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ABSTRACT: The ability of antimicrobial peptides to efficiently kill their bacterial targets depends on the efficiency of their binding
to the microbial membrane. In the case of enterocins, there is a three-part interaction: initial binding, unpacking of helices on the
membrane surface, and permeation of the lipid bilayer. Helical unpacking is driven by disruption of the peptide hydrophobic core
when in contact with membranes. Enterocin 7B is a leaderless enterocin antimicrobial peptide produced from Enterococcus faecalis
that functions alone, or with its cognate partner enterocin 7A, to efficiently kill a wide variety of Gram-stain positive bacteria. To
better characterize the role that tertiary structural plasticity plays in the ability of enterocin 7B to interact with the membranes, a
series of arginine single-site mutants were constructed that destabilize the hydrophobic core to varying degrees. A series of
experimental measures of structure, stability, and function, including CD spectra, far UV CD melting profiles, minimal inhibitory
concentrations analysis, and release kinetics of calcein, show that decreased stabilization of the hydrophobic core is correlated with
increased efficiency of a peptide to permeate membranes and in killing bacteria. Finally, using the computational technique of
adaptive steered molecular dynamics, we found that the atomistic/energetic landscape of peptide mechanical unfolding leads to free
energy differences between the wild type and its mutants, whose trends correlate well with our experiment.

B INTRODUCTION peptide form is a single a helix as seen in the peptide magainin-
Bacteriocins comprise a large and diverse family of low 2. Larger bacteriocins like Lacticin Q™ are composed of
molecular weight antibacterial peptides. They function through multiple a helices. The antimicrobial peptide laterosporulin is
a mechanism of bacterial cell membrane distuption’ via a composed of a series of # strands held in place via disulfide

receptor-dependent or receptor-independent initial binding
event.” " The peptides are produced by both Gram-stain
positive and Gram-stain negative bacteria; they exhibit activity

21 : s . A 22 oo
bonds.” A mixed a/f motifis seen in leucocin A.”” Bacteriocins

can also be circularized at their N- and C-termini via a peptide

. 23y o I
against bacterial species that are related to the species that bond (eg, enterocin AS-48"). Finally, bacteriocins can be
produces bacteriocin.” Hence, in nature, they act as a defense translated with or without an N-ter leader sequence that directs

. . . . 6 . .
mechanism against competing bacteria.” Current interest in the the secretion process. For a complete review of bacteriocin

application of bacteriocins involves food preservation,””* biofilm
reduction,’ treating infection,'” and antibiotic-resistant in-
fections."! The latter include, for example, tuberculosis, >
wound healing,"* and cancer therapeutics.'”'* Enterocins are
members of the broader bacteriocin family of antimicrobial and
cell penetrating peptides.” Antimicrobial peptides differ widely
in their three-dimensional structure, degree of posttranslational
modification, whether they function alone or as a two-peptide
system, and their exact mechanism of action.'®”"® The simplest

structure, see ref 24.
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a: WT b: 4R c: L7R d: V8R
MGARAKLVAKFGW MGAIAKRVAKFGW MGAIAKLRAKFGW
L/ItzGIQKIAF}s(L}\(/éF‘/IFS\ITI\{GQGWT PFIKKFYKQIM QFIGQGWT PFIKKFYKQIMQFIGQGWT PFIKKFYKQIM QFIGQGWT
DQEKWLKRH IDQIEKWLKRH IDQIEKWLKRH IDQIEKWLKRH
e: F15R f: 23R g: F26R h: L40R
MGAIAKLVAKFGW MGAIAKLVAKFGW MGAIAKLVAKFGW MGAIAKLVAKFGW
PRIKKFYKQIM QFIGQGWT PFIKKFYKQRMQFIGQGWT PFIKKFYKQIMQRIGQGWT PFIKKFYKQIMQFIGQGWT
IDQIEKWLKRH IDQIEKWLKRH IDQIEKWLKRH IDQIEKWRKRH

Figure 1. Structure of enterocin 7B (PDB 2M60, WT) in panel a shown as a ribbon diagram with the inner and outer faces shown in cyan and red,
highlighting the residue locations (in licorice) that are muted to construct the seven mutants shown in panels b—h, as labeled. In the latter seven panels,
the (WT) is also included in blue to highlight the resulting differences in the minimum energy structures. The orientation of the WT in panels b—h is
the same, but differs from that in panel a in order to highlight the differences in structure to the mutants.

The mechanism of bacteriocin-mediated bacterial cell death is
pleotrophic'® and complex.”® Bacteriocins can produce huge
toroidal pores (HTPs) (e.g, lacticin Q), smaller pores or slits
(e.g, AS-48), or generalized membrane permeation without
pore formation (e.g., aureocin AS3). The generalized mecha-
nism is reviewed by Bechinger and Gorr™® and Marquette and
Bechinger.19 Disruption of Gram-stain positive membranes is a
more difficult process due to the existence of a peptidoglycan cell
wall’’?* and may involve other features that are normally
associated with bacteriocin activity being critical: the degree of
cationic character, surface hydrophobicity, and the position of
amphiphilic helices. In fact, tryptophan may play an important
role in interactions with the bacterial lipid bilayers and other
membrane components.”” Pore formation may be in fact
primarily driven by surface tension exerted on the membrane by
the peptide™ or be proton motive force driven.’’

