
Biochimica et Biophysica Acta 1848 (2015) 1955–1962

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbamem

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Binding structure and kinetics of surfactin monolayer formed at
the air/water interface to counterions: A molecular dynamics
simulation study
Hongze Gang a, Jinfeng Liu a, Bozhong Mu a,b,⁎
a State Key Laboratory of Bioreactor Engineering and Applied Chemistry Institute, East China University of Science and Technology, 130 Meilong Road, Shanghai 200237, PR China
b Shanghai Collaborative Innovation Center for Biomanufacturing Technology, 130 Meilong Road, Shanghai 200237, PR China
⁎ Corresponding author at: State Key Laboratory of Bior
Chemistry Institute, East China University of Science and
Shanghai 200237, PR China.

E-mail address: bzmu@ecust.edu.cn (B. Mu).

http://dx.doi.org/10.1016/j.bbamem.2015.05.016
0005-2736/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 21 March 2015
Received in revised form 9 May 2015
Accepted 19 May 2015
Available online 27 May 2015

Keywords:
Surfactin monolayer
Counterion
Binding affinity
Salt bridge
Break rate
The binding structure and kinetics of ionized surfactin monolayer formed at the air/water interface to five coun-
terions, Li+, Na+, K+, Ca2+, and Ba2+ (molar ratios of surfactin to monovalent and divalent counterions are 1:2
and 1:1 respectively), have been studied using molecular dynamics simulation. The results show that surfactin
exhibits higher binding affinity to divalent counterions, Ca2+, and Ba2+, and smaller monovalent counterion,
Li+, than Na+ and K+. Both carboxyl groups in surfactin are accessible for counterions, but the carboxyl group
in Glu1 is easier to access by counterions than Asp5. Salt bridges are widely built between carboxyl groups by
counterions, and the probability of the formation of intermolecular salt bridge is markedly larger than that of
intramolecular salt bridge. Divalent counterions perform well in forming salt bridges between carboxyl groups.
The salt bridges mediated by Ca2+ are so rigid that the lifetimes are about 0.13 ns, and the break rates of these
salt bridges are 1–2 orders of magnitude smaller than those mediated by K+ which is about 5 ps in duration.
The positions of the hydration layer of carboxyl groups are independent of counterions, but the bound counter-
ions induce the dehydration of carboxyl groups and disturb the hydrogen bonds built between carboxyl group
and hydration water.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Surfactin, a family of cyclic lipopeptides produced by several strains
of Bacillus subtilis [1–3], attracts more attention for their potential appli-
cations in food and cosmetic [4], remediation of petroleumcontaminated
soil [5], neurodegenerative disorder disease therapy [6], and enhanced
oil recovery [7] owing to their predominant surface property [8,9] and
special biological activities, such as antimicrobial [3], antiviral [10],
antifungal [11], and hemolytic properties [12]. The two acidic amino
acid residues in the peptide moiety, Glu1 and Asp5, were considered as
the hydrophilic group of surfactin [13] and the physical state of the
two carboxyl groups in these residues dramatically affected surfactin
properties, such as spatial arrangement of surfactin at interface and in so-
lutionwhichwere relative to lowering surface tension and the change of
critical micelle concentration (CMC) [14–19], interaction affinity with
membrane regarding to hemolysis [20], and chelating capacity of cations
involved in inhibiting enzyme activity [21], etc. Counterion is one of the
extrinsic environmental factors that are important in affecting the phys-
ical state of\\COO− groups in Glu1 and Asp5, therefore the interaction
eactor Engineering and Applied
Technology, 130 Meilong Road,
between ionized surfactin and counterions is crucial in designing
suitable, stable, and effective applications of surfactin.

