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Abstract. It was previously observed that the lipopeptide surfactants in surfactin (Srf)
have an antagonistic action towards the highly potent antimicrobial cyclodecapeptide,
gramicidin S (GS). This study reports on some of the molecular aspects of the
antagonism as investigated through complementary electrospray ionization mass
spectrometry techniques. We were able to detect stable 1:1 and 2:1 hetero-
oligomers in a mixture of surfactin and gramicidin S. The noncovalent interaction
between GS and Srf, with the proposed equilibrium: GS~Srf↔GS+Srf correlated to
apparent Kd values of 6–9 μM in gas-phase and 1 μM in aqueous solution. The
apparent Kd values decreased with a longer incubation time and indicated a slow
oligomerization equilibrium. Furthermore, the low μMKd

app values of GS~Srf↔GS+Srf
fell within the biological concentration range and related to the 2- to 3-fold increase in [GS] needed for bacterial
growth inhibition in the presence of Srf. Competition studies indicated that neither Na+ nor Ca2+ had a major effect
on the stability of preformed heterodimers and that GS in fact out-competed Ca2+ and Na+ from Srf. Traveling
wave ion mobility mass spectrometry revealed near symmetrical peaks of the heterodimers correlating to a
compact dimer conformation that depend on specific interactions. Collision-induced dissociation studies indicated
that the peptide interaction is most probably between one Orn residue in GS and the Asp residue, but not the Glu
residue in Srf. We propose that flanking hydrophobic residues in both peptides stabilize the antagonistic and
inactive peptide hetero-oligomers and shield the specific polar interactions in an aqueous environment.
Keywords: Surfactin, Gramicidin S, Lipopeptide, Antimicrobial peptide, Antagonism, Molecular interaction,
Electrospray ionization mass spectrometry
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Introduction

Rautenbach et al. [1] observed that the anionic lipopeptides
in surfactin (Srf) produced by Bacillus subtilis protected

their producer from the cationic antimicrobial peptide gramici-
din S (GS) from Aneurinibacillus migulanus. GS is a cyclic
decapeptide with a β-sheet structure that contains a repeat
pentapeptide moiety with sequence L-Val-L-Orn-L-Leu-D-

Phe-L-Pro [2–4] (Figure 1a). The Srf lipopeptide complex
contains at least five variant groups of analogous anionic cyclic
lipopeptides (Table 1). All these Srf lipopeptides have a β-
hydroxy fatty acid (C13, C14, C15 or C16) linked via a lactone
bond to L-Glu-L-Leu-D-X1-L-Val-L-Asp-D-Leu-L-X2, where
X1 can be Leu or Ile andX2 a Val, Leu, or Ile [5–11] (Figure 1b,
Table 1). Noncovalent hetero-oligomers of the lipopeptides in
Srf and GS were observed utilizing electrospray ionization
mass spectrometry (ESI-MS) [1]. As the participating peptides
are amphipathic and membrane active [4, 8, 12, 13], nonspe-
cific complex formation between GS and Srf could involve
hydrophobic interactions. More specific electrostatic interac-
tions could take place between the two basic Orn residues in
GS and the two acidic residues in Srf, as well as highly specific
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recognition between the two peptides via dipolar and hydrogen
bonding. If neutralizing interaction between GS and Srf results
in inactive peptide hetero-oligomers, such interactions between
antimicrobial peptides may be a general resistance mechanism
allowing peptide-producer microorganisms to co-habituate.
Therefore, characterizing the possible noncovalent hetero-
oligomer formation and structural influence of Srf on GS
would enhance our understanding of this protective and puta-
tive resistance mechanism.

ESI-MS is a well-established Bsoft-ionization^ technique
for probing noncovalent interactions between biomolecules in
gas phase (Bin vacuo^) [14, 15]. ESI-MS has been used with
success in several investigations on noncovalent interaction
between peptides [16–19], as well as to determine dissociation
constants of interacting biomolecules [20–23]. However, the
removal of water and solvent during desolvation of a

noncovalent complex during the electrospray process will sub-
stantially weaken the hydrophobic forces, and the relative
contribution of the hydrophobic and polar interactions will
determine the stability of the complex in the gas phase [24–
26]. ESI-MS analysis of noncovalent interactions, therefore,
limits determination to interacting partners with a strong polar
component in their interactions and can also rule out nonspe-
cific hydrophobic aggregation. In the case of Srf and GS, it was
important to eliminate the nonspecific contribution of hydro-
phobic interactions between the two amphipathic peptides, in
order to probe the more specific polar interactions.

Alves et al. [18] showed with peptide–DNA complexes
that tandem mass spectrometry (MS/MS) can be used to
determine the site of ionic interactions. In another MS/MS
study on a linear iturin A lipopeptide analogue, it was ob-
served that interaction with a sodium ion stabilized some of
the peptide bonds because it chelated to the carbonyl groups
in one of the type II β-turns [27]. MS/MS in theory can also
be used to probe the interacting residues of two peptides in
an oligomer. During MS/MS collision-induced dissociation
(CID) of peptides, the majority of fragmentation reactions
take place at the peptide (amide) bonds [28, 29]. The se-
quential product ion spectra are frequently used for de novo
sequencing [28, 29]. If a peptide is interacting with another
compound via a salt bridge, hydrogen bonds, or other polar/
electrostatic bonds, certain peptide bonds and functional
groups will be more protected from fragmentation reactions
because of group proximity that lead to steric interferences
and/or changes in the electronic environment [18, 27]. It is
therefore possible that such interactions in the noncovalent
hetero-oligomer of GS with Srf can change the ESI-MS
fragmentation patterns, and these changes can be used to
obtain information regarding sequences, residues, or groups
involved in the interaction within GS~Srf hetero-oligomers.

This study describes the first part of an investigation on the
molecular interaction between the anionic lipopeptide Srf and
the cationic cyclodecapeptide GS. Complementary mass spec-
trometric data on mixtures of GS with Srf were compared with
that of the single peptides in order to probe the conformation,
stability, and the possible interaction partners in GS and Srf.

Materials and Methods
Surfactin, gramicidin S, sodium formate, leucine enkephalin
acetate salt hydrate (>95%), and poly-DL-alanine were supplied
by Sigma-Aldrich (St. Louis, MO, USA). Calcium chloride
(CaCl2) was from Associated Chemical Enterprises (Glenvista,
South Africa), and sodium chloride (NaCl) from Saarchem
(Midrand, South Africa). Acetonitrile (HPLC grade, UV cut-
off 190 nm) was supplied by Romil Ltd. (Cambridge, UK).
Formic acid (>98%) was purchased from Merck Chemicals
(Darmstadt, Germany). A Milli Q water purification system
(MerckMillipore, Darmstadt, Germany) was used to filter water
from a reverse osmosis plant to prepare analytical grade water.

