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Abstract

Human α-defensin 5 (HD5) is a cationic antimicrobial peptide exhibiting a wide range of anti-

microbial activities. It plays an important role in mucosal immunity of the small intestine.

HD5 exerts its bactericidal activities through multiple mechanisms, one of which involves

HD5 inducing the formation of pores in the bacterial membrane, subsequently allowing the

peptide to enter the bacterial cytoplasm. Nevertheless, the precise molecular intricacies

underlying its bactericidal mechanisms remain inadequately understood. In this work, the

Potential of Mean Force (PMF) was computed to delve into the energetic properties govern-

ing the movement of HD5 across the lipopolysaccharide (LPS) membrane, which is a repre-

sentative model of the gram-negative bacterial membrane. Our findings indicate that the

most favorable free energy is attained when HD5 binds to the surface of the LPS membrane.

This favorable interaction is primarily driven by the strong interactions between arginine resi-

dues in HD5 and the charged head groups of LPS, serving as the predominant forces facili-

tating the adhesion of HD5 to the membrane. Our analysis reveals that a dimeric form of

HD5 alone is sufficient to create a water-filled channel in the membrane; however, achieving

the complete lysis of the gram-negative bacterial membrane requires higher-order oligomer-

ization of HD5. Our results suggest that HD5 employs the toroidal pore formation mecha-

nism to disrupt the integrity of the LPS membrane. Furthermore, we identified that the

primary energy barrier obstructing HD5 from traversing the membrane is localized within the

hydrophobic core of the membrane, which is also observed for other defensins. Additionally,

our study demonstrates that a mixture of HD5-LPS leads to a thinning of the membrane.

Taken together, this work provides a deeper insight into the molecular intricacies governing

the behavior of HD5 as it translocates through the gram-negative bacterial membrane.

Introduction

Antimicrobial peptides (AMPs) are small naturally occurring peptides that play a crucial role

in the innate immune system of various organisms, including humans. AMPs exhibit a wide
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array of inhibitory effects against invading pathogens [1]. Some AMPs possess the ability to

directly eliminate pathogens, whereas others exert immunomodulatory functions [2]. These

peptides are typically comprised of 10–60 amino acids and are positively charged. These dis-

tinctive characteristics make AMPs promising candidates for the development of novel antibi-

otics. Several naturally occurring AMPs, such as nisin, gramicidin, and polymyxins, have

already found their way into the market. Moreover, some AMPs are currently undergoing clin-

ical trials, such as calthelicidin LL-37 [3].

Defensins are small host-defense peptides with a molecular weight ranging from 3.5 to 6

kDa. They are further classified into three groups: α-, β-, and θ-defensins, based on the distri-

bution of cysteine residues and disulfide-bond linkages [4]. Nevertheless, in humans, only α-

and β-defensins are present [5]. Currently, six human α-defensins have been identified:

human neutrophil peptide 1–4 (HNP1-4), and human defensin 5 and 6 (HD5, and HD6) [4].

HNP1-4 are predominantly found in neutrophils, whereas HD5 and HD6 are produced by

Paneth cells in the intestinal crypts, where they serve as protective agents for the small intestine

against microbial pathogens. Among these defensins, HD5 has garnered significant attention

and research. The peptide demonstrates remarkable efficacy against a broad spectrum of

gram-negative bacteria through various mechanisms of action. For instance, HD5 can disrupt

and cause damages to the gram-negative bacterial membrane by inducing pore formation, and

subsequently penetrating into the bacterial cytoplasm [1]. Furthermore, HD5 exhibits anti-

endotoxin properties by binding to bacterial lipopolysaccharide (LPS), thereby neutralizing its

effects [6, 7]. Numerous experimental studies have been conducted to elucidate the impact of

HD5-LPS interactions on microbial cell activity [1, 8, 9], yet microscopic details remain

elusive.