According to the pK values of surfactin in solution or at interface [14,
22], more than 90% of surfactin has a dianionic form when pH N5. The
effective charge of the\\COO− groups in Glu1 and Asp5 depends on
the type and concentration of counterion. The surface activity of surfactin
was enhanced by the addition of counterions in reducing CMCvalues and
lowering the surface tensions at CMC [17,20]. The morphology of
surfactin aggregates was induced by divalent counterions from spherical
micelle to larger aggregates in rod-like or lamellar shape, which were
demonstrated by the binding of carboxyl groups to divalent counterions
and the subsequent screening of electrostatic repulsion between
surfactin molecules in micelle [16]. Surfactin exhibited much higher
binding affinity to divalent counterions than monovalent counterions
[17]. The\\COO− groups of surfactinmonolayer at air/aqueous interface
weremore completely neutralized by adding divalent counterions in the
subphase estimated by the shape of the isotherm curves and the charac-
teristic values from the curves [14]. Small angle neutron scattering mea-
surement showed that the bulk phase structure of surfactinwas changed
by counterions in an order of Li+/K+ b Ca2+ b Ba2+ due to the stable and
more hydrophobic complex between surfactin and divalent counterions
[16]. Biological properties of surfactin are affected by counterions aswell.
The formation of surfactin–counterion complex was considered as the
factor of the inhibition of alkaline phosphatase by surfactin because the
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enzyme needed Zn2+ andMg2+ to keep its activity [21]. The increase of
surfactin hemolysis was induced by the presence of very low concentra-
tions of divalent counterions or higher concentrations of monovalent
counterions, which meant that surfactin was favored to interact with
erythrocytemembrane after binding to counterions [20]. As summarized
above the binding of ionized surfactin to counterions was studied by
measuring the change in surfactin CMC, surface tension at CMC, micellar
morphology, and the apparent biological activities, but the details of the
binding structure between surfactin and counterions, and the insights of
binding affinity of surfactin to different counterions are still limited and
need to be further investigated.

In the present work, molecular dynamics simulation had been used
to get the atomistic details of the binding of surfactinmonolayer formed
at the air/water interface to three monovalent counterions (molar ratio
of surfactin:counterions=1:2), Li+, Na+, K+, and twodivalent counter-
ions (molar ratio of surfactin:counterions = 1:1), Ca2+ and Ba2+. The
binding structure between ionized surfactin and counterions was stud-
ied by both radial and spatial distribution functions of counterions and
water molecules around carboxyl groups in the two acidic amino acid
residues of surfactin. The binding affinity to monovalent and divalent
counterions was analyzed by comparing the bound fraction of counter-
ions, screening the structure of salt bridge between carboxyl groupsme-
diated by counterions, and also the kinetic revolutions of the binding of
surfactin to counterions and the salt bridge formed between carboxyl
groups.
2. Computational details

Surfactin used in the present simulation is iso-C15 surfactin (15
denotes the carbon number in the β-hydroxyl fatty acid moiety) in
dianionic form, and its chemical structure is given in Fig. 1a. The
backbone of the peptide ring adopts a “horse-saddle” conformation
characterized by Bonmatin et al. [13] by means of NMR combined
withmolecularmodeling, which can be seen in Fig. 1b. Here the peptide
ring moiety is considered as surfactin headgroup, and the remainder
aliphatic chain from the γ carbon atom is taken as surfactin tail. A series
of simulationswas performed for ionized surfactinmonolayer formed at
the air/water interface with different counterions. Ionized surfactin
numberwas fixedwith 32, and the interfacial area of surfactinmolecule
at the air/water interfacewas set as 1.5 nm2/molecule, corresponding to
the limiting molecular area (A0) of surfactin obtained in experimental
studies [16,24,25] and also the most probable interfacial area of
surfactin calculated by molecular dynamics simulations [26,27].

The setup steps of all the simulations were the same as follows.
Firstly, a box (Lx × Ly × Lz: 4.9 nm × 4.9 nm × 5 nm) was filled with
SPC (Single Point Charge) water molecules [28] and equilibrated at
298 K for 300 ps, and then the water box was centered in a cube
which had the same Lx and Ly dimensions and a size of 15 nm in z
Fig. 1. (a) Primary structure of ionized iso-C15 surfactin; (b) “horse saddle” conformation of sur
clear display. Conformational images in this paper are all produced by VMD software [23].
direction. Secondly, two 4 × 4 surfactin layers were separately placed
on the two air/water interfaces with their ionized amino acid residues,
Glu1 and Asp5, and most of their peptide ring backbone solvated.
After that, certain number of the inorganic counterions (64monovalent
counterions or 32 divalent counterions)was introduced into the system
by randomly replacing thewatermolecules by counterions to neutralize
the system, and energyminimization was performed using the steepest
descent. Thirdly, a period of 20 ns MD simulation was applied to the
systems by a time step of 2 fs, and the equilibration of the simulation
was checked by monitoring the potential energy as well as the root-
mean-square deviation of the peptide ring backbone.