Enterocins 7A and 7B are a Class II (subclass IIb) enterocin
pair that are produced by the Gram-stain positive bacterium
Enterococcus faecalis 710C.>> The peptides are active against
several species of the genera Enterococcus, Lactobacillus, and
Bacillus.® The peptides are leaderless and linear (versus
circularized) and do not contain disulfide bonds. Their amino
acid sequence revealed that enterocins 7A4/7B were completely
identical to enterocins MR10A and MRI0B® and highly
identical to the enterocin LS0A/LS0B pair that is produced by
the related bacterium, Enterococcus faecium LSO (98 and 95%
amino acid identity respectively’*). The selected peptides are
74% identical with each other. They are less identical to but still
related to lacticin Q_and aureocin AS3. Enterocins 7A and 7B
function together (although they do not form heterodimers in
solution®), but also have significant activity against bacterial
targets when acting alone. This is an unusual feature for a two-
peptide bacteriocin system™ and as we show in this paper
antimicrobial activity and membrane disruption occurs with
enterocin 7B alone. Although they are produced with a
formylated N-terminus in vivo, N-formylation is not required
for activity. An interesting observation is that both enterocin 7
peptides are fully structured in water”” unlike other bacteriocins.
The nuclear magnetic resonance solution structures of enterocin
7A and 7B were determined.* For simplicity, in this work, the
focus is solely on enterocin 7B.
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The major characteristics of enterocin 7B are that it is a 43
amino acid peptide of 5182 Da with a pI of 10.2, it contains 8
positively charged amino acid residues and 3 tryptophan
residues, and has an 86.3 aliphatic index, where all the aliphatic
residues are in the hydrophobic core. The structure (PDB code
2M60™°) indicates that the peptide is nearly completely a-
helical; comprising an N-terminal helix (residues 4—10), a
second helix (residues 14—29), and a third helix (residues 33—
43). The second helix is kinked at residue 19. Helices one and
two are nearly coplanar, while helix three rises above the two as
can also be seen in Figure 1la. The helices are amphiphilic and
bury a hydrophobic core of approximately 940 A’. The
distribution of cationic amino acid residues results in a positively
charged surface. The structure of enterocin 7B suggests a
possible interaction scheme with the membranes. The first step
in the interaction is the initial contact between the membrane
and the peptide. This could be driven by surface electrostatics
and hydrophobicity. The second step could be unpacking the
helices on the membrane, which exposes the hydrophobic core
and drives peptide insertion into the membrane. The final step
could be either pore formation or membrane permeabilization in
the absence of pore formation. Of those steps, the exposure of
the hydrophobic core and the degree to which three-dimen-
sional structure plasticity drives the efficiency of that exposure
are the subjects of this work. A series of arginine single-site
mutants were designed to disrupt the hydrophobic core and the
activity of those mutants to kill Bacillus subtilis and to interact
with synthetic membranes was determined. In addition, the
change of free energy along the unfolding paths was obtained
using adaptive steered molecular dynamics (ASMD)*’ to
observe the hydrophobic core energetics and dynamics at the
atomistic level.

ASMD was developed as an enhanced sampling method based
on SMD to efliciently investigate the protein unfolding process
in stages.”® In SMD, several nonequilibrium trajectories can be
sampled to reveal the underlying mechanisms and obtain the
equilibrium free energy over the reaction coordinate with the use
of the Jarzynski average (JE). However, the determination of the
change in free energy through the averaging of Boltzmann-
weighted work values in the JE can impede the use of SMD
because the work values spread with the extent of steering,
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leading to decreasing accuracy and increasing error bars. Thus,
the ASMD introduces stages to limit the spread of the work
values along the steered direction. In between stages, a
contraction of the space of configurations represented by the
end of the trajectories from the previous stages is performed*”*’
to retain a representative sample space for the equilibrium
distribution. The choice of contraction leads to several
methodological variants.””~** In this work, naive ASMD*" >’
was selected as it is the most efficient method, and the unfolding
of the protein did not appear to require sampling across a
landscape with multiple barrier regions.

We hypothesize that the mutations shown in Figure 1
destabilize the enterocin 7B hydrophobic core. This might be
expected because molten globule proteins possess dramatically
increased ability to permeabilize and disrupt membranes,**~*
and because we eliminated several alternative hypotheses as
detailed in the root-mean-square error (Supporting Informa-
tion). The effect from the selected mutations can, in general,
help to further clarify the mechanism of helical unpacking in that
the membrane surface can itself serve as a moderately denaturing
agent46 by lowering the energy barrier for the transition to a
partially unfolded peptide form—viz, an unpacked helix.*’ This
effect would be magnified with a system consisting of an already
destabilized hydrophobic core. In conjunction with intrinsic
membrane effects, the efficiency of peptide-membrane inter-
actions may be }gredominantly a function of the native flexibility
of the peptide.”

A variety of measures were utilized to test the hypothesis that
amore plastic hydrophobic core results in an increase in the level
of enterocin 7B activity. These techniques included near and far
UV circular dichroism (CD), determination of the melting
temperature, measurement of the minimal inhibitory concen-
tration (MIC) against a bacterial target, calcein release kinetics
from large unilamellar liposomes, and ASMD-based dynamics
calculations. Taken together, a clearer picture emerges for the
role of the hydrophobic core in enterocin 7B in determining its
interactions with membranes.

B MATERIALS AND METHODS

Biochemical Experimental Methods. Chemicals and
Reagents. All general chemicals, bacterial growth media,
chromatography reagents, calcein, and laboratory supplies
were obtained from Millipore-Sigma, Inc. (St. Louis, MO).
Enterocin 7B peptides were synthesized using standard solid
phase chemistry and were HPLC purified to approximately 98%
homogeneity by New England Peptide (Framingham, MA; now
owned by Biosynth, Inc., Louisville, KY). Phosphatidylglycerol
(PG), phosphoethanolamine (PE), and liposome making
equipment were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Bacillus subtilis (strain 168, subspecies subtilis,
ATCC 23857) was purchased from the American Type Culture
Collection (Manassas, VA).

Bacterial Growth and Determination of MIC. Cultures of B.
subtilis were grown aerobically at 30 °C in Potato Extract Media
(ATCC medium 415). Typically, growth experiments utilized a
fresh bacterial culture taken from a freezer stock and passaged
twice in liquid media. Lyophilized peptides were diluted to a
stock concentration of 1.0 mM in 5.0 mM HEPES (pH 7.5),
aliquoted, and frozen at —80 °C until needed. Thawed peptides
were not refrozen or used if they were unfrozen longer than 2
days. Growth assays were performed in 96-well microtiter plates
in a well volume of 300 yL. Optical density (at 650 nm) was
recorded as a function of time in a Molecular Devices, Inc.
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SpectraMax MS spectrophotometer. To determine MIC values,
peptides were diluted to concentrations between 1.0 nM and 0.1
mM (final concentration) in distilled/deionized water and
added to wells containing either a newly inoculated B. subtilis
culture (1:20 dilution from an overnight culture) or to wells
containing bacteria in mid log phase (approximately 0.4 OD at
650 nm). Growth was monitored over the course of the
experiment (typically 10 h). For initial experiments, MIC
determinations were monitored for 24 h and were conducted
according to Kowalska-Krochmai and Dudek-Wicher"” as part
of the European Society of Clinical Microbiology and Infectious
Diseases MIC recommendations. Subsequent determinations
were shortened to 10 h as that was the optimal time frame for B.
subtilis growth. Multiple MIC determinations were conducted
(and reported as the mean + standard deviation) once the
optimal enterocin dilutions were determined. This is because
biological antimicrobial effects are more pleiotropic in MIC than
are traditional small molecule antimicrobials. The low standard
deviations reported give confidence to the repeatability/
robustness of the MIC values.