HD5 consists of 32 amino acids with a total charge of +4 at neutral pH and is rich in argi-

nine (R) residues and hydrophobic residues [10]. Its cationic nature, along with a distinct

arrangement of charged residues on its surface, may contribute to its exceptional bactericidal

potency among the six human α-defensins [11]. The structure of HD5 comprises a three-

stranded β-sheet core stabilized by three intramolecular disulfide bonds (C1-C6, C2-C4, and

C3-C5). HD5 exhibits an amphipathic character due to the presence of both hydrophilic and

hydrophobic residues. A dimeric configuration of HD5 has been documented as the most

functionally active form, wherein each monomer is linked through a β2 strand (Fig 1A and

1B), while an HD5 tetramer is considered to be the largest oligomeric state [11, 12]. A dimeric

HD5 contains the arginine-rich active region (R25, K26, Y27, and R28), which is located near

the C-terminus (Fig 1B). Both the amphipathic nature of HD5 and the presence of this active

region are imperative for the potent antibacterial activity exhibited by HD5 [12, 13]. Conse-

quently, HD5 stands as one of the most well-characterized defensins, and hence, this host-

defense peptide is a promising candidate for the development of novel antibiotics.

In the scope of this study, the energetic properties governing the permeation of HD5

through the gram-negative bacterial membrane was investigated by using the umbrella sam-

pling (US) technique. The Potential of Mean Force (PMF) was measured along the permeation

pathway. While previous studies have provided insights into how HD5 associates with the

membrane surface and resides within the membrane at different positions [14–16], they have

not unveiled the mechanisms underlying protein penetration or pore formation. Thus, our

study endeavors to unravel the intricate mechanisms through which HD5 induces pore forma-

tion on the bacterial membrane, adapts its conformation, and travels through the bacterial

membrane. A simplified bacterial LPS membrane was used to represent the gram-negative

bacterial membrane in this work (Fig 1C). The insights into HD5 permeation mechanisms

gained from this study are anticipated to be instrumental in the future design of HD5-mimick-

ing antimicrobial peptides aimed at combatting bacterial infections.
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Materials and methods

Potential of Mean Force (PMF) of HD5 insertion

The initial configuration of HD5 bound to the LPS membrane was extracted from our previ-

ous work [14]. The topological parameters of a simplified LPS model (Re-LPS), which encom-

passes lipid A and 3-deoxy-D-manno-octulosonic acid (KDO), were adopted from a prior

investigation [17]. For the outer membrane (OM) model used here, the outer leaflet comprises

simplified lipopolysaccharide (LPS) model (Re-LPS), which is neutralized by magnesium ions

Fig 1. HD5 structure and gram-negative bacterial membrane. A. An amino acid sequence of HD5 where disulfide bonds and secondary structures are

labeled. Conversed cysteine and valine residues are in blue and yellow, whereas positively charged arginine and negatively charged glutamate residues are in red

and green, respectively. B. Side and top views of an HD5 dimer. The arginine-rich active region is shown in dotted red triangles. The flexible loop T1 is

displayed in yellow. C. A simplified model of the lipopolysaccharide (LPS) membrane (Re-LPS) used in this work. Only 3-deoxy-D-manno-octulosonic acid

(KDO) and lipid A are involved in this outer membrane.

https://doi.org/10.1371/journal.pone.0294041.g001
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(Mg2+). In contrast, the inner leaflet consists of 90% 1-palmitoyl 2-cis-vaccenic phosphatidyl-

ethanolamine (PVPE), 5% 1-palmitoyl 2-cis-vaccenic phosphatidylglycerol (PVPG), and 5%

1-palmitoyl 2-cis-vaccenic 3-palmitoyl 4-cis-vaccenic diphosphatidyl-glycerol (PVPV DPG)

[17, 18].

The reaction pathway was defined along the membrane axis (z direction) and the reaction

coordinate was modulated by adjusting the extent of insertion of HD5 into the LPS membrane,

with an increment of 0.1 nm. In the initial window, an HD5 dimer was positioned in the bulk

solution above the surface of the LPS membrane. The initial structures for each umbrella win-

dow were generated by subjecting HD5 to a pulling force along the reaction pathway with a

spring constant of pulling force (k) of 1,000 kJ mol-1 nm2 and a pulling velocity (v) of 0.8 nm

ns-1. These pulling parameters were adapted from a previous study on membrane-penetrating

AMP [19]. For each window, the HD5 dimer was displaced by 0.1 nm into the bilayer and

restrained in that position. The range of interest spanned form approximately -5.4 nm to +5.1

nm, divided into 92 windows, and the total simulation time amounted to roughly 9 μs.