The Gromacs 3.3.1 package [29,30] and the OPLS-aa force field [31]
were used to run all the MD simulations in the NVT ensemble.
Berendsen thermostat [32]was applied tomaintain the system temper-
ature at 298 K, and the coupling time constant was 0.1 ps. The cutoff ra-
dius of both van derWaals interactions and the real part of electrostatic
interactions was 1.0 nm. Electrostatic forces were calculated using
particle mesh Ewald method [33] with precision 10−4. All bond lengths
were constrained using LINCS algorithm [34] with an order of 4, and the
periodic condition was applied in all the three directions. MD trajecto-
ries were collected every 1.0 ps and the last 10 ns run was used for
analysis. Additional 500 ps simulations were performed for ultrafast
properties such as hydrogen bond and salt bridge dynamics, and the
time interval was 10 fs for data collection.
3. Results

3.1. Binding structure between\\COO− group and counterion

The binding structure between ionized surfactin and counterions
was firstly analyzed by the radial distribution functions (RDFs) of coun-
terions around the oxygen atoms in\\COO− groups, g(r)\\COO−-counterions,
which are shown in Fig. 2a. Definite peaks are observed from all the RDF
curves which mean that adsorption shells are formed by bound coun-
terions around\\COO− groups. The positions of adsorption shells are
proportional to the Lennard–Jones parameters of each counterion, σ,
which describes the interaction size of ions in the present simulation
(inset plot in Fig. 2a). Comparing with the positions of the hydration
layers of carboxyl groups, which are about 0.27 nm from g(r)\\COO−-Ow

(Fig. 2b), the adsorption shells of Li+, Na+, and Ca2+ are mostly within
the hydration layer, while the adsorption shells of K+ and Ba2+ are
simultaneously presented with the hydration layer. More compact
adsorption shells are formed by counterions that have higher valence
and bigger Lennard–Jones parameters ε (thickness of adsorption shells
is listed in Table 1), Ca2+ and Ba2+ for example, and result in lower
number of counterions resided in the adsorption shells (Table 1). How-
ever, the thinner adsorption shells of divalent counterions are higher
charged comparing with that of monovalent counterions when taking
factin, oxygen: red, nitrogen: blue, carbon: cyan, all the hydrogen atoms are not shown for



Fig. 2. (a) Radial distribution functions of counterions around oxygen atoms in\\COO−

groups. Inset plot is the comparison between Lennard–Jones parameters of counterions
used in the present simulation and the first maximum radius in RDFs, rmax. (b) Radial
distribution functions of water oxygen atoms around the oxygen atoms in\\COO− groups.
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valence into account. Higher van derWaals interaction and electrostatic
attractions between oxygen atom in carboxyl groups and divalent coun-
terion are responsible for the compact adsorption shells.

The spatial distributions of counterions andwater molecules around
ionized carboxyl groupof surfactin are displayed in Fig. 3. It can be easily
identified that smaller monovalent counterion, Li+, exhibits a wider
spatial distribution than those of Na+ and K+ which graphically illus-
trates the peak intensities of RDFs in Fig. 2a. Both divalent counterions,
Table 1
Thicknesses of adsorption shells of bound counterions around oxygen atoms in\\COO− group
energy of hydrogen bonds (HBs) formed between\\COO− groups of surfactin and water mole