Circular Dichroism. Peptides were dissolved to a final
concentration of between S and 20 uM (far UV CD, 200—250
nm) or between 80 and 125 yM (near UV CD, 250—320 nm) in
10 mM NaPO, (pH 7.2). Peptide concentration was determined
using an extinction coefficient of 17,990 M~ cm ™" at 280 nm. All
CD spectra reported here are presented as the average of three
independent determinations, and a buffer-only spectrum was
subtracted from the raw scans. No baseline correction was
performed. Spectra were obtained using an Applied Photo-
physics Chirascan spectrophotometer in a 1 mm (far UV) or 2
mm (near UV) path length quartz cuvette. Raw CD signal was
converted to mean molar ellipticity according to

m
InC

O = 0

where m is the raw CD reading in millidegrees, [ is the cell path
length in millimeters, 7 is the number of amino acids in the
peptide, and C is the micromolar concentration. For experi-
ments to determine the melting temperature of the peptides, far
UV CD spectra were obtained at 1 °C intervals after a S min
equilibration at the new temperature, with an averaging time of 5
s. Data were best fit to a simple 2-state model (F < U) by global
analysis using the fitting software from Applied Photophysics.
Thermal denaturation was fully reversible as evidenced by the
recovery of 99% of the CD signal upon cooling and the
confirmation that the forward and reverse melting curves were
fully superimposable. Data represented in this paper are the
average of three independent (replicate) experiments, which are
all within 0.3 °C of T,,.

Liposome Construction and Calcein Release Assay.
Calcein-encapsulated unilamellar liposomes were formed from
an equimolar mixture of PG/PE. The lipid mixture was dissolved
in chloroform and was dried under a nitrogen stream followed
by two h of vacuum drying at room temperature. The resulting
film was rehydrated in 5.0 mM HEPES (pH 7.5) and 100 mM
calcein. The suspension was freeze—thawed five times followed
by extrusion through two stacked polycarbonate filters (100 nm
pore size) for a total of 10 times. Free calcein was removed from
the liposome preparation via gel filtration chromatography using
a Sephadex G-50 column (10 X 1.5 cm). Column buffer
consisted of 10 mM HEPES (pH 7.5), 100 mM NaCl, and 1.0
mM sodium EDTA. Calcein-free unilamellar liposomes were
made in a similar fashion and were utilized to adjust the final
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liposome concentration. The calcein release assay measures the
increase in fluorescence emission intensity at 520 nm (excitation
at 500 nm) that results from the movement of calcein from
inside the unilamellar liposome (where it is quenched) to the
bulk medium due to peptide-induced membrane damage. The
maximum fluorescence associated with 100% leakage is
determined by the addition of 10% Triton X-100. The percent
calcein released (meaning the percent leakiness) is calculated as

XcAL = [(Pi) - P('))/(FT — E,)] X 100 )

where F,, Fo, and Fy are the fluorescence emission intensities in
the presence of the peptide, in the absence of the peptide, and in
the presence of Triton X-100; respectively. The assays were
conducted in a total volume of 400 uL in black 96-well
microtiter plates in Molecular Devices, Inc. SpectraMax MS
spectrophotometer. Reactions contained 10 mM HEPES (pH
7.5), 100 mM NaCl, 1.0 mM sodium EDTA, 200 uM
unilamellar liposomes, and peptide between 10 nM and 10
H#M. Reactions were conducted at room temperature for 10 min.

Computational Methods. SMD is a nonequilibrium
sampling method that can be used to characterize protein
unfolding or ligand-unbinding processes. Within SMD simu-
lations, an external force is applied on a pseudoatom attached to
the system with a harmonic potential to stretch it along the
pulling direction. This lends itself to the use of the JE*° which
was combined with SMD to calculate free-energy differences
along the path,”">” and implemented successfully in other
enhanced sampling methods.”®™>* Specifically, the free energy
along the path provided by the JE is

G(£) = G(&) — %m (M), "

where W; _. is the work performed by the pseudoatom, fis 1/

kT, kg is the Boltzmann constant, and T as the absolute
temperature, SMD formally provides the equilibrium free-
energy difference between two states from a series of
nonequilibrium work values. However, the convergence of the
average of the exponential-Boltzmann-weighted calculation in
the JE is slow and becomes worse with increasing steering. Both
issues are further exacerbated with the increasing complexity of
the protein and its energy landscape.

ASMD ofters an improvement in the efficiency of this type of
nonequilibrium sampling. In ASMD, the steering path is
completed in several stages to limit the deviations sampled by
the nonequilibrium trajectories as they grow with the extent of
steering. Within each stage, SMD simulations are performed
with the JA value determined via the JE. The chosen contraction
criterion—discussed below—TIeads to the selection of one or
several representative structures at the end of each stage to
initiate the subsequent stage. The JA values across the stages are
combined according to

_ _ 1 S (i)
f, = W(r.,(¢; — ' — E e PED)
W( ee(t)) W( ee(t;—l)) ﬂ {N } (4)

i=1
where W; is the nonequilibrium work from ¢;_, to t evaluated for

each of the N trajectories éft(i) in the jth stage.””

There exist several variants of ASMD?” !¢ according to the
choice of contraction criteria as appropriate for the system of
interest. A detailed discussion of the contraction criteria, and
relevant advantages can be found in ref 37. For the naive
ASMD*" ™’ that was applied in this work, the trajectory that has
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the work value closest to the JA at the end of each stage is
selected to represent the overall ensemble space, and used as the
starting configuration for the next stage. This simple contraction
criterion keeps the relevant information that contributes most to
the JA calculations and discards the trajectories that fluctuate far
away from the potential of mean force (PMF) results, thus
achieving convergence in a computationally efficient manner. In
addition, ASMD can also be combined with the telescoping
boxes*” to adjust the necessary size of the solvent box between
stages to accommodate for the expanding protein along the
steering direction and limit the number of solvent molecules.

ASMD has been previously benchmarked on neuropeptide
Y*®* and its mutants,®” deca-alanine in vacuum, implicit and
explicit solvents,*”*"*® and S-hairpin.***’ It has also been
utilized successfully by several groups to investigate a large
number of biophysical phenomena, such as mutagenesis,””®"
host—guest interactions,”* protein—ligand interactions,”®
dissociation mechanisms.**

Observables. In addition to the energetic profile of the
steering process, observables—e.g., hydrogen bonds—along the
steered path of the ASMD simulation can also be determined
using exponential-Boltzmann-weighting. The number of hydro-
gen bonds along each trajectory can be obtained using
MDAnalysis (2.0)*7° with the distance and angle cutoff as
3.5 A between two electronegative atoms and 120° with H atom
as the vertex. The expectation average of the hydrogen bonds are

and

. (e
T N(s, Sp)eMED

N -pwie?)
i=1

<N(S1; Sz))r =
(8)

where N records the number of hydrogen bonds formed
between two specified groups of residues, S, and S,, and the
Boltzmann weighting is specified by the work values along a
given nonequilibrium trajectory ft(i) asin eq 4.