All molecular dynamics (MD) simulations were executed employing GROMACS5.0 pack-

age [20] with GROMOS 53A6 force fields [20]. HD5, the membrane, and the salt solution

were coupled separately. At each restrained position (window), the system underwent energy

minimization through 10,000 steps to remove bad contacts. Subsequently, each window was

equilibrated for 10 ns and followed by a 100-ns production run at 323 K and 1 atm. The Poten-

tial of Mean Force (PMF) was computed based on data collected over the 100-ns production

runs and was constructed using the weighted histogram analysis method (WHAM) in the

GROMACS package [21]. The temporal overlap was assessed via probability distribution (S1

and S2 Figs in Supplementary Information). The Particle Mesh Ewald (PME) method [22] was

applied for electrostatic treatment with a short-range cutoff of 1 nm and a Fourier spacing of

0.12 nm. A 2-fs integration time step was employed with LINCS algorithms [23]. Simulations

were conducted in the NPT ensemble (constant number of particles, pressure, and tempera-

ture) employing a semi-isotropic Parrinello-Rahman barostat with τp = 1 ps and a v-rescale

thermostat [16] with a coupling constant of τp = 0.1 ps.

All results were analyzed by GROMACS tools and in-house codes. Hydrogen bonds were

computed using g_hbond with default parameters, setting the hydrogen–donor–acceptor cut-

off angle to 30˚ and the cutoff radius (X-acceptor) to 0.35 nm. The root-mean-square devia-

tions (RMSDs) and fluctuations (RMSFs) were computed in relation to an initial structure at 0

ns from each production run, serving as a reference. Visualizations and molecular graphic

images were prepared using Virtual Molecular Dynamics software (VMD 1.9.4) [24].

Results and discussion

In order to gain insights into the structural and dynamic characteristics of HD5 during its per-

meation through the membrane, we initially assessed the structural properties of an HD5

dimer by analyzing root-mean-square deviations (RMSDs) and fluctuations (RMSFs) (Fig 2).

In Fig 2A, it is apparent that chain b exhibits a higher degree of fluctuation compared to chain

a. Nevertheless, both chains retain a high level of flexibility as the dimer approaches the inter-

face between the LPS layer and the hydrophobic region of membrane (Fig 2A). Overall, HD5

displays high RMSFs when in the bulk solution, particularly at the T1- and T2-loop regions, as

indicated by the red and brown lines in Fig 2B. We speculate that the high RMSF values are

attributed to the unrestricted mobility of the peptide in the solution.

In contrast, the HD5 insertion into the LPS membrane induces a notable enhancement in

the structural rigidity of the HD5 structure (Fig 2B). While the HD5 dimer retains some degree

of flexibility during adsorption onto the LPS layer, particularly within the T1 and T2 regions,
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the dimer becomes progressively more rigid upon reaching the hydrophobic core (Fig 2B and

2C). The high mobility of T1 and T2 loops aligns with previous studies highlighting the signifi-

cance of these regions in facilitating HD5 to contact with LPS [14, 15, 25]. The orientations of

HD5 along the reaction coordinates are shown in Fig 2C, with the T1 and T2 loops of each

chain being explicitly labeled. A more detailed examination of the dynamics exhibited by the

T1 and T2 loops is shown in S3 Fig in Supplementary Information.

To assess the free energy associated with the insertion of HD5 into the LPS membrane, the

Potential of Mean Force (PMF) was computed (Fig 3A). Notably, the surface-bound state of

HD5 (position 2) exhibits lower energy compared to HD5 residing in the bulk solution (posi-

tion 1). This observation underscores a robust driving force compelling HD5 to adsorb onto

the LPS membrane. As anticipated, a distinct free energy well is evident at the LPS surface

(position 2 in Fig 3A), which actively propels the HD5 dimer to approach and remain close to

the charged LPS surface. This favorable free energy pattern agrees with findings in other anti-

microbial peptides [26–28]. The pronounced favorability of this free energy confirms that the

LPS layer represents the primary barrier for HD5 to penetrate into the cytoplasm, which is

consistent with prior studies [15, 25].

Fig 2. Stability and fluctuation of HD5 at all positions. A. C-alpha RMSDs of each HD5 chain from each window. B.

