY experiments. 512
increments in t1 and 2048 data points in t2 dimension along
with States TPPI for quadrature detection in t1 dimension and
excitation-sculpting scheme for water suppression were used to
record the experiments. The experiments were processed and
analyzed using Bruker TopSpinTM 3.1 and Sparky (85). Similar
TOCSY and trNOESY NMR experiments were also recorded
for VG16KRKP-KYE28A, VG16F12A-KYE28, and VG16WFA-
KYE28 to study the role of aromatic residues in the interaction
of peptides with lipopolysaccharide using Bruker Avance III
700 MHz NMR spectrometer.

Calculation of NMR-derived structures

The LPS-bound structure of the individual peptides
VG16KRKP, KYE28, and KYE28A have already been reported
with Protein Data Bank acquisition codes of 2MWL, 2NAT,
and 2NAU, respectively (29, 30). To get structural insights into
their mode of interaction and the combination effects, we
calculated the LPS-bound three-dimensional conformation
of the complexes VG16KRKP-KYE28, VG16KRKP-KYE28A,
VG16F12A-KYE28, and VG16WFA-KYE28, generated by link-
ing the two peptides via 10 poly-glycine residues, using CYANA
version 2.1 software (47). It could be noted here that the choice
of glycine poly-linker merely aids in structure calculation by
helping to comprehend the influence of the peptides on their
interaction abilities with each other, as well as with LPS, and to
ensure that the peptide complex remains flexible and unbiased.
For this, the inter-proton upper bound distances were calcu-
lated initially by sorting trNOESY cross-peaks based on their
intensities into strong (3.0 Å), medium (4.0 Å), and weak (5.0
Å). The lower-bound distance constraint was kept fixed at 2.0
Å. The backbone dihedral angles, � (between �30 and 120°
and/or �80 and �60°) and � (120° and �120° and/or �40° and
�20°), were kept flexible for all nonglycine residues so as to
limit the conformational space. The distance constraints were
then used for iterative refinement at each round of structure
calculation. Hydrogen bonding and stereo-specificity were
excluded from the structure calculation. The ensemble struc-
ture was generated from the 15 lowest-energy structures, which
were analyzed using PyMOL, MOLMOL, and Chimera soft-
ware. PROCHECK server was used to authenticate the back-
bone stereochemistry (47, 86–88).

PRE NMR

To conduct PRE NMR, site-directed spin labeling was done
using a paramagnetic quencher, MTSL, attached to the thiol
group of the cysteine residue present in VG16KRKP. This was
done by incubating a 10:1 molar ratio of the peptide
VG16KRKP and MTSL in 50% acetone overnight in the dark at
298 K under a mild shaking condition. The resulting solution
was diluted and subjected to RP-HPLC (LC-20AT Phenomenix
C-18 column, SHIMADZU, Kyoto, Japan) to purify labeled
VG16KRKP from unlabeled peptide and free MTSL and char-

acterized using MS in a Bruker autoflex speed TOF/TOF in a
positive reflector mode. MTSL-labeled VG16KRKP was then
dissolved in deuterated water in an equimolar ratio with KYE28
(0.6 mM (pH 4.5)) and 1H-1H TOCSY, and trNOESY experi-
ments were recorded, keeping all the recording parameters
similar as described previously. NMR data were analyzed using
Bruker TOPSPINTM 3.1 and SPARKY (85). The H�/NH cross-
peak intensities of MTSL-labeled and unlabeled complex in
LPS were calculated, and the remaining amplitudes (I/I0) in
percentage was calculated using Equation 4,

% remaining amplitude � I

I0
� � �IH�/NH(MTSL-labeled)

IH�/NH(unlabeled)
� � 100

(Eq. 4)

where IH�/NH(MTSL-labeled) and IH�/NH(unlabeled) indicate the
H�/NH peaks intensities of each amino acid in the unlabeled
and MTSL-labeled peptide complexes, respectively. No
attempts were made to back-calculate theoretical I/I0 values
due to uncertainties related to R2 relaxation effects and INEPT
transfer calculations from 2D trNOSEY spectra.

Hydrogen/deuterium exchange NMR

To gain insight into the stability and solvent accessibility
of the VG16KRKP–KYE28 peptide complex, amide proton
exchange was monitored. For this, 0.5 mM VG16KRKP/KYE28
was suspended in deuterium oxide (pD 4.5), and a series of 2D
TOCSY (80-ms mixing time) was recorded until 5 h with an
interval of 1 h each. The number of scans and dummy scans
were kept fixed at 8 and 16, respectively, with 256 and 2048 data
point increments in t1 and t2 dimensions, respectively. NMR
data were analyzed using Bruker TOPSPINTM 3.1 and SPARKY
(85). The hydrogen exchange rates (kex) were obtained by fitting
to a single-exponential decay equation, and the protection fac-
tor was determined by taking a ratio of the calculated intrinsic
exchange rate and the experimentally determined exchange
rate.

SASA calculations

Online POPS* algorithm was used to calculate the SASA
value of each peptide, individually as well as the peptide com-
plex in LPS (55).

FRET analysis

FRET experiment between the Trp of donor peptide and
dansyl of the N-terminally–labeled acceptor peptide was car-
ried out by monitoring the quenching of Trp emission intensity
upon titration with the acceptor dansyl in the presence of E. coli
LPS. 5 �M of the donor peptide, VG16KRKP, in the presence of
LPS, 3:1 POPE/POPG vesicle, or E. coli total lipid extract bicelle
was titrated with increasing concentrations of dansyl-KYE28,
and the emission was recorded at a 300 –550-nm range after
exciting at 280 nm wavelength in a Hitachi F7000 instrument
(Tokyo, Japan) at room temperature. The normalized quench-
ing value (F/F0) was plotted as a function of mole fraction (Pa) of
the acceptor molecule. F and F0 represent the intensity of fluo-
rescence emission of Trp in the presence and absence of the
dansyl group, and Pa was calculated by Equation 5,
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Pa �
[dansylated peptide]

[total peptide]
(Eq. 5)

This quenching graph was extrapolated linearly to obtain
the value of E (1 � Q), with Q being the maximum quenching
value. Next, using Förster equation, the inter-chromophore
distance between Trp and the dansyl group was calculated by
Equation 6,

r � R0 �E�1�1�1/6 (Eq. 6)

where r 	 distance between the two chromophores (Trp and
dansyl in this case), R0 	 Föster distance (23 Å for Trp-dansyl)
and E 	 efficiency of FRET obtained for the quenching plot.
The same experiment was carried out for a combination of
donor–acceptor pairs composed of the mutant variants of the
two peptides, and in all cases the inter-chromophore distance
between Trp and the dansyl group was calculated.

Statistical analysis

All biological experiments were repeated three times. Data
were analyzed by using SigmaPlot 12.0 (Copyright 2011 Systat
Software, Inc., Germany) and Origin Pro 2018 (Northampton,
MA).
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