Simulation Protocols. Both the wild type (WT) Enterocin
7B and its mutants are modeled using the CHARMM36 force
field” because its CMAP correction terms are known to be
necessary for accurate representation of a-helices.

Equilibration Protocol. A given peptide is equilibrated in an
explicit water (TIP3P model) solvent environment before the
ASMD simulations. Each peptide is initially neutralized with
capped ends, rotated to set the pulling direction along the z-axis,
and solvated in a rectangular solvent box (70 X 70 X 170 A) to
accommodate the extended structures after it is steered—viz.,
stretched. The solvated systems were then neutralized with Na
and Cl ions. Subsequently, a three-step equilibration procedure
is performed using Scalable MD (NAMD)”° and our ASMD"*
scripts to obtain the equilibrated system. First, the whole system
is equilibrated for S ns under NPT conditions at 300 K. The
Nosé—Hoover Langevin piston method is applied to maintain
the pressure at 1 atm with a decay period of 100 fs, a dampin
time constant of 50 fs and a damping coefficient as 5 ps~'.”
During the NPT equilibration, the C, ends of each peptide are
constrained to allow the water solvent to reach the appropriate
density. The system is then equilibrated under NVT conditions
at 300 K and constrained by a harmonic potential with a force
constant (equal to 10.0 kcal/mol A?) applied initially on the
backbone of each peptide. A series of 200 ps relaxations are then
performed with the harmonic potential decreasing to 5.0 and 1.0
kcal/mol A? sequentially. The peptide is then allowed to freely
equilibrate under NVT conditions for an additional 1 ns. At the
end of this equilibration substep, the peptide ends are no longer

https://doi.org/10.1021/acs.jpcb.3c08199
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on the z-axis. Therefore, the whole system is once again rotated
to set the ends along the z-axis in parallel with the stretch
direction. Finally, the system is again equilibrated under NPT
conditions for 5 ns at 300 K with the ends constrained. Each
equilibrated structure is confirmed based on the root mean-
square deviation (rmsd) values.

Production Phase. ASMD simulations for the WT enterocin
7B and the selected mutants are carried out in explicit solvent
under NPT conditions at 300 K and 1 atm with NAMD.”® The
solvent box was slightly larger than the size of the unfolded
peptide and accommodates the peptide throughout the stretch
without requiring a telescoping box. Within a simulation, the C,
atom of the first residue is fixed, and the C, atom of the other
end of the peptide is stretched through its attachment to a
pseudoatom by a harmonic spring with a force constant of 7.2
kcal/mol A% Within each stage, 100 SMD trajectories are
performed by pulling the pseudoatom at 10 A/ns pulling speed
for 100 A pulling distance along the z-axis direction. A total of 50
stages are required to break most of the intramolecular
interactions within reasonable computational time, and to
reach the unfolded protein, but not necessarily a linear amino
acid sequence. Trajectories are visualized and analyzed using the
visual MD (VMD),”* ChimeraX”* and MDAnalysis*>*® pack-
ages, and in-house python scripts.

B RESULTS

Accommodation of the Arginine Single-Site Muta-
tions. The arginine single-site mutations were originally
designed to disrupt the enterocin 7B hydrophobic core. The
locations for the substitutions were made based on a visual
inspection of the core environment of WT enterocin 7B peptide
via the 2M60 PDB structure. Arginine was selected to provide
both steric and electrostatic destabilization. All of the single-site
mutations resulted in peptides that could be successfully
synthesized and purified with the exception of the I23R mutant.
The reason for this failure was not further investigated. All
proteins were highly soluble in aqueous buffers. The structure
and the location of the mutants is shown in Figure 1a. The native
hydrophobic core is naturally surprisingly plastic in that arginine
single-site mutation replacements were tolerated both in the
modeling and in the actual peptides. Using the VMD MUTATE
tool, arginine was substituted, and the most common rotomer
was selected. After the equilibration steps for the solvated
systems constrained at 300 K and 1 atm, as described in the
Computational Methods section, several metrics of the final
peptide models revealed the a priori effects of the substitutions.
The seven single-site mutants are shown in Figure 1b—h,
illustrating the position of the replacement. ChimeraX was used
to calculate peptide volume and solvent accessible surface area
(SASA), and VMD was utilized to calculate the radius of
gyration (R,) and the main-chain rmsd compared to the WT
peptide. Results of these calculations are available in Table S1 in
the Supporting Information. Peptide volume is similar for all
seven mutants compared to that of WT, all within 100 A® of that
of WT. There are more observed differences in SASA values,
with all peptides having greater SASA than WT: L40R, I23R, and
L7R have the largest increase in SASA (547, 424, and 426 A®,
respectively) and V8R and F1SR have SASA values closest to
WT. As might be expected, the pattern is the same for R,. L7R
and 123R have the largest rmsds versus WT (3.27 and 3.46 A,
respectively), with V8R and F15R having the lowest rmsds (1.53
and 1.73 A, respectively). The mainchain rmsds between all the
peptides are available in Table S2 of the SM. Values range from a

2104

low of 1.48 A (V8R vs F1SR) to a high of 4.12 A (123R vs L7R),
and the trend is listed in column a of Table 3.

Computational modeling and MD minimization resulted in
mutant peptides with an intact secondary structure. This was
experimentally verified by UV CD analysis. As is shown in Figure
2A, the spectra between 200 and 250 nm are virtually identical,
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Figure 2. Secondary and tertiary structural analysis of the enterocin
peptides. All presented CD spectra are presented as the average of three
independent determinations. (A) Far UV CD spectra plotted as the
mean molar ellipticity versus wavelength at 10 uM peptide. (B) Near
UV spectra plotted as the mean molar ellipticity versus wavelength at 90
UM peptide.

with an & helical minimum at 222 nm and a coil minima at 209
nm. Near UV CD between 250 and 320 nm is a powerful
method to probe tertiary interactions involving aromatic amino
acids. The near UV CD spectra are predominated by a
tryptophan single peak centered around 280 nm, phenylalanine
signals at 261 and 268 nm, and a smaller contribution by the
single enterocin 7B tyrosine at 279 and 286 nm. The spectra are
shown in Figure 2B. Variations in the minimum observed at 280
nm leads to the conclusion that there may be differences in the
tertiary microenvironment (i.e, the geometry of the hydro-
phobic core).””’° WT peptide has the largest near UV CD molar
ellipticity signal at 280 nm (—9.6). Three mutants, F1SR, I23R,
and L40R, have significantly less overall near UV CD signal than

https://doi.org/10.1021/acs.jpcb.3c08199
J. Phys. Chem. B 2024, 128, 2100-2113


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c08199/suppl_file/jp3c08199_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c08199/suppl_file/jp3c08199_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c08199?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c08199?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c08199?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c08199?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c08199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

WT (=7.2, —6.1, and —7.6; respectively). The remaining
mutants have an intermediate value for the CD signal at 280 nm
(I4R, —8.9; L7R, —8.7; V8R, —8.9; F26R, —8.8). If one equates
the overall near UV CD signal to the degree of hydrophobic core
relaxation, then all of the mutants exhibit increased hydrophobic
core plasticity relative to WT.