C-alpha RMSFs of chain a and chain b of HD5. The secondary structures of each residue are also shown in B. The

color gradient bands in A and B indicate the HD5 position across the membrane (window numbers from 0

(extracellular side) to 91 (intracellular side)). All RMSDs and RMSFs are computed using an initial structure at t = 0 ns

as a reference. C. Different positions of an HD5 dimer across the membrane are shown in different colors based on the

window numbers: T1 (chain a), T1 (chain b), and T2 (chain a, b) loops are highlighted in orange, magenta, and gray,

respectively.

https://doi.org/10.1371/journal.pone.0294041.g002
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The energy barrier escalates as HD5 embarks on its journey into the membrane core (posi-

tions 2 to 5). The maximum unfavorable energy is reached when HD5 reaches the hydropho-

bic core (position 5). Unlike β-defensins, where their dimers dissociate during membrane

adsorption, the HD5 dimeric state remains intact upon adsorption onto the LPS membrane

[29]. Furthermore, analogous to other cationic antimicrobial peptides [27, 30, 31], the hydro-

phobic core emerges as an unfavorable region for HD5, which is supported by our energy bar-

rier data spanning positions 3 to 5 in Fig 3A. This energy barrier, approximately 60 kcal/mol

in magnitude, is comparable to that observed in the permeation of β-defensin 3 [32].

Fig 3. Potential of Mean Force and HD5 orientations. A. The Potential of Mean Force (PMF) is shown with

bootstrap error bars (green) for HD5 insertion into the LPS membrane. The starting position of HD5 is on the right

side and it moves along the x-axis to the left side (indicated by an arrow for the direction). Numbers “1–7” correspond

to key positions in the PMF, where the HD5 orientations and key residues involving in LPS-HD5 interactions are

depicted in B. Chains a and b are highlighted in blue and magenta, respectively.

https://doi.org/10.1371/journal.pone.0294041.g003
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We also observe a stretching phenomenon in HD5 while it resides in the hydrophobic

region of the membrane. Nevertheless, its structure stabilizes once it departs from this hydro-

phobic zone (S3 Fig in Supplementary Information). When HD5 exits the hydrophobic core,

repulsive interactions are reduced, particularly as the peptide is pushed toward the inner

charged (Pi) surface (positions 5–6 in Fig 3A and 3B).

In summary, the penetration of HD5 into the asymmetrical LPS membrane unfolds into

three primary stages: (I) A cationic HD5 dimer swiftly adsorbs onto the LPS membrane

through interactions with negatively charged LPS moieties; (II) The HD5 dimer encounters a

formidable energy barrier, which hinders its translocation across the hydrophobic core; (III)

Upon surpassing this energy barrier, HD5 proceeds further toward the intracellular side, fol-

lowing a downhill energetic pathway. Further in-depth analysis will be discussed in subsequent

sections.

In addition to assessing the energetic aspects, we also conducted a comprehensive investiga-

tion into the interactions between HD5 and the LPS membrane. As demonstrated in Fig 4A, a

dimeric HD5 consistently forms hydrogen bonds with the polar constituents of the membrane

throughout its translocation pathway. Furthermore, HD5 appears to entrain water molecules,

potentially leading to the formation of a water-filled channel, as illustrated in Fig 4E. Nonethe-

less, it is worth noting that the lowest number of water contacts is observed when HD5 reaches

the center of the hydrophobic core (Fig 4A).

The quantitative evaluation of hydrogen bonds, as presented in Fig 4B, emphasizes the sig-

nificant role of KDO at the LPS surface in facilitating the insertion of HD5 into the membrane.

During the translocation of HD5, the peptide effectively carries KDO into the membrane core,

where it maintains some interactions with Pi at the outer leaflet. The presence of KDO seems

to potentiate the electrostatic environment within the hydrophobic core, which promotes the

influx of water molecules into this region. Our data underscore electrostatic interactions as the

predominant driving force governing the translocation of HD5 across the gram-negative bac-

terial membrane (Fig 4C). Interactions between HD5 and the Pi moieties at the inner mem-

brane are also crucial for facilitating its translocation to the inner leaflet zone. As HD5 reaches

the midpoint of the membrane, it can engage with charged moieties on both sides, including

KDO, Pi (outer), and Pi (inner). This observation highlights the indispensable nature of an

electrostatic environment for the insertion of HD5 into the membrane. The comparable mag-

nitudes of electrostatic energies between HD5-memLPS (the entire membrane) and

HD5-KDO support the essential role of the KDO moieties in the attachment and subsequent

insertion of HD5 (Fig 4C). The potent electrostatic energies between HD5 and KDO also eluci-

date the necessity for HD5 to be accompanied by KDO during the insertion process. More-

over, HD5 must surmount the deep energy well associated with KDO to complete the

membrane penetration process.