Figure 1. (a) Structural model of GS depicting its proposed
antiparallel β-sheet conformation [3, 4]. The two Orn and two
Phe residues are oriented in one plane, forming the hydrophilic
side of the molecule and the hydrophobic side, formed by the
two Leu and two Val residues, is directed to the opposite plane
of the molecule [12]. (b) Structural representation of the S1
model of surfactin [7]. The two acidic amino acid residues
Glu1 and Asp5 together with Val4 form the hydrophilic side of
the molecule, whereas the four hydrophobic Leu residues are
oriented in the other side of the peptide, forming the hydropho-
bic side. The structures were drawn using ACD/ChemSketch
software (ACDLABS 12.0 software)
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Electrospray Ionization Mass Spectrometry

The chemical purity of GS and Srf and the identity of the hetero-
oligomers were determined with high resolution ESI-MS utiliz-
ing a Waters Synapt G2 Q-TOF mass spectrometer (Milford,
MA, USA) fitted with a Z-spray electrospray ionization source
(denoted ESI-MS-TOF). GS and Srf were dissolved at 1.00 mM
in 50% acetonitrile in water (v/v) and diluted in analytical
quality water or 50% acetonitrile in water (v/v) and either
analyzed alone or as an equimolar (1:1) mixture of the peptides.
Samples pre-incubated at 22 ±2 °C were prepared at least 1 h
before analysis. A sample solution (2–5 μL) was introduced into
the spectrometer via a Waters Acquity UPLC utilizing direct
infusion at a flow rate of 300 μL/min using 0.1% formic acid in
50% acetonitrile/water (v/v/v) as the ESI solvent. The analytes
were subjected to a capillary voltage of 2.5 kV, cone voltage
(CV) of 25 V, collision energy in trap and transfer collision cell
of 4 eV and 0 eV, respectively, a source temperature of 120 °C,
desolvation gas (N2) of 650 L/h, and desolvation temperature of
275 °C. The data were collected in positive mode by scanning
through m/z = 100–2000 in continuum mode at a rate of 0.2
scans per second. The high resolution mass calibration of the
instrument was performed using sodium formate, and in-
analysis calibration was performed using leucine enkephalin
single point lock spray (m/z = 556.2771).

High resolution CID analyses in MS/MS mode on the ESI-
MS-TOF instrument were performed by injecting 3 μL of the
peptide alone or equimolar peptide mixture (150 μM each in
acetonitrile/water) into the mass spectrometer and subjecting the
selected precursor ions for decomposition over a collision ener-
gy (CE) gradient of 30–80 eV in the trap collision cell with CV
at 25 V. Low energy CID was done at 40 eV, with CV set at 30
V. The collision energy in transfer collision cell was set at 0 eV
and the collision gas was delivered at 0.5 × 10–3 bar Ar. The
isolation m/z windows were 1141.7 ± 1, 1022.7 ± 1, and 1182.2
± 1. Data were collected in the second mass analyzer through
m/z = 100–2000 in the centroid mode. The rest of the instrument
settings were as described above for the MS mode.

Ultraperformance liquid chromatography (UPLC) linked
to ESI-MS was performed on ESI-MS-TOF instrument
(Waters Synapt G2 linked to the Acquity UPLC system,
Dublin, Ireland). Separation of the peptides in the Srf
complex (injection of 3 μL of a 1.00 mg/mL sample) via
UPLC was done on an Acquity UPLC HSS T3 C18 column
(1.8 μm particle size, 2.1 × 150 mm; Waters, Dublin,
Ireland). Solvents used in the chromatography were: ana-
lytical quality water modified with 0.1% formic acid (v/v)
(solvent A) and acetonitrile modified with 0.1% formic
acid (v/v) (solvent B). The gradient program with the flow
rate at 300 μL/min was as follows: 0–0.5 min sample
loading at 40% B, 0.5–11 min linear gradient from 40%–
95% B, and 11–14 min at 95% B, with re-equilibration
from 15–16 min at 40% B. The rest of the instrument
settings were as described above for the MS mode, except
for the CV, which was set at 15 V.

Ion mobility mass spectrometry (IM-MS) analysis was also
utilized for comparative analysis of the peptides and hetero-
oligomers. IM-MS on the equimolar mixture (150 μM each) of
GS and Srf and the peptides alone was done by enabling the
traveling-wave ion mobility cell in the ESI-MS-TOF instru-
ment. The instrument settings were used as above for the MS
mode, except for the cone voltage set at 15 V. The traveling-
wave IM-MS tuning was as follows: extraction cone at 4 V,
helium cell gas flow at 180.00 mL/min, ion mobility buffer gas
(N2) flow at 90 mL/min, trap collision energy at 15 V, a 200 μs
trapping release period, mobility trap height at 15 V, mobility
extract height at 0 V, wave height ramp (20%) from 8 to 20 V,
wave height linear velocity ramp (20%) from 1000 to 650 m/s
at 220 m/s. Calibration of traveling wave ion mobility cell’s
drift time was done by using polyalanine (polyAla) as calibra-
tion standard. Refer to the Data Analysis section for details on
the collision cross-section (CCS) calculations.

ESI-MS to determine the stability of the peptides and pep-
tide heterodimers and the titration experiments were performed
on a Micromass Quattro Triple Quadrupole mass spectrometer
fitted with an electrospray ionization source (denoted ESI-MS-
TQ). Stock solutions of Srf and GS were dissolved in 50%
acetonitrile/water (v/v) and stock solutions of salts (NaCl2 or
CaCl2) in 40% acetonitrile/water (v/v). The final solvent con-
centration before injection was adjusted to 50% acetonitrile/
water. Pre-incubated samples were prepared by incubating Srf
and the respective salts overnight. GS was added 5 min before
analysis to Srf samples. To determine the optimumGS:Srf ratio
to study the GS~Srf hetero-oligomers, 125 μM Srf was titrated
with 1.25–250 μM GS. To investigate the role of electrostatic
interactions in the GS~Srf hetero-oligomers, 90 μM Srf was
titrated with 1.11–35.6 mM of either NaCl or CaCl2. In com-
petition assays 90 μM Srf was pre-incubated with 10-fold
molar excess NaCl or CaCl2 and then titrated with GS over
1.2–445 μM concentration range.