Thermal Stability of Selected Enterocin 7B Mutants.
The stability effect of the arginine single-site mutations was
directly measured via thermal unfolding. Global fitting of the
temperature vs far UV CD showed that the data were best fit to a
simple two-state unfolding reaction (F < U). All peptides
evidenced a gradual unfolding that began at approximately 35 °C
and was complete between 48 and 56 °C depending on the
peptide (see Figure 3). Three mutants exhibited thermal
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Figure 3. Fraction of unfolded peptide as a function of temperature
determined by a global fit of far UV CD melting profiles. The inset
shows the entire span from 4 to 90 °C.

unfolding curves that were distinct from those of the WT and
the other mutants. 4R, I23R, and L40R all begin thermal
unfolding transitions at lower temperatures and have unfolding
curves with slopes higher than those of the other five peptides.
Two peptides have nearly superimposable unfolding curves
compared to WT (V8R and F15R) and two mutants are actually
more stable than WT (L7R and F26R) with similar unfolding
curve slopes but with midpoints at slightly higher temperatures.
The melting temperature (defined as the midpoint of the
unfolding curve) for each of the peptides is listed in Table 1.
Functional Characterization of the Enterocin 7B
Mutants. MIC values were determined for the eight peptides
versus the Gram stain (+) bacterium Bacillus subtilis. All of the

Table 1. Melting Temperature of Enterocin Peptides®

peptide T, (°C)
WT 482 +03
I4R 44.6 + 0.3
L7R 49.1 £ 0.2
V8R 483 +0.2
F1SR 47.6 + 0.3
123R 434 +03
F26R 49.1 £ 0.4
L40R 444 +0.3

“Each listed value is the mean and standard deviation of three
independent replicates.
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peptides displayed the ability to kill B. subtilis, but with varying
degrees of effectiveness. The MIC values are shown in Table 2

Table 2. Functional Properties of Enterocin Peptides

I n " 7
initial calcein release percent calcein release*

peptide MIC” (uM) rate” (dF,/dt)° at MIC (%)
WT 10.6 + 0.1 92+ 1.1 305+ 1.3
I14R 6.1+0.2 189 + 1.4 240+ 1.5
L7R 222 +0.1 6.4+ 0.8 27.7+12
VS8R 11.5 £ 0.1 82 +0.5 301+ 1.1
F15R 109 + 0.1 9.1+09 334+13
123R 3.1+0.1 19.8 + 0.7 24.5 + 1.0
F26R 10.5 £ 0.1 99+ 1.0 26.1 £ 1.5
L40R 6.4+ 0.2 181 +1.2 25.6 + 14

“MIC. YCalcein release rate from 1:1 PG/PE liposomes at 25 °C.
“dF,/dt is the time derivative of the emission intensity at 520 nm and
t = 0. “Y%calcein release is relative to Trion X-100 plateau (which
measures 100% release).

and the lower the value, the more lethal the peptide is in killing B.
subtilis. The effect of the peptides on the growth of B. subtilis is
shown in Figure S7. In panel S7a, the uM peptide is added to an
early exponential culture of B. subtilis. An effect on increased
optical density (at 650 nm) is seen after approximately 25 min
post addition. Compared to the no peptide control bacterial
growth curve, all of the peptides inhibit bacterial growth. L7R is
the least efficient in preventing further bacterial growth, as
evidenced by the observation that the L7R curve is closest to the
control curve with regard to slope and final bacterial density.
I123R is the most effective peptide. Its addition at 2 uM (closest
concentration to its MIC of 3.1 uM) results in full arrest of
bacterial growth and significant lysis of the culture. The
remaining peptides cluster into two distinct groups between
L7R and I23R. More effective than WT are peptides I4R and
L40R. Equally effective as WT are the peptides VS8R, F15R, and
F26R. The functional analysis clarifies the interaction between
the peptides and the bacterium by illustrating the direct effects of
enterocin mutants on B. subtilis at concentrations below the
MIC. The effect of 2 uM peptide on B. subtilis growth kinetics
when the peptide is added to a newly inoculated culture is shown
in Figure S7b. Three peptides show greater killing efficiency
compared to WT, that is, I4R, I23R, and L40R. The peptide L7R
is again least effective in killing B. subtilis, and the remaining four
peptides are roughly as effective as WT in preventing bacterial
growth.

The ability of the enterocin peptides to disrupt synthetic PG/
PE unilamellar liposomes was measured using a calcein release
assay, as shown in Figure 4. In this assay, the dequenching of
calcein is monitored fluorometrically (calcein is self-quenched
due to its relatively high concentration within the liposome).
The maximum fluorescence emission intensity, which corre-
sponds to 100% release, was determined by fully destroying the
liposomes with the surfactant Triton X-100. The initial kinetic
release rates using 200 uM liposomes and 10 uM peptide
(Figure 4a) for the linear portion of the curve (typically 0 to 100
s) are shown in Table 2. Three peptides (F1SR, I123R, and
L40R) are more effective in PG/PE membrane disruption than
the WT enterocin, as evidenced by higher initial release rates and
a higher percent of total calcein released by the end of the assay.
The percentage of calcein released is linearly proportional to the
peptide: lipid ratio for S—20 yM peptide (or peptide/lipid ratios
from 1:40 to 1:10). The percentage of calcein release at the MIC

https://doi.org/10.1021/acs.jpcb.3c08199
J. Phys. Chem. B 2024, 128, 2100-2113


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c08199/suppl_file/jp3c08199_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c08199/suppl_file/jp3c08199_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c08199?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c08199?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c08199?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c08199?fig=fig3&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c08199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

a

T T T T T
]
—— Triton-X100

WT

14R 1
L7R

V8R

F15R
123R
F26R
L40R

1400

T

T

1200

1000

T

800

600

Flourescence Emission Intensity (arb. units)