Our investigation also reveals that the penetration of HD5 not only disrupts the LPS sur-

face, but also breaches the membrane, leading to membrane thinning (Fig 4D), along with

membrane curvature (S3 Fig in Supplementary Information). Nonetheless, after HD5 pene-

trates the cytoplasm, membrane recovery begins, and deformation of the water-filled channel

is observed (Fig 4A and 4E). The presence of a water-filled cavity within the LPS membrane is

shown in Fig 4E. Throughout the translocation of HD5 across the LPS membrane, the maxi-

mum water-holding capacity is achieved when HD5 is positioned at the midpoint of the mem-

brane (Fig 4E). This observation suggests that the accumulation of HD5 inside the membrane

is required to effectively disrupt membrane stability. When an HD5 dimer resides within the

hydrophobic core in proximity to the Pi(inner) region (Z ~ -0.5 nm) (Fig 4B), HD5-water

interactions are maximized. These interactions with water serve to stabilize HD5 when it is sit-

uated within the membrane core (Fig 4A and 4E). Nevertheless, it is important to note that the
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Fig 4. Interactions and membrane properties. A. Average number of hydrogen bonds involving HD5 with water molecules and the whole membrane

(HD5-water and HD5-memLPS). B. Average number of hydrogen bonds between HD5 and key components, namely memLPS, KDO, Pi(outer), and Pi(inner).

C. Electrostatic energies between HD5 and key components, namely memLPS, KDO, Pi(outer), and Pi(inner). The black arrow indicates the direction of HD5

translocation across the membrane. All data are presented with standard deviation. D. Membrane thickness as a function of umbrella windows with standard
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formation of a water-filled channel during the translocation of HD5 appears to be transient,

suggesting that the cytolytic activity of HD5 requires a high concentration of the peptide, even

though HD5 penetration is more favorable at lower concentrations.

Furthermore, we conducted a comprehensive analysis of the secondary structural changes

in HD5 at various positions (1–7) during its membrane permeation process, which was then

compared to its X-ray structure (Table 1). The structural elements presented in Table 1 focus

exclusively on β-sheet and turns, while comprehensive plots detailing the secondary structure

of HD5 at these positions are provided in S4 Fig in Supplementary Information. Our investiga-

tion reveals that the primary β-sheet structures of HD5 remain stable throughout the course of

its membrane translocation. Nonetheless, a minor stretching of HD5 is observed when the

peptide resides within the hydrophobic core (position 4), approximately 63.89% (Table 1).

This slight elongation of HD5 is speculated to be associated with its interaction with the KDO

and Pi(outer) components of the LPS surface, as depicted in Fig 5 and S3 Fig in Supplementary

Information. Importantly, it should be noted that the secondary structure of HD5 returns to

its original state once it reaches the inner surface (position 5), approximately 75% (Table 1).

To further elucidate the penetration mechanism of HD5, we performed an analysis of

hydrogen bond formation between the LPS membrane and key residues at positions 2–6 are

computed (Fig 5). Only residues involved in strong interactions are considered for this analy-

sis. At position 2, when HD5 reaches the LPS surface, it adopts an orientation nearly perpen-

dicular to the membrane surface (Fig 5). This arrangement allows certain residues, including

A1, T2, R13, and R32 in one chain, and S23, R25 in the other chain, to interact with the KDO

moieties. Furthermore, R25 in chain b is able to penetrate deeper into the LPS core and inter-

act with the Pi(outer) components (Fig 5). At position 3, HD5 lies on the LPS surface and gets

encased by polar moieties. This positioning allows polar residues, namely A11, T12, R13, S17,