System (Li+)2SF2− (Na+)2SF2−

Shell thickness (nm) 0.123 0.117
Counterions in shellsb 1.12 0.65
Number of HB 0.80 1.11
HB energy (kJ/mol) 16.9 18.3

a The first minimum radius in RDF curves in Fig. 2b, rmin, is the distance threshold between
define the hydrogen bonds formed between\\COO− groups of surfactin and water molecules

b Integration of RDF profiles in Fig. 2a up to the first minimum radius, rmin.
Ca2+ and Ba2+, show more concentrate spatial distribution comparing
with monovalent counterions, which means stronger interaction and
thus more stable binding structure between carboxyl group and diva-
lent counterion. Hydration water has more spatial and orientational
choice in interacting with carboxyl groups where there are fewer coun-
terions that resided in the adsorption shells, as shown in Fig. 3b, c, and
the left half of Fig. 3e. As a result, the number of hydration water is
higher which can be found from RDFs in Fig. 2b, and more hydrogen
bonds are formed between carboxyl group and hydration water with
higher energy as summarized in Table 1. In contrast, the structures of
the hydration layers are disturbed by Li+ and Ca2+ resulting in fewer
and less stable hydrogen bonds, because the approaching of water mol-
ecules to oxygen atoms in carboxyl groups is affected by the repulsion
between hydrogen atom in water and bound counterion.
3.2. Binding affinity of surfactin to counterions

According to the first minimum values in g(r)\\COO−-counterions, rmin,
the bound state of two\\COO− groups of surfactin was screened to
get the binding fractions of ionized surfactin in the presence of different
counterions. Fig. 4a gives the fractions of free (both\\COO− groups in
Glu1 and Asp5 are free of counterions), semi-bound (only one of the
two\\COO− groups in surfactin is bound with counterion), and fully-
bound (both\\COO− groups in Glu1 and Asp5 are boundwith counter-
ions) surfactin, and it seems that surfactin prefers to bind to counterions
with smaller radii and higher valence.When it comes to the semi-bound
surfactin, more than half of them bind to counterions with the\\COO−

group in Glu1 (Fig. 4b) illustrating higher binding affinity to counterions
of Glu1 compared with Asp5. For the fully-bound surfactin, the two
\\COO− groups have priority to bind to different counterions separate-
ly, only a few surfactin bind to one counterion to form an intramolecular
salt bridge (Fig. 4b). It should be noticed that the number of intramolec-
ular salt bridge is considerable in the presence of Ba2+, and this result is
mostly relative to the higher valence and the largest radius of Ba2+,
which benefits the neutralization of the two \\COO− groups and
prevents the higher steric energy of surfactin binding to one Ba2+ ion.

The effective charge of surfactin (originally 2e) in the monolayer is
obtained using the bound fractions of counterions given in Fig. 4c. The
negative charge of ionized surfactin is mostly neutralized by Li+

(0.08e) and Ba2+ (0.11e), and completely neutralized by Ca2+ (0e),
while partly neutralized in the case of Na+ (0.76e) andK+ (1.20e). Inde-
pendent of valence and radii, bound counterions exhibit priority in
forming intermolecular salt bridge than intramolecular salt bridge
since one\\COO− can easily access another\\COO− of the adjacent
surfactin by rotating or orienting the surfactin headgroups at the air/
water interface to share one counterion (Fig. 4c). Diffusion mobility of
counterions also provides indications of binding affinity of ionized
surfactin to counterions. As can be seen in Fig. A.1, most of Li+, Ca2+,
and Ba2+ that have very small vertical diffusion coefficients, Dzz,
which are 1–2 orders slower than the diffusion coefficient of bulk
water at the same temperature [35], are the bound counterions. The
higher binding affinity of ionized surfactin to divalent counterions and
smaller monovalent counterion is clearly displayed in Fig. 5 that Ca2+,
s, the averaged numbers of counterions reside in adsorption shells, averaged number and
cules in hydration layer.a

(K+)2SF2− Ca2+SF2− Ba2+SF2−

0.112 0.107 0.103
0.32 0.78 0.70
1.36 0.84 1.02

18.5 17.0 17.9

hydrogen donor and hydrogen acceptor, and an angle of 30° is set as angular threshold to
in the hydration layer.