200 300 400

Time (secs)

80

S o))
o o
T T

Calcein release (%)

N
o
T

L L L

10
Peptide concentration (uM)

15 20
Figure 4. (a) Release kinetics of calcein from 1:1 PG/PE liposomes
(200 uM) as a function of time. At t = 50 s, either peptide (at a final
concentration of 10 M) or Triton-X100 (final concentration of 10%
w/v) was added to each well and calcein release was measured with an
excitation wavelength of 500 nm and an emission wavelength of 520
nm. (b) Percent release of calcein from 1:1 PG/PE liposomes (200
UM) as a function of peptide concentration. The 100% release level was
determined using Triton-X detergent. Curves are the mean of three
independent experiments with standard deviation error bars for WT
(closed squares), I4R (open circles), L7R (closed triangles), VSR (open
triangles), V8R (open triangles), F1SR (closed inverted triangles), 23R
(open squares), F26R (pluses), and L40R (crosses).

for each peptide is given in Table 2. Percentages range from 24%
(I4R) to 33.4% (F1SR) with an average value of 27.7%. At the
MIC value for each peptide, the percent calcein release should
be similar if the mechanism of unilamellar liposome interaction
is the same. In this case, it is.

Structural Analysis. The equilibrated structure of the
Enterocin 7B WT structure is compared to that of each mutant
in Figure 1. The hydrophobic core of WT is stabilized by several
aromatic rings (e.g., Phe, Tyr, and Trp) within the core. The
overall stability of the hydrophobic core of the WT is affected by
the introduction of steric and electrostatic effect through Arg
mutations. Specifically they disrupt charge—charge interactions
and z—7 stacking, though to varying degrees depending on the
position of the substitution. The L7R mutation also has the
potential to form a salt-bridge with Glu37 on the other end of the
peptide, leading to stabilization of the overall protein.”” The

2106

F26R brings guanidinium interactions (Arg) with Trp31 and
Trp39 and could potentially form favorable z— interactions,”®
leading to stabilization as observed in high T, value. On the
other hand, the V8R mutant retains almost the same
configuration as the WT and the FISR mutant is the second
closest in structure. This should be apparent in the comparisons
of Figure 1, and is also supported by the rmsd values in Table S1
of the Supporting Information. In comparison, the other
mutants displayed higher rmsd values and larger structural
differences. L40R had a prominent structural change at the C-
terminus caused by the mutation, while I4R and I123R had the
most significant structural variation at the N-terminus and the
“turn” structure formed between the middle helical region and
the C-terminus. Thus, the introduction of Arg at these positions
disrupts the van der Waals interactions between the residues of
the core and makes the mutants more flexible.

Furthermore, the averaged SASA profiles were also generated
for all peptides and are compared in Figure S8. After
equilibration, the I123R and L40R mutants have an obvious
increase in SASA for residues in both end regions, indicating that
these mutants adopted a more extended conformation and
might be attributed to the more flexible helices on the end
regions or the hydrophobic core after the mutations. Since I23R
and L40R peptides have mutants on the middle and C-terminal
helical regions, those residue positions may play an important
role in involving the N-terminal helical region when forming the
hydrophobic core. Both I4R and L7R mutations result in a local
area that is more hydrophilic and with an increased SASA value
around mutated residues. The F26R mutation also moderately
increases the level of exposure of the “kink” to water. Finally, the
SASA values did not change significantly for F1SR and V8R.

Energetics. The PMFs displayed in Figure S provide a
comparison of the mechanical unfolding energetics and
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Figure 5. Comparison of the energetics of the WT enterocin 7B and
each mutant. The PMF have been obtained using 100 tps at 10 A/ns.

structural rigidity differences between WT Enterocin 7B and
the mutants, revealing, in part, the effects of the hydrophobic
core. The pairwise comparison between the WT and each
mutant, including an error analysis, is available in Figure S9 in
the Supporting Information. Within the unfolding simulations,
all peptides were initially compressed to an end-to-end distance
equal to 15 A so that they could explore configurations near the
local minima of the PMFs. We found that the selected mutations
had different end-to-end distance minima from that of the WT
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Figure 6. Evolution of the secondary structure of the overall unfolding process for WT 2M60 (a) and the seven mutants considered here: I4R (b), L7R

(c), V8R (d), F1SR (e), 123R (f), F26R (g) and L40R (h).

enterocin 7B. The F15R, F26R and V8R had similar end-to-end
distance minima as the WT at around 20 A, while I4R had a
larger value at 23 A and L7R had a smaller value at 19 A.
However, the I23R and L40R mutants had broad local minimum
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structures.

regions, which indicated that they adopted quite flexible

Peptides were stretched beyond their minima to break some

of the intrapeptide hydrogen bonds as reflected by the initial
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Table 3. Comparison of Measured Observables among the WT 2M60 and 7 Mutants®

rmsd” CcD” T,* mic PEP, PEP; [ACAL)® kpcary” \4
LI23R LWT LI4R LI4R LI23R LI4R LF1SR LI4R LI23R
LL7R 214R LI23R LI23R 2I4R LI23R LI23R LI23R 2J4R
LI4R 2.L7R 1.L40R 1.L40R 2.L40R 1.L40R 1.L40R 1.L40R 2.L40R
4.L40R 2.V8R 4WT 4WT 4WT 4WT 4WT 4WT 4WT
S.F26R 2.F26R 4V8R 4V8R 4V8R 4V8R 4I4R 4V8R 4V8R
S.FISR 6.F1SR 4F15R 4F15R 4F15R 4F15R 4V8R 4FISR 4F15R
7.V8R 6.123R 7.F26R 4F26R 4F26R 4.F26R 4.F26R 4F26R 4F26R
6.L40R 7.L7R 8.L7R 8.L7R 8.L7R 8.L7R 8L7R 8.L7R

“rmsd (A), from highest to lowest. bNear UV CD signal magnitude, from more to less signal. “Melting temperature, from lowest to highest. 9MIC
value, from better to worse. “Peptide added to growing bacterial culture, from more to less effective. "Peptide added at the start of a bacterial
culture, from more to less effective. 2Calcein release, from more to less release. "Calcein release rate, from fast to slow release. “Work at r,, = 60 A,

from low to high work value.