V19, and R32 in chain a, and Y4, R6, R9, S23, R25, L26, Y27, and R32 in chain b, to form mul-

tiple hydrogen bonds with the membrane (Fig 5). Arginine residues appear to be the major

contributors to the interactions between HD5 and the membrane. Our finding is in accor-

dance with a previous study, which demonstrated that replacing non-cationic amino acids

with cationic arginine residues significantly enhances the antibacterial activity of HD5 [33]. In

addition, we observe that KDO plays a substantial role in the adsorption of HD5, consistent

with prior studies [14, 15, 25]. Notably, no dissociation of the HD5 dimer is observed during

its adsorption process.

deviation. The thickness is computed based on the distances between Pi from both leaflets. E. Density distribution of water molecules as a function of umbrella

window and the LPS membrane (shown in gray), with the degrees of water leakage in the membrane magnified in an inset. Water leakage and key positions of

HD5 inside the membrane are displayed on the right. The cyan surface represents water, and HD5 is shown in red. Mg2+ ions are labeled in purple.

https://doi.org/10.1371/journal.pone.0294041.g004

Table 1. Secondary structures of HD5 at different positions across a LPS membrane. The percentage of coils is not shown here.

Position Secondary Structure

Structure β-sheet Turn

X-ray 100.00 83.33 16.67

1 79.17 70.83 6.95

2 84.72 76.39 8.34

3 73.61 63.89 9.72

4 63.89 51.39 8.34

5 75.00 65.28 8.34

6 81.94 70.83 11.11

7 80.56 72.22 6.95

https://doi.org/10.1371/journal.pone.0294041.t001
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Fig 5. Number of hydrogen bonds between HD5 and LPS membrane at positions 2–6 as a function of time. The HD5-membrane locations can be seen on

the left. Purple, green, and orange plots stand for KDO, Pi(outer), and Pi(inner), respectively. The key residues involving in the interactions between HD5 and

the LPS membrane are labeled in the y axis. Chains a and b are displayed in blue and magenta, respectively.

https://doi.org/10.1371/journal.pone.0294041.g005
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When HD5 reaches the hydrophobic core (position 4), its dimeric state becomes destabilized

due to the loss of hydrogen bonds with the LPS components (Fig 5), resulting in the unfavorable

free energy observed in Fig 3A. This finding aligns with a previous experimental study that dem-

onstrated the antagonistic interaction of HD5 with LPS [8]. Moreover, we observe that the pene-

tration of HD5 into the membrane leads to water leakage, as previously reported [15].

Nevertheless, the loss of hydrogen bonds between HD5 and the LPS moieties is partially com-

pensated by the interactions with water molecules accompanying HD5 (Fig 4A and 4E). Never-

theless, these interactions are insufficient to maintain HD5 inside the hydrophobic core.

Concerning the orientation of HD5 at position 4, chain a remains on the surface, making contact

with the KDO moieties through its A1, T2, R6, and L25 residues, while chain b shifts downward

toward the center of the membrane and interacts with the Pi(outer) moieties using its A1, G8,

L26, and R28 residues (Fig 5, left). Additionally, some residues can interact with the fatty acid

portion of lipid A in LPS (S5 Fig in Supplementary Information). As HD5 reaches the Pi(inner)

side (position 5), both chains interact with the Pi groups on the inner leaflet through residues Y4,

C5, R6, T7, L26, and R32. At this position, a significant portion of chain a remains embedded

within the hydrophobic core (Fig 5). At position 6, where both chains are exposed to the bulk

solution, they anchor to the inner leaflet by interacting with the Pi(inner) moieties via residues

R9, C10, T12, R13, E14, S15, L16, and R28 (Fig 5). These findings indicate that most of the resi-

dues required for the adhesion of HD5 to the Pi(inner) surface are in the T1 region (residues

6–14 in Fig 1A). Furthermore, this T1 region also plays an essential role in interacting with the

membrane when the peptide is situated in polar regions, such as the LPS surface and Pi(inner).

Nevertheless, the significance of this T1 loop diminishes once HD5 enters the hydrophobic core.

Based on our data, we postulate that the T1 loop primarily contributes to the formation of inter-

actions with charged residues on the membrane surface. This observation also explains the high

flexibility of the loop when HD5 is present in both outer and inner leaflets (Fig 2B).