Fig. 3. Spatial distribution of counterions (green solid), water oxygen atoms (red frame), andwater hydrogen atoms (white transparent) around one of the carboxyl groups (carbon atom:
cyan; oxygen atom: red) in surfactin ions in systems (a) (Li+)2SF2−; (b) (Na+)2SF2−; (c) (K+)2SF2−; (d) Ca2+SF2−; and (e) Ba2+SF2−. Isosurface values are 80 forwater oxygen atoms, 80
for water hydrogen atoms, and 1500 for counterions.

1958 H. Gang et al. / Biochimica et Biophysica Acta 1848 (2015) 1955–1962
Ba2+, and Li+ aremostly restrainedwithin surfactin headgroup regions,
and some of Na+ and K+ ions away from surfactin are the free counter-
ions corresponding to those with bigger values of D in Fig. A.1b and c.

3.3. Kinetics of binding of surfactin to counterions and salt bridge mediated
by counterions

The kinetic evolution of binding of surfactin to counterions and salt
bridges between carboxyl groups mediated by counterions is analyzed
Fig. 4. (a) Fractions of ionized surfactin that both\\COO− groups are free of counterions,
one of the\\COO− groups is bound with counterion, and two\\COO− groups are fully
bound with counterions; (b) fractions of ionized surfactin that only\\COO− group in
Glu1 is bound out of semi-bound surfactin, and fractions of ionized surfactin that
two\\COO− groups bind to one counterion to form intramolecular salt bridge out of
fully-bound surfactin. (c) Fraction of bound counterion and counterions participating in
formation of intramolecular salt bridge or intermolecular salt bridge.
by two time correlation functions (TCFs) which are employed to study
the kinetics of hydrogen bonds [35–38],

S tð Þ ¼ h 0ð Þ � H tð Þh i
hh i ð1Þ

and

C tð Þ ¼ h 0ð Þ � h tð Þh i
hh i ð2Þ

where S(t) and C(t) are the continuous and intermittent time correla-
tion functions, respectively. H(t) is a binary function which is equal to
1 if a set of binding sites continuously bound up to time t, and the binary
function h(t) is 1 when the monitored sites keep binding at time t and
the binding is allowed to be broken within the time interval 0–t. b N

means the average over all the time points and all the binding sites.
The thresholds are whether the counterion is within the adsorption
shell of one carboxyl group for binding, and whether the counterion
resides in the adsorption shells of two\\COO− groups for salt bridge.
Therefore, we can get the lifetime and structural stability of binding
structure and salt bridge from S(t) and C(t) respectively.

TCFs of binding of surfactin to counterions can be seen in Fig. 6
(TCFs of intramolecular and intermolecular salt bridges are given in
Figs. A.2 and A.3). Nearly all the TCFs show the relaxation in an order
of K+ N Na+ N Ba2+ ~ Li+ N Ca2+, indicating that the strength of the
binding between counterion and surfactin decreases in the order of
Ca2+ N Li+ ~ Ba2+ N Na+ N K+, which is in the same tendency of the
binding affinity of surfactin to counterions previously obtained in
Section 3.2. Much slower relaxations of C(t) comparing with those of
S(t) demonstrate that the counterions stay within or nearby the
headgroup region even after the break-up of binding or salt bridge,
which benefits the reform of binding or salt bridge sometime. A sum

of three exponential functions, ∑3
i¼1Ai exp −t=τið Þ, is used to fit the

curves of S(t) and C(t), and the lifetimes of binding and salt bridge are

obtained by∑3
i¼1ASiτSi (Table 2). Themost rigid binding and salt bridge

are formed between surfactin and Ca2+ and the lifetimes are about
0.13 ns, which are about twice of those in (Li+)2SF2− and Ba2+SF2−

systems, and nearly ten times longer than that mediated by K+.
Fluctuations in TCFs in Fig. A.2 are caused by the smaller number of
intramolecular salt bridges and thus the rough statistic results.