increases in the PMF. The plateau observed at around 60 A in
the PMF for the WT is coincident with the disruption event of
the hydrophobic core and was also seen in other mutants. In
terms of that disruption event, I4R, I123R, and L40R mutants
displayed a pronounced destabilizing influence reflected in the
PMF profiles near 60 A, which is presumably an indication of
their weaker hydrophobic core. The structural origin of this
outcome appears to be rooted in the position of residue 18 as its
¢ and y angles as seen to be out of the “allowed” regions in the
Ramachandran plots in Figure S10b,fh. This, in tandem with the
trends in the SASA profiles and the end-to-end distance minima,
suggests that the residues are in extended conformations.
Residue 18 in F26R also exhibits less favorable orientations near
the edges of the “allowed” regions. However, the introduction of
the guanidinium interactions discussed above may offset these
effects. The L7R mutant, on the other hand, displayed a stronger
hydrophobic core in comparison to other peptides. Although its
SASA values are increased around residue 7, stabilization of the
hydrophobic core can be explained by the introduction of the
salt-bridge after mutation and the favorable orientation of most
of the residues. Both factors retained the overall structure of L7R
with the smallest end-to-end distance at 19 A over other mutants
and WT. The remaining peptides, F15R and V8R, exhibited
similar trends in the PMF. In combination with their similar
SASA profiles and rmsd values, these two mutations thus had
small effects on the overall stability of the WT protein.

As the peptides are stretched further, the hydrophobic core is
fully disrupted and the peptides adopt nearly linear shapes. The
increasing PMF beyond 60 A was related to the ongoing
hydrogen bond breaking and the covalent bonds stretching to
different extents. Thus, the work values of the partially unfolded
proteins at the end-to-end distance near 60 A where the
hydrophobic core was disrupted are a meaningful measure of
stability.

Secondary Structure. The secondary structure evolution
for each peptide was also revealed using ASMD simulations, as
shown in Figure 6. The trajectory that has the nearest work value
to the JA is presumably most representative of the unfolding
pathway and is therefore the one analyzed for each peptide. The
extended configuration and isolated bridge conformations are
not observed and thus omitted in the plot. The initial structure
of each peptide is dominated by a-helical conformations. As they
are unfolded, the structures generally transit into 3,
conformations, and finally to coils, as also observed in smaller
helical proteins.”” The WT also formed some z-helical
conformations during the unfolding. In addition, F26R and
L40R formed a few m-helical contacts through the end of

unfolding. Most of the mutants displayed a pattern similar to
that of the WT. However, it is worth noting that L7R, in
comparison to the other peptides, had 7-helix formation at the
middle-stage of stretch, where the hydrophobic core was
disrupted. Moreover, I23R, unlike the rest of the peptides, did
not display obvious changes in - and 3,y-helical contacts before
the hydrophobic core was broken.

As the peptides were mainly composed of helices, the total
intrapeptide hydrogen bonds shown in Figure S11 are strongly
correlated with the helical structure and the extent of unfolding.
In addition, the change in hydrogen bonds of each helical region
and the fraction of native contacts over the unfolding process are
also available in Figures S12 and S13 of the Supporting
Information. From the hydrogen bond profiles, the WT
Enterocin 7B first lost hydrogen bonds at the stretched end—
viz, the terminus. The hydrophobic core was subsequently
disrupted, as seen by the plateau areas in both the PMF and
hydrogen bond profiles at around a 60 A end-to-end distance.
After the hydrophobic core structure is lost, the remaining
hydrogen bonds within the helices are next to break. The F1SR
and F26R mutants had more hydrogen bonds than the WT after
the disruption of the hydrophobic core, which may be due to the
change in the size of the side chain after mutation. The mutation
for F1SR and F26R in the middle helical region necessarily
converts the side chain from bulky residues to the more linear
arginine, and this increases the tendency for the formation and
reformation of the hydrogen bonds with other residues with a
more extended configuration. During the competing processes
between the disruption event of the hydrophobic core and the
breaking event of hydrogen bonds, I23R, I4R, and L40R initially
unwind at the hydrophobic core while keeping most of the
intrapeptide hydrogen bonds. Moreover, I4R had the mutation
of a shorter side chain (I) to a longer one (R), slightly disrupting
the helix while the other helical regions remained in place and
adopting a more extended structure (23 A). The largest
differences in the native contacts between the WT and mutants
were seen for L7R and I23R as reported in detail in Figure S3. All
of the peptides were seen to begin to lose native contact due to
the stretch and experienced a plateau upon reaching 60 A as they
transitioned into linear-like conformations. However, L7R
reached an almost linear structure only until ~#70 A in stretch,
which suggests that its hydrophobic core is more stable. On the
other hand, 123R did not display a noticeable plateau behavior in
the native contact profile, suggesting that the overall hydro-
phobic core was disrupted along with the stretch and that
therefore I23R possesses a weaker hydrophobic core.
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In summary, the structural, functional and computational
values reported above lead to the relative rankings of WT and its
mutants listed across Table 3. With a few exceptions, the trends
in the rankings of the proteins correlate well across the entire set
of measures. For instance, L7R requires the greatest amount of
work to disrupt the hydrophobic core in the ASMD simulations,
and it has one of the highest melting temperatures (tied with
F26R) and a higher degree of near UV CD signal.

B DISCUSSION

This paper sought to harness a variety of measures: structural,
computational, and experimental, to better characterize the role
that tertiary structural plasticity plays in the role of enterocin 7B
interactions with Gram-stained (+) bacterial membranes. To
that end, a series of designed arginine single-site replacement
mutations were made to potentially destabilize the hydrophobic
core. All the measures reported in Table 3 indicate that L7R is
dynamically stable. However, in all of the functional assays, it is
uniformly least able to disrupt natural or artificial bacterial
membranes. In contrast, I23R requires a minimum amount of
work to disrupt the hydrophobic core and has less near UV CD
signal and a lower melting temperature than most of the other
peptides. This indicates that I23R is less dynamically stable. It is,
however, the best, or nearly the best, at disrupting bacterial or
artificial membranes. In between these two extremes is the
peptide V8R. Although it has the lowest rmsd compared to that
of WT, it is always in the middle of the pack for all the other
measures. It is moderately functional and requires a moderate
amount of work to disrupt the hydrophobic core.

Through ASMD simulations, we found that L7R introduces a
salt-bridge interaction with a more compact conformation at the
minimum energy, and V8R (along with F1SR and F26R) has a
similar r,, to that of WT, while 123R (along with L40R) adopts a
more flexible structure with broad local minimum regions in
their PMF. The V8R mutation also has a small effect on the
overall stability of the protein as seen in comparison across the
PMFs, and this finding is also supported by the SASA profile and
rmsd values. In comparison, the L7R mutation impacts the
SASA values around residue 7. However, the introduction of a
salt-bridge interaction maintained the overall structure near the
end-to-end distance of 19 A, stabilizing the hydrophobic core
and thus exhibiting the highest PMF values at 60 A. The 123R
mutation destabilizes the protein the most, and this is likely
rooted in the fact that residue 18 is located around the “kink”
that connects the helical regions. According to the secondary
structure evolution results and intramolecular interaction
analysis, L7R prefers to lose more hydrogen bonds than WT
in retaining its hydrophobic core configuration and reaches
linear-like conformation much later than the rest of peptides.
Meanwhile during the stretch, I23R prefers to lose the
hydrophobic core first with little hydrogen bond change, and
VS8R exhibits a similar pattern as the WT with slightly more
intrapeptide hydrogen bonds retained.