Samples were injected into the ESI-MS-TQ through a
Rheodyne injector valve at 20 μL/analysis with the final carrier
solvent concentration 50% acetonitrile/water (v/v). A capillary
voltage of 3.5 kV was applied with the ionization source
temperature at 80 °C. The cone voltages for the all the analyses
were 60 V with the skimmer lens offset at 5 V. Data acquisition
was in the positive mode, scanning the mass range through m/z
= 200–2000 at a scan rate of 100 atomic mass units/s. CID to
investigate peptide and heterodimer stability was executed with
the CE varied from 5 to 75 eV at a collision cell gas pressure of
2 × 10–3 bar argon. Product ions were detected by scanning the
second analyzer fromm/z = 10 to 100 atomic mass units above
the m/z value of the precursor/molecular ion. Data were ac-
quired in the multiple channel acquisition mode.

Data Analysis

All graphs were constructed using GraphPad Prism 4.03
(GraphPad Software, San Diego, CA, USA). Sigmoidal and
hyperbolic equations were adapted from the GraphPad Prism
equation library to fit curves to ESI-MS data.

1626 M. Rautenbach et al.: ESI-MS Study of Gramicidin S-surfactin Hetero-oligomers



All mass spectrometric data were analyzed via MassLynx
v4.1 SCN 714 (and earlier versions) and Driftscope 2.1 software
(Waters, Milford, MA, USA). Continuum mode data were
analyzed directly or via the MaxEnt 3 algorithm, while the
centroid mode data were analyzed via the TOF transform algo-
rithm. Considering the relationship between analyte ionization
and detection in a mass spectrometer, it is possible that the
addition of a polar compound such as GS or salts, or decreasing
the solvent polarity may influence the ionization characteristics
of the other compounds in solution. We therefore calculated the
percentage signal contribution of each molecular ion or complex
ions of interest to the total peptide signal.

For calibration of the IM-MS drift time, the standard curve
of charge corrected CCS (ln Ω′) of polyAla species versus
corrected drift time (ln t′D on X-axis) was constructed accord-
ing to Ruotolo et al. [30] using the following equations:

t
0
D ¼ t0−

c
ffiffiffiffiffiffiffi

m=z
p

1000

" #

ð1Þ

with c = 1.4 (enhanced duty cycle (EDC) delay coefficient) and
to the observed drift time in milliseconds;

Ω
0 ¼ Ω

z�
ffiffiffiffiffiffiffi

1
�

μ

q
h i ð2Þ

with z the charge, Ω the CCS for the polyAla specie [31] and
1
μ ¼ 1

M þ 1
mwhereM is the ionmass of the polyAla specie andm

the atomic mass of N2 (ion mobility drift gas).
The standard curve was fitted to lnΩ′ =Aln t′D + lnB, where

A is the exponential factor used in Equation 3 and B a fitted
parameter.

The double correction of tD was done using the following
equation:

t
00
D ¼ t

0A
D � z�

ffiffiffiffiffiffiffi

1
�

μ

q

ð3Þ

The CCS values of the individual peptides and complexes
were calculated, according to Ruotolo et al. [30], from the
polyAla calibration curve of t

0 0
D versus CCS (or Ω) values from

literature [31]. Refer to Supplementary Data for detail on the
CCS result for polyAla calibration (Supplementary Figure 12A).

The collision energy (CE) to fragment or dissociate 50% of
the molecular ion specie, which is an approximation of 50% of
ELAB or laboratory frame energy to fragment/dissociate molecu-
lar ions [32, 33], is denoted as CE50 and was calculated by fitting
a Boltzman sigmoidal curve with the equation (Equation 4):

Y ¼ Ymin þ Ymax−Yminð Þ
.

1þeð Þ
CE50−�ð Þ

.

slope ð4Þ

where Y is the % loss of ion abundance of each of the different
heterodimer species, Srf variants and GS that is recorded for
each CE, Ymin the minimum % loss in ion abundance approx-
imating zero (bottom of sigmoid), Ymax the maximum% loss in

abundance approximating 100% (top of sigmoid), and CE50 the
CE at 50% response, with x the set CE from 10 to 75 eV.

Center of mass collision energy or ECM was calculated from
the following equation:

ECM ¼ ELAB �mAr= mAr þMð Þ ð5Þ

where ELAB is taken as the set CE, m is the atomic mass of the
collision gas argon, andM the molar mass of the peptide ion or
heterodimer ion [32, 33].

The GS where half maximal GS~Srf ion abundance is
reached, denoted as C50, was calculated from the ESI-MS
titration data (refer to Figures 5 and 6 under Results and
Discussion) by fitting a sigmoidal curve with variable slope
using a four parameter logistic equation:

Y ¼ Ymin þ Ymax−Yminð Þ
.

1þ10ð Þ
logC50−�ð Þ � slope ð6Þ

where Y is the % ion abundance of each of the different
heterodimer species (or Srf variants) that is recorded for each
GS concentration, Ymin the minimum% ion abundance approx-
imating zero (fitted bottom of sigmoid), Ymax the maximum ion
abundance approximating saturation (fitted top of sigmoid),
and x is the logarithm of GS concentration.

The apparent dissociat ion constant (Kd
app) for

GS∼Sr f↔GSþ Sr f in the gas phase was calculated from the
ESI-MS-TOF spectra with CV at 25 V (example of spectrum
shown in Figure 2) using an equation adapted from [34]:

Kapp
d ¼ R�ISr f

.

IGS∼Sr f

� �

,

1þR�ISr f

.

IGS∼Sr f

� �

ð7Þ

where I is the signal intensity and R is the ratio of the response
factors (f) of the molecular ions [GS ~ Srf + 2H]2+ and [Srf +
H]+ [34, 35]. We calculated a relative f for Srf (fSrf= (ISrf/IGS) ×
1.00), using the signal intensities at standard concentrations
(150 and 200 μM) and different injection volumes (3, 4, and 5
μL) as 1.0 ± 0.1 (n = 6). Total signal intensity of each ion was
derived using the MaxEnt 3 algorithm considering m/z from
800 to 3000. As it was not possible to obtain a true f for [GS ~
Srf + 2H]2+, we had tomake an assumption thatR = 1.0.C0 was
taken as [Srf] + [GS~Srf] = [GS]+[GS~Srf]. The term IGS~Srf
denotes the sum of the signals from heterodimeric complexes
GS ~ Srf1-5 and ISrf the sum of the signals of Srf1, Srf2, Srf3,
Srf4, and Srf5 (refer to Table 1 for structures).