For an existing binding between one carboxyl group and one coun-
terion, the relaxation of its continuous time correlation function
depends on the break rate, kS(t), which can be written as

−
dS tð Þ
dt

¼ kS tð Þ: ð3Þ

CombinedwithS tð Þ ¼ ∑3
i¼1ASi exp −t=τSið Þ; kS tð Þcan be obtained by

kS tð Þ ¼
X3

i¼1

ASi

τSi
exp −t=τSið Þ: ð4Þ



Fig. 5. Snapshots of counterion location (a) Li+, (b) Na+, (c) K+, (d) Ca2+, and (e) Ba2+.
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Similarly, the relaxation of intermittent time correlation function re-

lates to kC(t) which can be derived as kC tð Þ ¼ ∑3
i¼1

ACi

τCi
exp −t=τCið Þ. As

shown in Fig. 6 and Figs. A.2 and A.3, all the break rates slightly decrease
at first and thenmarkedly drop as a function of time, and the latter drop
of break rates can bemainly attributed to the rapid reduction of binding
structures or salt bridges. From the beginning to 50 ps there are abun-
dant binding structures and salt bridge, it can be quantitatively conclud-
ed that the break rates of the most rigid binding structure and salt
bridge between surfactin and Ca2+ are in an order of 10−3 ps−1,
while the break rates of those with the lowest stability in the presence
of K+ are 1–2 orders higher than those mediated by Ca2+. All the kC(t)
are much smaller than the corresponding kS(t) further proving that
counterions reside nearby the carboxyl groups after the break-up of
binding structure or salt bridge and the rebuilds of binding structures
Fig. 6. (a) Continuous time correlation functions, (b) intermittent time correlation functions, (c
surfactin to counterions. The solid lines in (a) and (b) are the fitting of time correlation functio
and salt bridges are facilitated. The typical snapshots in Fig. 7 show
the stable binding of surfactin to Li+ and the rigid intermolecular salt
bridge mediated by Ca2+ by spatial distribution of counterions around
the ionized carboxyl groups.

4. Discussion

In the present study, it is illustrated that the positions of the hydra-
tion layers of\\COO− groups are independent of counterions, but the
counterions induce the dehydration of hydration layer of carboxyl
group. Fewer hydrogen bonds with smaller energy were formed
between carboxyl group and hydration water in the presence of highly
bound counterions as Ca2+, Ba2+, and Li+. Results of neutron reflection
[16] showed that there were less water molecules in the headgroup re-
gion of surfactin monolayer in the presence of Ca2+ and Ba2+ which
) break rates, kS(t), and (d) break rates, kC(t) for the binding of ionized carboxyl groups of
ns by three exponential functions.



Table 2
Lifetime of binding and salt bridge formed between counterions and ionized carboxyl
groups of surfactin.

System Lifetime (ps)

Binding Intramolecular salt bridge Intermolecular salt bridge

(Li+)2SF2− 64.5 81.6 85.7
(Na+)2SF2− 35.4 14.7 31.9
(K+)2SF2− 13.0 4.7 5.0
Ca2+SF2− 138.7 134.2 131.2
Ba2+SF2− 52.0 55.4 42.9

1960 H. Gang et al. / Biochimica et Biophysica Acta 1848 (2015) 1955–1962
were highly bound to surfactin comparing with monovalent counter-
ions. The disturbance of hydration layer by counterions that penetrate
into hydration layer was observed in traditional surfactant monolayer
formed at the air/water interface [39]. Moreover, partly dehydrated
state of surfactants was calculated to charge of the varying abilities of
several surfactants to discriminate different cations [40].

The bound fraction of counterions increases with the decrease of ion
radius for bothmonovalent anddivalent counterions in thepresent sim-
ulation, and this can be demonstrated by the smaller lateral electrostatic
repulsion between the bound counterions which are restricted in
the headgroup region of surfactin monolayer. In the investigation of
the self-assembly of surfactin in aqueous solution affected by divalent
counterions, it was found that smaller counterions with higher
eletronegativity have higher degree of association with surfactin [19].
Higher binding degree of small monovalent ion Li+ than K+ had also
been found by studying surfactin micellization in the presence of coun-
terions [16]. Although the binding of surfactin to monovalent counter-
ions was lower than divalent counterions, the binding was proposed
to reach an equilibrium state [14] and the free fraction of the surfactin
at air/water interface was around 0.3–0.4 in the presence of K+ or
Na+. The fractions of free surfactin and semi-free surfactin we get
here are 0.208 and 0.522 in the presence of Na+, 0.512 and 0.386 in
the case of K+, which are higher than the experimental results mainly
due to the much higher ratios of surfactin to counterions in the present
simulation whereas the salt was in excess in the previous experimental
study.