In comparison to our previous molecular dynamics (MD) work on HD5 [14, 15, 25],

although we did not identify specific residue responsible for membrane binding, our current

study still underscores the crucial role of the T1 loop in attaching HD5 to the membrane sur-

face. Moreover, we observe similar orientations of HD5 during its traversal across the mem-

brane. The HD5 dimer initiates its membrane permeation process by placing one of its

monomers on the membrane surface and penetrating the LPS membrane by using that mono-

mer. During the penetration, HD5 also pulls along the polar head groups of the LPS layer,

resulting in the formation of a water-filled channel. This event also disrupts the membrane sta-

bility, demonstrating that an HD5 dimer is capable of creating a water channel within the LPS

membrane. This “dimer pore” topology is consistent with observations in other defensins [29],

such as human α-defensin 1 [34]. Nonetheless, the water-filled channel dissipates once the

HD5 dimer is expelled from the membrane.

Conclusion

In this study, we have conducted a comprehensive investigation into the structural and energetic

aspects of HD5 permeation through the gram-negative bacterial membrane. The primary driving

forces behind the interaction between HD5 and the membrane are the electrostatic interactions

between its arginine residues and the negatively charged components of the membrane. These

electrostatic interactions not only contribute to the target specificity of this peptide, but also serve

as the means by which HD5 anchors itself to the LPS membrane. Furthermore, the presence of

an HD5 dimer within the membrane leads to membrane thinning, and ultimately the formation

of a water-filled channel. This observation underscores the notion that the dimeric conformation

of HD5 is adequate to create a water channel in the membrane. During its penetration into the
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membrane, HD5 interacts with and draws the polar head groups of lipid A, a constituent of LPS,

into the membrane core. This process results in alterations in membrane thickness and initiates

the water leakage. Consequently, lipid A pulling the polar head groups into a membrane core

emerges as one of the key mechanisms by which HD5 disrupts the structural integrity of gram-

negative bacterial membrane. This insertion of LPS head groups suggests the toroidal-pore model

as a plausible mode of action for HD5. Nonetheless, the extrusion of HD5 to the surface of the

inner leaflet can deform the water-filled channel, allowing the membrane to recover from the

damage caused by HD5. This observation implies that the lysis of gram-negative bacterial mem-

brane necessitates the accumulation of HD5 molecules within the membrane core, akin to what

has been reported for other cationic antimicrobial peptides [35, 36]. In addition, our findings

reveal that strong electrostatic interactions between HD5 and KDO present a significant barrier

to the penetration of HD5 into the cytoplasm. In summary, this work provides valuable mecha-

nistic insights into how HD5 disrupts gram-negative bacterial membrane. These insights hold

promise for the development of HD5-derived antibacterial peptides tailored for the treatment of

gram-negative bacterial infections.

Supporting information

S1 Fig. Probability distribution. The range is from ~ -5.4 nm to +5.1 nm, which is divided

into 92 windows.

(TIF)

S2 Fig. PMF profiles. The plots are generated from the data in ranges of 0–40 ns, 20–60 ns,

40–80 ns, and 60–100 ns, respectively.

(TIF)

S3 Fig. Orientations and locations of HD5 at different stages of its membrane penetration.

Top: Superimposition of six final snapshots with the X-ray structure of HD5 (PDB ID: 1ZMP,

transparent cyan). Bottom: Six stages of HD5 translocation through the LPS membrane. The

peptide is shown in cartoon representation, and the lipid head groups are shown in a VDW

representation. The lipid tails are shown as lines. The semi-transparent blue and red surfaces

correspond to the KDO moieties, Pi(outer) and Pi (inner), respectively. The arrow indicates

the direction in which the pulling force is applied: (1) The initial system. (2) The peptide binds

to the surface of the outer membrane layer. (3) The peptide buries through the barrier layer of

KDO. (4) The peptide reaches the center of the membrane bilayer. (5) The peptide leaves the

surface of the inner membrane layer. (6) The peptide is out of the membrane.

(TIF)

S4 Fig. Secondary structures of HD5 at 7 positions. Positions 1–7 are the same as shown in

Fig 3B.

(TIF)

S5 Fig. Number of hydrogen bonds between fatty acid moieties of Lipid A and HD5. A

chemical structure of lipid A is shown as an inset where fatty acid moieties are shown in green

band.

(TIF)
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