Circular dichroism data from a previous study on GS and
Srf interaction [1] was used to calculate the Kd

app for solution-
phase interaction. The average molar ellipticity at 206 ± 3 nm
from the monomer-heterodimer model for GS ~ Srf ↔ GS +
Srf, was used in the following equation from [36]:

Kapp
d ¼ GS½ �� Sr f½ �=GS∼Sr f½ � ¼ 2Pt � 1− f tð Þ2

.

f t ð8Þ
where Pt is the total peptide concentration and ft = (θobserved −
θoligomer)/(θGS in TFE − θoligomer); θoligomer was taken as 20.7 ×
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103 deg.cm2.dmol-1, as determined from a pre-incubated sam-
ple of GS and Srf.

Results and Discussion
Detection of the ESI-MS Stable Srf-GS Complexes

When an equimolar mixture of GS and Srf in 50% acetonitrile
was subjected to ESI-MS-TOF analysis, a considerably lower
Srf signal was detected, compared with the intense doubly
charged specie of GS at m/z 571.36 (Figure 2). This difference
was expected as the five lipopeptide variant groups in the Srf
complex (refer to Table 1 for structures) are neutral at acidic pH
and negative at neutral pH. The Srf signals are lower because
these lipopeptides Srf will only be protonated (charged) on one
of the amides in the MS source as the ESI-MS was performed
in the positive mode. However, the combined signals and
response of the singly charged Srf ions were highly comparable
to the singly charged GS ion at 1141.71 (Figure 2), and we
therefore focused these ion signals in the analysis and calcula-
tions. Refer to the Supplementary Data for details on the
spectra of the individual peptides (Supplementary Figure 9).

In addition to the individual peptide species, the mixture of GS
and Srf contained a range of molecular species corresponding to
the m/z ratios of doubly charged peptide heterodimers (GS~Srf)
(C1–C5 in Figure 2, Table 1). Low CE CID of GS~Srf3 (m/z
1082.18) showed that this molecular ion complex is composed of
GS and the Srf3 variants withMr = 1022.65 (SupplementaryData,
Supplementary Figure 10). The identified components in the
GS~Srf3 and other GS~Srf heterodimers are listed in Table 1.

In addition to the 1:1 hetero-oligomers, low abundance 1:2
(GS~2Srf) and 2:1 (2GS~Srf) oligomers were also detected in
some samples (insert in top spectrum of Figure 2). No triply
charged or quadruply charged species corresponding to hetero-
oligomers were detected in our analysis over the m/z = 200–
2000. In subsequent analyses over a broaderm/z range, we also
did not detect doubly changed hetero-oligomer ions containing
three Srf or three GS molecules (results not shown). As Srf5,
GS~Srf5, and the heterotrimeric complexes had low abundance
in our samples subjected to ESI-MS analysis, we focused the
rest of this study on Srf1-4 variants and GS~Srf1-4 heterodimers
(Figure 2, Table 1).

The complexes that formed were further assessed with IM-
MS to determine if the GS~Srf heterodimers had multiple
conformers, which would indicate a more random or less
specific peptide association (Figure 3). We examined the pure
peptides and found that both GS and the Srf variants had a drift
time (or arrival time) around 13 ms (compare Figure 3a with c).
Three drift peaks of the [GS +H]+molecular specie indicated at
least three GS conformers and corresponded to CCS of 353 ± 5
Å2 (Figure 3c), which is about 35% larger than the CSS for GS
in He observed by Ruotolo et al. [37]. A change in the GS
profile was observed for the peptide mixture, which yielded
only one major peak at CCS of 353 Å2 for GS (compare
Figure 3c with d). It has previously been shown that GS has
different conformers [3, 4, 37] and this result is a strong

indication that certain conformers of GS (CCS 348 Å2 and
358 Å2) preferentially bound to Srf.

Similarly to Srf variant retention on C18-UPLCmatrix, the ion
drift time of the singly charged Srf1-4 variants in the pure peptide
complex increased linearly with Mr and there is a direct linear
correlation between drift time (tD′′) andUPLCRt (Supplementary
Figure 12C and D in Supplementary Data). This indicated that
the larger Srf variants with longer fatty acyl chains and Leu/Ile
instead of Val in their peptide sequence moved slower through
the ion mobility cell because of their larger CCS (refer to Table 1
for more detail). Furthermore, they were retained longer on the
C18 matrix in the same order because their increase in size
correlated directly with an increase in hydrophobicity that trans-
lated from the longer fatty acyl chain and Leu/Ile instead of Val
(Supplementary Data, Supplementary Figures 11 and 12). Drift
peaks of the five Srf variants clustered with derived CCS values
between 344 and 360 Å2 (Figure 3a, Table 1). Goodwin et al.
[38] found that CCS calibrationwith linear peptides such as those
in the polyAla preparation led to an underestimation of CCS
values of cyclic peptides. We calculated that the derived CCS
values for the Srf variants may be underestimated by about 11%
(refer to Supplementary Data, Supplementary Figure 12B). Re-
gardless, there is approximately a 4 Å2 incremental increase from
Srf1 to the largest group Srf5, indicating an identical/incremental
change in structure, possibly the elongation/methylation of the
fatty acyl chain. The profile of the Srf variants changed in the
equimolar peptide mixture and we observed two main peaks
(compare Figure 3a with b). This can be due to the loss of some
Srf variants because they preferentially interacted with GS and
were transferred into a GS~Srf oligomer.

Only heterodimeric complexes of GS~Srf were observed,
probably because of the lower sensitivity in the IM-mode and/
or because the lower abundance larger oligomers did not survive
the ion mobility cell (Figure 3e–h). The doubly charged ions of
GS~Srf1 and GS~Srf2 heterodimers both had a drift time corre-
sponding to a CCS of 519 Å2, whereas slightly larger CSS values
of 524 Å2 and 527 Å2 were observed for the more hydrophobic
GS~Srf3 and GS~Srf4 heterodimers, respectively (Table 1,
Figure 3). These clustered CCS values and narrow, nearly sym-
metrical IM-MS peaks indicate that the heterodimers have similar
conformations and that the two peptides have a compact structure
due to specific interactions. The contribution of each of the Srf
variants to the complex was calculated from the IM-MS profiles
as: GS~Srf1 = 3%,GS~Srf2 =11%,GS~Srf3 = 43%, andGS~Srf4
= 43%. These IM-MS detected abundances indicated that the
surviving heterodimers were not directly related to the Srf variant
abundance but rather to the differences in hydrophobicity of the
interacting Srf variants, as determined by C18-UPLC-MS, which
will naturally reflect in the heterodimers (refer to Supplementary
Data, Supplementary Figures 11 and 12).