The special structure of surfactin headgroups is proposed to be a
factor that markedly affects the binding of surfactin to counterions
since the spatial cavities are provided by the backbones of headgroups
which exposed two anchors, carboxyl groups in Glu1 and Asp5, to the
aqueous solution. Take Li+ ion for example, smaller monovalent coun-
terions need smaller cavities to penetrate into the headgroup region
and be bound to carboxyl groups, resulting in higher binding fractions.
Fig. 7. Spatial distribution of counterions (green solid) around ionized surfactin in (a) (Li+)2S
shown, and (b) Ca2+SF2−, where the hydrophobic amino acids are not displayed. C, N, and O at
atoms are omitted.
In the investigation of binding selectivity of iturin A2, an analogue of
lipopeptide owned a peptide ring in the molecule as well, to alkali
metal ions, the binding order Na+ N K+ N Rb+ was mainly caused by
the size limitation in interaction cavity [41]. It was assumed that only
one of the two\\COO− groups of surfactin peptide moiety was accessi-
ble due to the smaller binding fraction of monovalent counterions [14].
The presenting resultsfirstly demonstrate that both carboxyl groups are
accessible for counterions, but the carboxyl group in Glu1 has better ac-
cessibility to either monovalent or divalent counterions. It is probably
resulted from the longer chain of Glu1 compared with Asp5 and thus
the more flexible orientation of Glu1 to bind to counterions. It is also
possible that the binding of\\COO− in Glu1 to one counterion inhibits
or affects the binding of\\COO− in Asp5 to a second counterion.

Higher participation of divalent counterions, Ca2+ and Ba2+, in
binding and salt bridge can be demonstrated by their higher valence
that can largely neutralize the negative charge of surfactin and their
larger radius to form salt bridges between carboxyl groups, and the
bidentate sites of the peptidemoiety of surfactin aswell. Higher binding
fractions of divalent counterions thanmonovalent counterionswere ob-
tained inmany experimental studies. The neutralization of the surfactin
monolayer adsorbed at the air/water interface seemed complete by
Ca2+ but incomplete in the case of monovalent counterions, K+ or
Na+ [14]. The hydrophobicity of surfactin headgroup at air/water
interface was enhanced by divalent counterions leading to the larger
separationbetween two acidic amino acid residues andwater estimated
by the fitting of neutron reflectivity profiles [16]. The binding selectivity
of divalent counterions was observed in surfactin micellar structure as
well. The study of Li et al. [17] showed that at low concentration of
divalent counterions surfactin formed larger aggregations which
might be caused by the assembly of surfactin micelles indicating a
more neutralization ofmicelle by divalent counterions. Small angle neu-
tron scattering of surfactin micelle [16] showed that surfactin micellar
size and morphology were independent with monovalent counterions
even at extra high ratio of counterion to surfactin, but more sensitive
to divalent counterions. In a biological aspect, the binding affinity of
surfactin to Ca2+ is related to its interaction with the membrane [42],
and the deep insertion of surfactin into phospholipid bilayer is facilitated
since the electrostatic repulsion between lipid headgroup and surfactin
peptide moiety is reduced [43].