Taken together, these results, also shown in Figure 7, indicate
that the membrane disruption eficiency of leaderless, non-
covalently restrained (e.g, internal disulfide bonds or circular-
ization) antimicrobial peptides is increased with the ability to
unpack tertiary structure more easily. The higher the plasticity of
the hydrophobic core, the higher the efficiency of membrane
disruption. The results may also shed light on the driver of the
overall mechanism of enterocin—membrane interactions. The
enterocin 7B structure is characterized by amphipathic helices,
distributed cationic amino acid residues, and three-dimension-

2109

+10.6
%)
= fl104
o ~
= <
L1022 ©
- 10.0
9.8

Figure 7. Comparisons of WT and each mutant in terms of MIC, T,,,
R, calcein release and PMF at 60 A. The values of the PMF, MIC, and
T, are plotted along the «, y, and z axis, respectively, in a 3D rendering
that is fully specified by the projection of the points onto the xy plane. In
addition, the color of each data point represents the value of R, as
indicated on the color scale bar, and the size of the circle represents the
relative magnitude of calcein release.

ally clustered hydrophobic residues. Hence, as is common with
all antimicrobial peptides, initial membrane binding may be
driven by a combination of electrostatic and hydrophobic
interactions. Once initial contact with the membrane is made,
the helices unpack to expose the hydrophobic core and the linear
peptide (with intact secondary structure) inserts into the
membrane (in general, see Sani and Separovic™). Our data
suggest that insertion efficiency in enterocin 7B is mediated
primarily by the ability to unpack the helices and that a less stable
hydrophobic core results in an increased rate (and magnitude)
of cell membrane disruption and bacterial cell death.

There are many mechanisms by which antimicrobial peptides
can disrupt lipid membranes.®" It is currently unknown whether
enterocins 7A/B form HTPs, smaller pore-like structures, or
cause generalized cell permeabilization (e.g,, membrane carpets
as opposed to discrete pores of any diameter or shape).
Structurally related peptides, like lacticin Q** that form HTPs as
well as peptides like aureocin A53°”** that cause generalized
membrane permeability have been described. Enterocin AS-48
depermeabilizes bacterial membranes by forming smaller
nonselective pores,85 although it is a circular enterocin. So,
although there is a degree of primary sequence and tertiary
structure identity in this family of antimicrobial peptides, the
final membrane-peptide structure is heterogeneous. Our calcein
release experiments most likely rule out the formation of HTPs
with enterocin 7B alone as the release of calcein occurred at
much lower lipid/peptide ratios than was seen for lacticin Q**
even though the time course of calcein release was similar.
Although not formally tested here, our results support the
formation of smaller pores or slits in the membrane. This is the
first report that we are aware of that shows that enterocin 7B, like
lacticin Q,*° can disrupt lipid membranes in the absence of a
specific receptor.

Enterocins 7A and 7B function as a pair, as do other
enterocins such as LSOA and LSOB. Unlike enterocin 7A/ B,32
L50A/B action is extremely synergistic.”* The observation that
enterocin 7B functions so well in the absence of enterocin 7A
makes our results easier to analyze and the computational
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system possible. It also shows how ASMD can be used to lead
and augment functional bench experimentation, but more
importantly, ASMD provides atomistic-level detail of the
behavior of these biological macromolecules. Specifically, in
ASMD, the components of the protein contributing the least to
the structural rigidity of the protein unravel first. Comparison
between enterocin 7B and its mutants further reveals the
underlying cause of destabilization (or lack thereof) from the
mutations and provides insight into its function. We found the
implication that the WT’s ability to unpack the hydrophobic
core during unfolding plays an important role in enterocin 7B
function. For the most effective mutants, the hydrophobic core
appears to be the least stable as it is disrupted initially upon
unfolding, while the helical regions are more stable because the
hydrogen bonds within them are retained longer. In other
mutants, these latter hydrogen bonds are broken first, allowing
the hydrophobic core to stay intact longer and thus presumably
limiting its function.

B CONCLUSIONS

In this work, several arginine single-site mutants were selected
on the WT enterocin 7B peptide to investigate how the stability
of the hydrophobic core of enterocin 7B affects the efliciency of
its activity and function through both experimental and
computational methods. While arginine is known to have high
interaction potential to lipids,87 we found that its impact on the
stability of the core is not so clear as it was highly dependent on
the position and environment of the mutation. In particular, we
found that the tertiary plasticity of the protein impacts the
efficiency of enterocin 7B. The less stable the hydrophobic core
of the enterocin 7B mutant, the faster the disruption of the cell
membrane and bacterial cell death.

In the PMF profiles, near UV (CD) signal, and melting
temperatures, it turns out that L7R has the most relatively stable
hydrophobic core and exhibits limited disruptive effects on
bacterial membranes. However, I123R has the least stable
hydrophobic core and displays almost the best performance
on disruption of the bacterial membranes. Furthermore, through
hydrogen bond profiles and secondary structure evolution
analysis, the unfolding mechanism was also characterized.
During the steered unfolding of WT enterocin 7B, the C-ter
helical region starts losing hydrogen bonds before the
hydrophobic core is disrupted. However, in 123R, the hydro-
phobic core is disrupted from the beginning, reflecting its weak
tertiary structure plasticity. The ASMD simulations also suggest
that this disruption is due to residue 18 which is located around
the “kink.” In comparison, L7R lost more hydrogen bonds than
did WT in retaining its hydrophobic core configuration,
indicating its stronger tertiary plasticity.

Combined with the structural information on enterocin 7B,
our analysis, such as PMF and calcein release experiments,
revealed that the likely critical step in the mechanism of bacterial
cell membrane disruption for enterocin 7B is the unpacking of its
helices to expose the hydrophobic core to drive the insertion
without a specific receptor, and supports a possible mechanism
involving formation of smaller pores or slits in the membrane.
The energetic analysis focusing on the relative disruption of the
core and the helices suggests that the corresponding residues
affecting those regions would be possible targets for future
mutations, including alanine substitutions, aimed at improving
the activity.
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