Stability of the Peptides and GS~Srf
Hetero-Oligomers

CID experiments were performed with the ESI-MS-TQ to
evaluate the relative gas-phase stability of the peptides and
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their heterodimeric complexes (Figure 4). CID induces a
unimolecular decay of selected ions with sufficient internal
energy upon collision with a neutral gas [39] and CID-
derived binding energy of noncovalent complexes reflect the
order of solution phase binding energies [21, 22]. The CID

results indicated that all the Srf variants required a similar CE50
with an average of 34.0 ± 0.4 eV. The apparent stability of GS
was significantly higher at CE50 = 42.3 ± 2 eV than the
different Srf variants. If only the CE is considered, the various
GS~Srf heterodimers showed similar stabilities during CID,
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Figure 2. A representative ESI-MS-TOF ion spectrum of an equimolar Srf-GS mixture. The top spectrum shows the signal
comparison of the intense doubly charged specie of GS at m/z 571.36, with the singly charged GS specie at m/z 1141.7, as well
the oligomeric species (GS~Srf). The extracted heterotrimeric specie spectrum is shown in the insert of the top spectrum. The
extracted bottom spectrum shows singly charged GS (denoted M) and four different singly charged Srf variants (M1–M4). The five
doubly charged 1:1 GS~Srf heterodimers (denoted C1–C5) are also indicated
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but these noncovalent heterodimers were more unstable than
the individual peptides with an average CE50 of 18.9 ± 0.1 eV
(Figure 4a).

Slightly different CCS values were found for the different Srf
variants, as deduced from their traveling wave IM behavior
(Figure 3, Table 1). Differences in CCS, molecular volume,
area, and mass of the peptides and complexes, as well as
differences in charge complicate the interpretation of the CE50
results in terms of comparative stability. As an increase of size
leads to an increase in CCS of a molecule and the larger CCS of
complexes will statistically collide with more target gas atoms
than the individual peptides, this may lead to increased fragmen-
tation. On the other hand, smaller molecules have higher kinetic
energy that can also translate into increased fragmentation reac-
tions. The center-of-mass CE (ECM) takes the size of the mole-
cule into account and was calculated to directly compare the
stability of the different peptides and heterodimeric complexes
[32, 33]. The expected exponential decrease in detection of
intact molecular ions was found when ECM was plotted against
the ion abundance. The trends of the semi-log plots revealed a
distinct difference in stability (Figure 4b, c). GS had a similar

stability to the smaller, less hydrophobic Srf1 and Srf2 variants,
which in turn were more stable than the more hydrophobic
variants in Srf3 and Srf4 groups (compare slopes in Figure 4b).
In the case of these peptides, the enhancing effect of higher
kinetic energy of the smaller peptides on fragmentation reactions
was probably outweighed by the differences in CCS. The sta-
bility difference can possibly be attributed to a more rapid
decomposition of the slightly larger Srf3 and Srf4 variants
(CCS 352 Å2 and 356 Å2, respectively), versus the smaller
Srf1 and Srf2 variants (CCS 344 Å2 and 348 Å2, respectively)
and cationic, more fragmentation-resistant peptide chain of GS
[39] (refer to Table 1 for peptide structures).

The GS~Srf heterodimers containing the smaller Srf1 and
Srf2 variants showed a similar trend with GS~Srf1 being sig-
nificantly more stable than GS~Srf2 (compare slopes in
Figure 4c). GS~Srf3 and GS~Srf4 were observed to be less
stable than GS~Srf1 and GS~Srf2 (compare slopes in Figure 4c,
refer to Table 1 for structures). However, some weak Van der
Waals forces (hydrophobic interactions) may survive under
certain ESI-MS conditions as we observed higher survival/
abundance of GS~Srf3 and GS~Srf4 during normal mode
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ESI-MS and IM-MS. This stability difference probably relates
to a total loss in residual hydrophobic forces for the heterodi-
mers containing more hydrophobic Srf3 and Srf4 variants dur-
ing the high energy CID exposure in the gas phase [19, 24, 25].
Furthermore, the difference between IM-MS and CID stability
is probably due to the lower energy experienced in the ion
mobility cell versus that in the collision mode, which not only
constitutes a higher CE but also a higher concentration of
collision gas (argon).

Interaction Parameters of the GS~Srf
Hetero-Oligomers

Antimicrobial peptides are dependent on both electrostatic and
hydrophobic interactions with their target membranes. Similar
interactions are possible between the two peptides in this study
to form the hypothesized complexes or hetero-oligomers. Srf,
an anionic lipopeptide containing a fatty acyl group, is consid-
erably more hydrophobic than the cationic amphipathic GS.
Therefore the two peptides can interact via hydrophobic inter-
actions, which are generally more non-specific. More specific
ionic interactions can take place between the two cationic Orn
residues of GS and the anionic Asp and Glu residues in Srf. As
there are also a number of functional groups in these peptides,
polar or electrostatic interactions, such as dipole interactions
and hydrogen bonds in more hydrophobic environments, such
as membranes, are also highly probable.

It is well-known that hydrophobic interactions are highly
dependent on the polarity of the solvent and a strong driving
force in water for interaction between hydrophobic and/or
amphipathic molecules. Conversely, the ionic/polar/electrostat-
ic interactions are weaker in an aqueous environment, but will
naturally increase in a nonpolar solvent or when a noncovalent
complex is transferred from an aqueous solvent into gas phase,
such as during ESI-MS [26]. We therefore focused on the

polar/electrostatic interactions in the GS~Srf hetero-oligomers.
These polar forces are the major contributors in Bin vacuo^
interactions between compounds in the ESI-MS in which the
hydrophobic force and concomitant Van derWaals interactions
are highly weakened [24–26].

When the individual Srf variants and GS~Srf heterodimers
were followed with ESI-MS-TQ over a GS concentration
range, a classic sigmoidal concentration-dependent curve was
observed for both the free Srf variants and the heterodimeric
complexes (Figure 5b). Without making any assumptions, we
used Equation 6 to calculate a C50 or [GS] leading to a 50%
change in a specific Srf or GS~Srf ion signal and found an
average C50 of 9.9 ± 0.4 μM with saturation and loss of Srf
signal from 32 to 64 μM GS. As the Srf concentration was
125 μM and Srf signals decreased to <10%, this is a strong
indication that we did not detect neutral hetero-oligomers and/
or larger oligomers.