It was presumed that the formation of surfactin–cation 1:1 complex,
in which a salt bridge between two carboxyl groups was mediated by
divalent counterion, accounted for the stronger strength of the binding
between ionized surfactin and divalent counterions [14]. Slower decay
of the binding structure between surfactin and Ca2+ was observed
comparing with those between surfactin and Ba2+, which indicated
F2−, where only the backbone of headgroup and the two acidic amino acid residues are
oms in ionized surfactin are shown in cyan, blue, and red, for clear display all the hydrogen
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that Ca2+ had a stronger interactionwith surfactin than Ba2+. However,
Shen et al. [16] reported that Ba2+ has a stronger interaction than Ca2+

from small angle neutron scattering measurements. The difference is
probably caused by the different structures of surfactin aggregate at
air–water interface and in bulk solution. Surfactin formed aggregates
in bulk solution, and the molecular area of surfactin in micelle was
about 3.9 nm2 according to the diameter and the aggregation number
of surfactin micelle [44], which was remarkably larger than the interfa-
cial area at the air–water interface used in the present MD simulations,
1.5 nm2/molecule. Therefore, the larger distance between\\COO−

groups in surfactinmicelle facilitated the binding of surfactin to divalent
counterions that have bigger radius, such as Ba2+. The formation of salt
bridge was widely detected in the present simulation, even in the
presence of monovalent counterions which were not considered or
suggested to form salt bridge with surfactin in the previous research.
Salt bridges mediated by Ca2+ and Ba2+ were numerically more than
those mediated by monovalent counterions, because divalent counter-
ions with higher valence and the larger radius interact with the two
\\COO− groups intensively and without higher steric repulsion. Salt
bridge between surfactant headgroups near the air/water interface
was built in monolayers of sodium dodecyl carboxylate and sodium
dodecyl sulfonate by adding Ca2+ [45]. The lifetimes of the salt bridges
are longer for counterions that have higher binding fractions, Ca2+, Li+,
and Ba2+, than those of Na+ and K+,which is in agreementwithmolec-
ular dynamics simulation results of studying the behavior of SDS mi-
celles in the presence of excess NaCl or CaCl2. Comparing with NaCl,
CaCl2 can result in more compact and rigidity of the SDS aggregates
arises from relatively long-lived (~0.5 ns) salt bridges between
nearest-neighbor headgroups, while the salt bridge mediated by Na+

is typically tens of picoseconds in duration [46]. In addition to the bind-
ing free energy the off-rate of binding was used to evaluate the binding
competition of cations to POPG lipid bilayer [47]. Similarly, the rigidity
of salt bridges was quantificationally compared by break rates in the
presenting study. The break rates of themost rigid salt bridgesmediated
by Ca2+ are 1–2 orders of magnitude smaller than those mediated by
K+.

5. Conclusion

The binding of ionized surfactin monolayer formed at the air/water
interface to three monovalent counterions, Li+, Na+, and K+ (molar
ratio of surfactin to monovalent counterions is 1:2), and two divalent
counterions, Ca2+ and Ba2+ (molar ratio of surfactin to divalent
counterions is 1:1), has been investigated by all-atomistic molecular
dynamics simulation. The results show that the positions of hydration
layer of carboxyl groups are independent of counterions, but the
bound counterions induce the dehydration of carboxyl groups and
thus the fewer and less stable hydrogen bonds between carboxyl
group and hydration water. Surfactin exhibits higher binding affinity
to divalent counterions, Ca2+ and Ba2+, and smaller monovalent coun-
terion, Li+, than Na+ and K+. The binding affinity can be attributed to
the higher valence and bigger radius of divalent counterions which
can be intensively bound and facilitate the formation of salt bridge be-
tween carboxyl groups, and the smaller cavity needed by Li+ to interact
with carboxyl groups as well as the weaker repulsion between the
bound Li+ ions. Both carboxyl groups are accessible for counterions,
but carboxyl group in Glu1 is easier for counterions to access than
Asp5. Salt bridges arewidely detected in the presence of eithermonova-
lent counterions or divalent counterions, and the number of intermolec-
ular salt bridge ismarkedlymore than that of intramolecular salt bridge.
Divalent counterions perform well in forming salt bridge between
carboxyl groups within one surfactin or between surfactin ions.
The most rigid salt bridges are mediated by Ca2+ and own lifetimes
about 0.13 ns, and the break rates are in an order of 10−3 ps−1 which
are 1–2 orders of magnitude smaller than those salt bridge mediated
by K+ which are about 5 ps in duration.
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