Utilizing ESI-MS we determined an Bin vacuo^ or apparent
dissociation constant (Kd

app) for the equilibrium GS ∼ Srf↔
GS + Srf by incubating equimolar peptide mixtures. Kd

app

values were calculated, using Equation 7 [34], as 6.1 ±
1.1 μM (n = 8) for the pre-incubated peptide mixtures and as
9.2 ± 1.2 μM (n = 8) for the directly analyzed peptide mixtures.
These Kd

app values were significantly different (P < 0.0001)
and the decrease indicated a slow equilibrium. For a slow
assembling process, the initial hydrophobic interactions be-
tween Srf and GS can lead to Bseeding^ oligomers, which
subsequently rearranges over time into more stable hetero-
oligomers that are not solely dependent on hydrophobic inter-
actions. We then used circular dichroism data from a previous
study on GS and Srf interaction [1] and calculated a solution
phase Kd

app of 1.2 ± 0.2 μM for a pre-incubated sample using
Equation 8 [36]. As our focus is on the in vacuo interaction, a
more detailed study on solution-phase molecular interaction
between Srf and GS will be reported elsewhere. The observed
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Figure 4. ESI-MS-TQ stability of GS, Srf, and GS~Srf heterodimers. (a) CID of GS, Srf1-4 (average of Srf1-4 ± standard error of the
mean, SEM), and GS~Srf heterodimers (average of GS~Srf1-4 ± SEM); CE was varied from 5 to 75 eV with cone voltage set to 60 V.
The dotted line shows the CE50 cutoff. Normalization to 100%was done using the highest signal for eachmolecular ion. (b)Semi-log
linear relationship (solid lines) of ECM (calculated with Equation 5 [32, 33]) with the peptides alone, and (c) with the different GS~Srf
heterodimers. Linear regression analyses were done on the data points where at least seven consecutive points showed a linear
response with the steepest slope. All the linear fits gave R2 > 0.95
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in vacuo Kd
app for the pre-incubated sample was thus about 5-

fold higher than the Kd
app calculated for interaction in an

aqueous solution. Because the hetero-oligomers are exposed
to the harsh conditions during the ESI-MS analysis (high
source and desolvation temperatures, low pH, organic solvents,
and high voltages), there is most probably a loss of weaker
seeding oligomers in the gas phase leading to a higherKd

app for
GS ∼ Srf↔GS + Srf than in aqueous solution. This higher in
vacuo Kd

app could therefore be due to the loss of the hydro-
phobic interactions, as well as an underestimation of the Kd

app

due to the approximated R used in Equation 7. It must also be
considered that the ESI-MS analysis does not allow the obser-
vation of neutral oligomeric species and higher order oligo-
mers, while the probability of neutral and/or larger oligomers
was indicated by our titration studies (Figure 5, refer to discus-
sion above).

Binding Interactions Between GS and Srf

Ionic interactions between GS and Srf are highly probable as
GS has a 2+ charge and Srf a 2− charge at neutral pH. Danders
et al. [40] and Nagamurthi and Raubhav [41] showed that more
than 98% of GS activity is lost when the two Orn residues are
blocked with different groups. Acetylated GS, in which both
the amino groups of the Orn residues were acetylated, did not
show any ESI-MS stable hetero-oligomers with Srf (Supple-
mentary Figure 13, Supplementary Data). This indicated that at
least one of the two Orn δ-amino groups of GS is necessary for
interaction with Srf or to form stable ESI-MS detectable
oligomers.

It was previously shown that the carboxyl groups of L-Glu1

and L-Asp5 residues of Srf chelates both mono- and divalent
cations, resulting in either partial or complete neutralization of
the acidic residues [13, 42–46]. Since metal ion binding neu-
tralizes the acidic residues, it offers a tool to investigate the
possibility of an ionic interaction with these residues through

competition studies. Addition of NaCl or CaCl2 to the peptide
mixtures did not affect the signals of preformed ESI-MS-TQ
stable complexes up to 35.6 mM NaCl and CaCl2 (400-fold
molar excess) (Supplementary Figure 14 in Supplementary
Data). The ESI-MS signal of all the heterodimeric GS~Srf
complexes remained reasonably constant over both salt con-
centration ranges (Supplementary Figure 14 in Supplementary
Data). Similarly, GS signal intensity was generally unaffected
by increasing salt concentrations. Signal intensity of Srf
showed some fluctuation over the NaCl concentration range
with a decrease in intensity at 35.6 mM salt, which is probably
the result of signal suppression by Cl− ions and Srf~Na com-
plexation leading to the increase in the detection of the sodiated
Srf (Supplementary Figure 14 in Supplementary Data). How-
ever, less than 1% sodiated or calciated GS~Srf complexes
were detected under these analyses conditions, indicating that
these complexes are either unstable or not formed. Addition of
Na+ or Ca2+ to preformed GS~Srf hetero-oligomers does not
displace GS from Srf, which indicates that the interaction is
more complex than just pure ionic interactions between two
oppositely charged peptides. However, this result does not rule
out the possibility of ionic interaction as one of the interacting
forces because an Asp~Orn and/or Glu~Orn salt-bridge could
be buried and shielded within the preformed hetero-oligomers.

This aspect was further investigated by pre-incubation of Srf
with salts and then titration with the GS. As there is always
some environmental Na+ in solvents, for example sodium
leaching from soda glass, the sodium adducts of Srf variants,
in particular for the Srf3 variants, are generally observed in ESI-
MS spectra. We found that the Srf3~Na complex (and other
sodiated complexes) decreased in the same manner as the free
Srf3 with the increase inGS andGS~Srf complexes (Figure 5a),
indicating that GS out-competes Na+ from Srf.

As it is known that Srf forms ionic complexes via L-Glu1

and L-Asp5 residues with Ca2+ [13, 42–46], the effect of GS on
Srf~Ca complexes was investigated by the titration of Srf pre-
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incubated with CaCl2 with GS. In the samples without GS, we
observed calcium–Srf complexes consistent with other reports
[13, 42, 44]. These monomeric and dimeric complexes all
consisted of Srf~Ca in an 1:1 ratio. When the calcium-
incubated Srf was then titrated with GS, the observed ESI-
MS spectral changes indicated that GS~Srf complex formation
takes place in favor of Srf~Ca complex (Figure 6).

All the Srf~Ca complexes decreased over the whole GS
concentration range (Figure 6b), similar to that of the free Srf
species with Srf3 and Srf4 showing the highest free peptide
signal at low GS (Figure 6a). In the reagent mixture containing
CaCl2, at the lowest concentration of GS, the GS~Srf2 signal
was the highest, but decreased with the GS concentration
increase, whereas GS~Srf1 remained relatively constant. How-
ever, GS~Srf3 and GS~Srf4 concomitantly increased with the
Srf and Srf~Ca decrease, indicating a dynamic exchange/
equilibrium from GS~Srf2 in favor of GS~Srf3 and GS~Srf4
at higher GS concentrations (Figure 6c). GS~Srf3 and GS~Srf4
each increased up to 45 μMGS (GS:2Srf ratio), after which the
signal remained relatively constant (Figure 6c). It is interesting
to note that the free GS signal only started to substantially
increase at >40 μM. The total GS~Srf and GS~2Srf oligomer

signals increased over the entire concentration range, with a
concomitant decrease in Srf, Srf~Ca, and 2Srf~2Ca ion signals
(Figure 6d). The Kd

app for GS ∼ Srf↔GS + Srf in the presence
of Ca2+, calculated from Equation 7, was 17 ± 4 μM.ThisKd

app

is nearly 2-fold higher than the Kd
app for the directly analyzed

mixtures without Ca2+. This result indicates that GS still binds
to Srf in the presence of Ca2+, but that GSmay have to compete
with Ca2+ for binding to Srf or that the specific Ca2+-induced
Srf conformation [43, 47] has a weaker affinity for GS.

The hetero-trimer ion signals for GS bound to two Srf
species were again detected and increased over the GS concen-
tration range, but were much less pronounced than the 1:1
heterodimers (Figure 6d). We also observed that GS addition
interferes with multimeric Ca~nSrf complexes, which may
indicate that GS out-competes calcium from the dimeric com-
plexes to form GS~2Srf (Figure 6d). Alternatively, as the Srf
concentrations were more than 10-fold the critical micellular
concentration (CMC) of 7.5 μM [46], the interaction of GS
may be with the micellular Srf [43, 47], of which the hydro-
phobic interactions are disrupted during the ESI-MS
desolvation process. However, the significance of cyclic pep-
tide β-turns in cation chelating has previously been
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demonstrated for the analogous lipopeptide, iturin A [27, 48];
therefore, it is also possible for a cationic δ-amino group of Orn
in GS to interact via ion-dipole interactions with the carbonyl
groups in a β-turn in Srf [8, 44]. Regardless of the oligomeric
state of Srf, these results show that GS competes with Ca2+ for
binding to the anionic Srf or that GS changes Srf’s affinity for
Ca2+ by its initial interaction and subsequent binding. These
observations also support the role of hydrophobic interactions
in that the less hydrophobic Srf1 and Srf2 species seem to favor
Ca2+ interaction, whereas the more hydrophobic Srf3 and Srf4
species favor GS interaction.

CID of a GS~Srf Heterodimer

To further explore noncovalent interaction, the oligomerization
between GS and surfactin were investigated utilizing CID. In an
oligomer, certain peptide bonds will be protected from fragmen-
tation when they are either hidden or partaking in polar or
hydrogen bonds. A change in peptide conformation in an
oligomer could, on the other hand, expose certain bonds to
fragmentation reactions. However, it is highly possible that
during CID process all noncovalent interactions within an
oligomer will be broken prior to the covalent fragmentation. If
this is the case, identical fragmentation patterns will be observed
between the free peptides and those liberated from the oligomer,
albeit at lower intensity. If there is a change in product ion
pattern, this could indicate strong interactions in hetero-
oligomers leading to altered fragmentation of peptide bound in
the oligomer. This altered fragmentation was indeed observed in
this study, which indicated that some of the fragmentation
reactions took place within the GS~Srf heterodimer. These
changes were used to identify residues and sequences that
partake in the polar interactions within a GS~Srf heterodimer.

One of the prerequisites in the fragmentation of cyclic
peptides is the controlled opening of the backbone ring. For

GS, the ring opening mostly occurs at the N-terminal side of
one of the Pro residues [49, 50] as a consequence of the
preferential fragmentation of the N-terminal peptide bond of
Pro [51, 52]. A second ring opening is between the Orn-Leu
residues [49, 50] and this frequently leads to the so-called
Bornithine effect^ [53, 54]. During this, a fragmentation reac-
tion at the C-terminal of an Orn residue leads to cyclisation in
which the Orn side chain participates [53, 54]. The CID on the
singly charged GS (m/z = 1141.7137) yielded all the major
fragment ions from the b-series, except b6 (PVOLFPV) arising
from the ring-opening of GS at one of the Pro-Val moieties,
correlating with previous research (Figure 7a) [49, 50]. The
absence of this b6-ion is expected as the C-terminal bond of a
Pro-residue is more stable than the N-terminal bond, although a
low abundance b3 ion (LFP), probably derived from the Orn-
Leu ring opening, was observed [51, 52]. Internal fragments or
b-ions from a Phe-Pro ring-opening were also abundant in the
CID spectrum of GS (Figure 7a). The b2-ion and its a2-ion,
corresponding to the Pro-Val sequence, were the most abun-
dant product ions (25%–30% abundance) observed for the free
GS, probably because of the inherent stability of the C-terminal
peptide bond with Pro [51, 52] (Figure 7a). Most of the GS
product ions generated from GS~Srf3 were similar to that of
free GS; however, there were a number of major differences in
the product ion pattern (Figure 7a). The b5 ion (PVOLF or
LFPVO), one of the most abundant product ions in the free GS
spectrum, was not observed upon CID of the heterodimer ion
(m/z 1082.1945), whereas the dehydrated b5 ion abundance
decreased significantly (Figures 7 and 8). In our initial CID
analyses, we did observe the b5 ion in the CID spectrum of GS
from GS~Srf3, but we found this was due to persistent GS
contamination in the instrument from previous analyses (results
not shown). No FPV and LFP product ions were observed,
whereas the b2 ion, PV, almost doubled in abundance
(Figure 7a). The increased b2 abundance could also indicate
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that the Val–Orn amide bond is in another environment or
conformation in the heterodimer, exposing it to CID reactions.
These results also indicate that peptide bonds leading to ring
opening and flanking the GS pentapeptide moieties, PVOLF
(or LFPVO), are protected in the GS~Srf complex. One part of
the GS molecule may be participating in interaction with Srf,
while a peptide moiety containing an Orn may be exposed
leading to the formation of the PVO and PV fragments
(Figure 7a). Refer to Supplementary Figure 15 for examples
of product ion spectra and Supplementary Table 2 for details on
the product ions in the Supplementary Data.

As Srf consisted of several peptides, we focused our struc-
tural study on the most abundant variant group, namely Srf3
with m/z = 1022.6752. In a 2D nuclear magnetic resonance
study by Eyéghé-Bickong [55] it was found that the most
abundant peptide sequence in the Srf lipopeptide complex used
in this study is L-Glu-L-Leu-D-Leu-L-Val-L-Asp-D-Leu-L-
Leu (ELLVDLL). From the CID product ions it was deduced
that C14 is the major fatty acyl group in the Srf3 variant group.
We found two major peaks for Srf3 with UPLC-MS, whereas
IM-MS only showed one major peak (Figure 3a, and Supple-
mentary Figure 11 in Supplementary Data). This indicated two
major species with nearly similar CCS, but slightly different
hydrophobicity. From these data we deduced the major Srf3
variant structure as cyclo[(C14H26O2)-L-Glu-L-Leu-D-Leu-L-
Val-L-Asp-L-Leu-L-X] with X as Ile or Leu. For Srf the ring
opening generally occurs at the lactone bond [56]. The CID of
the Srf (m/z = 1022.6752) led to all the major product ions from
the b-series, except b6 (C14ELLVD) (Figure 7b). The absence
of the b6 fragment ion is expected as the N-terminal peptide

bond of an acidic residue is very labile [57]. Internal fragments
and the entire y-series of product ions were also observed in the
CID spectrum of free Srf (Figure 7b). The hydroxylated y6 ion
(LLVDLX) showed the highest abundance at 17%, with most
of the other product ions at 2% to 7% abundance (Figure 7b
and Figure 8). As for the GS product ions, most of the Srf
fragments from GS~Srf3 was generated at similar abundances
to that of free Srf3 (Figure 7b). The most dominant product ion
was also the hydroxylated y6-fragment, but its abundance
increased to 24% (Figure 7b and Figure 8). The decarboxylated
y2 ion (LL or internal fragment LX) and y6 ion (LLVDLX)
were not observed (Figure 7b and Figure 8). This indicates that
the carboxyl group of LL/LX is protected in the heterodimer,
whereas y6 ion (LLVDLX) is not formed, probably because the
Srf interaction with GS favors the y6 hydroxylation reaction.
These results further indicate that peptide bonds in the Srf
peptide moiety, LLVDLX, and especially the highly labile N-
terminal bond of the Asp residue, were protected in the GS~Srf
complex. On the other hand, the peptide bonds in which Glu,
the other acidic residue in Srf, participates, were not protected
in GS~Srf3 as CID generated a substantial amount of the b2 ion
(C14E), indicating similar exposure in the oligomer than in the
free Srf3. If the C14E is imbedded in the Srf micelles,
obstructing GS interaction, this moiety will be exposed to
fragmentation reactions, resulting in the b2 ion, when the
hydrophobic effect is removed during the dehydration in the
mass spectrometer [23–25]. Refer to Supplementary Figure 15
for examples of product ion spectra and Supplementary Table 2
for details on the product ions of Srf3 and GS~Srf3 heterodimer
in Supplementary Data.

Conclusions
Our results corroborate the hypothesis that the cationic GS and
anionic Srf interact to form GS~Srf hetero-oligomers. These
noncovalent interactions could be a factor in the observed
antagonism of the GS antimicrobial activity by Srf [1]. ESI-
MS of the equimolar GS:Srf mixture revealed the presence of
noncovalent GS~Srf heterodimers, which were not observed in
the equimolar mixture of diacetylated GS and Srf. This indi-
cated that one or both the cationic δ-amino groups of GS are
probably essential for formation of ESI-MS stable and visible
GS~Srf hetero-oligomers. This study revealed that polar inter-
actions, including ionic interactions between the two peptides
could take place via a slow equilibrium pointing to an assembly
process. These interactions could be shielded as stable GS~Srf
hetero-oligomers were observed even in a high salt (NaCl and
CaCl2) environment. The CID product ions of GS~Srf3 indi-
cated that VOLFP (or LFPVO) from GS was not generated,
whereas the hydroxylated LLVDLX fragment from Srf was the
most abundant. These two sequences contain an Orn and Asp
residue that can partake in an ionic and/or polar interaction(s).
The flanking hydrophobic residues can partake in hydrophobic
interactions that would stabilize the complex and shield such
electrostatic interactions in an aqueous environment. Eyéghé-

Figure 8. Representative CID spectra over m/z 500–700 for
comparison of CID product ions of GS and Srf alone with that of
GS~Srf3 heterodimer. CID analyses were performed over a CE
gradient from 30 to 80 eV at a CV of 25 V. For more details on
the product ions, refer to Supplementary Table 2 (Supplemen-
tary Data)
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Bickong [55] found that Srf interaction with GS places the Phe
and Orn residues in a more shielded environment, indicating a
role of these residues in the Srf interaction. However, from our
studies, the Glu residue and the fatty acid moiety in Srf do not
seem to partake in the oligomerization. This could be a strong
indication that the C14Emoiety is obscured in the Srf micellular
structure [43, 47] in an aqueous environment with the Asp and
flanking hydrophobic amino acids being available to interact
with the VOLFP moiety in GS leading to the formation of
inactive GS~Srf hetero-oligomers. Furthermore, the GS~Srf
heterodimers containing the most hydrophobic Srf3 and Srf4
variants were the most abundant species that survived within
the ESI-MS and especially during IM-MS analysis. This indi-
cates that these heterodimers were not only the most abundant
in an aqueous solution but that their hydrophobicity and pos-
sibly their micellular structures may be important in seeding
interaction with GS. The IM-MS studies also indicated that Srf
could have a preference for specific GS conformers, possibly
those in which an optimal interaction can take place. Nearly
symmetrical IM-MS peaks of the GS~Srf heterodimers further
indicated a compact dimer conformation, which is dependent
on specific noncovalent interactions between the two peptides.

It would be expected that Kd values for GS∼Sr f↔GSþ Sr f
would be in the low micromolar range, considering the 2- to 3-
fold increase in the [GS], for example from 2 μM alone to 5 μM
with the presence of Srf, which is needed to inhibit 50% Bacillus
subtilis (bacterial) growth [1]. The deduced Kd

app values of
6 μM in gas phase and 1 μM in aqueous phase for
GS∼Sr f↔GSþ Sr f fell indeed within the peptides’ biological
concentration range. However, such antagonistic peptide–pep-
tide interaction may not be limited to this antimicrobial peptide
pair. In light of the role of such an interaction in bacterial
resistance, it may be worth investigating other possible antago-
nistic interactions between peptides produced by cohabiting
microorganisms, for example, small cyclic lipopeptides like
surfactin, iturins, and fengycins, and peptides that contain the
gramicidin S VOLFP sequence such as the graticins, tyroci-
dines, and streptocidins.
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