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Abstract

Tuberculosis (ITB), caused by Mycobacterium tuberculosis (Mtb), remains a major cause of morbidity
and mortality worldwide, particularly due to the emergence of drug-resistant strains. Membrane-
active antimicrobial peptides (AMPs) represent attractive therapeutic candidates because they target
bacterial envelope integrity and disrupt essential cellular processes. We evaluated two rationally
designed LL-37—-derived peptides: a truncated C-terminally amidated analog (LL37-1) and a modified
variant incorporating N-terminal acetylation and a single D-amino acid substitution (D-LL37). Dose-
response analysis demonstrated that D-LL37 exhibited greater antimycobacterial potency, with lower
inhibitory concentrations of 90% (ICs) and 50% (ICso) values (18.40 = 0.39 pM and 10.11 + 0.60 pM,
respectively) compared with LL37-1 (25.44 + 0.36 uM and 15.45 + 1.40 pM). Fluorescence-based
permeability assays revealed partial membrane disruption (36% and 44% at ICs for LL37-1 and D-
LL37, respectively), which was supported by ultrastructural alterations observed by scanning
electron microscopy, including bacillary shortening, rough surface formation, cell clusters, and the
presence of cellular debris, all of which are consistent with membrane damage. RT-qPCR analysis
demonstrated significant upregulation of the P-type ATPase genes ctpF, ctpA, and ctpH following D-
LL37 exposure. Collectively, these findings indicate that optimized LL-37-derived peptides exert
antitubercular activity associated with envelope perturbation and coordinated activation of ion
transport-related stress responses.

Keywords: Mycobacterium tuberculosis; antimicrobial peptides; LL37 analog peptides; P-type ATPases

1. Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), remains one of the leading causes
of death from a single infectious agent worldwide. According to the World Health Organization
(WHO), TB was responsible for approximately 1.25 million deaths in 2024, with nearly half a million
cases associated with drug-resistant forms of the disease [1]. The emergence of multidrug-resistant
(MDR) and extensively drug-resistant (XDR) Mtb strains has severely compromised current
treatment regimens and underscores the urgent need for new therapeutic strategies with alternative
mechanisms of action [2,3]. In this context, identifying compounds that target bacterial processes
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distinct from classical pathways, such as cell wall synthesis or transcriptional inhibition, has become
a priority.

Antimicrobial peptides (AMPs) have gained increasing attention as promising candidates for
combating resistant infections. AMPs are evolutionarily conserved components of the innate immune
system, present in all domains of life. They exhibit broad-spectrum antimicrobial activity against
bacteria, fungi, viruses, and parasites, and many also display immunomodulatory properties [4,5].
Unlike conventional antibiotics, most AMPs primarily act by interacting with and disrupting cellular
membranes, thereby permeabilizing and depolarizing them, and interfering with essential cellular
processes. This membrane-targeting mechanism reduces the likelihood of rapid resistance
development and makes AMPs particularly attractive as therapeutic scaffolds [6].

The mycobacterial cell envelope represents a complex and distinctive target for membrane-
active compounds. It consists of a lipid-rich outer layer containing mycolic acids, arabinogalactan,
and peptidoglycan, forming a highly impermeable barrier that contributes to intrinsic resistance to
many antibiotics [7,8]. Despite its structural robustness, disruption of membrane integrity can
compromise ion gradients, energy metabolism, and transport systems, thereby affecting bacterial
viability. Therefore, peptides capable of perturbing mycobacterial membranes may exert
antimicrobial effects not only through direct structural damage but also by triggering downstream
cellular stress responses.

Among human AMPs, the cathelicidin LL-37 has been extensively studied for its antimicrobial
and immunomodulatory properties. LL-37 displays activity against a variety of Gram-positive and
Gram-negative bacteria. In addition, it has exhibited inhibitory effects on biofilm formation and
bacterial adhesion [9,10]. However, the native peptide LL-37 is susceptible to proteolytic degradation
and may exhibit suboptimal stability in physiological environments. To overcome these limitations,
several structural modifications have been proposed, including truncation, amino acid substitutions,
and the incorporation of D-amino acids to enhance protease resistance and improve antimicrobial
potency [11].

It has been previously demonstrated that synthetic LL-37 analogues, including LL37-1 and D-
LL37, inhibit growth and biofilm formation in clinical isolates of Staphylococcus aureus and
Staphylococcus epidermidis, with D-LL37 exhibiting superior biological activity [12]. Notably, D-LL37
contains a single D-amino acid substitution at the C-terminal region, a modification associated with
increased structural stability and enhanced antimicrobial activity. In addition, we previously
demonstrated that LLAP, another LL-37-derived peptide, inhibits plasma membrane ATPase activity
in mycobacteria, suggesting that LL-37 analogues may affect membrane-associated enzymatic
systems beyond simple physical disruption [13].

P-type ATPases are integral membrane proteins that use ATP hydrolysis to transport cations
across biological membranes. In Mtb, several P-type ATPases are involved in the metal ion
homeostasis and contribute to adaptation and virulence [14]. For example, CtpF is a Ca?*-transporting
P-type ATPase necessary for full virulence and contributes to Mtb dormancy [15]. CtpA participates
in copper transport and is involved in the response to redox stress [16]. CtpH is an ATPase that
mediates calcium homeostasis and is necessary for Mtb to respond to stressful conditions [17].

In addition, over the past decade, our group has highlighted the relevance of P-type ATPases as
virulence factors and potential therapeutic targets in Mtb. Genetic inactivation of the ctpF and ctpA
genes leads to attenuation of Mtb in experimental models, underscoring their importance for bacterial
survival under host-imposed stress [15,18]. Furthermore, structure-based approaches have identified
small-molecule scaffolds targeting CtpF, reinforcing its potential as a drug target [19]. Collectively,
these findings support the hypothesis that membrane-active compounds may not only compromise
envelope integrity but also modulate ion transport systems central to Mtb physiology.

Based on these considerations, we evaluated two bioinformatically optimized LL-37 derivatives,
LL37-1 and D-LL37, for their inhibitory activity against Mtb, their effects on membrane permeability
and ultrastructure, and their impact on the transcription of the ctpF, ctpA, and ctpH genes. By
integrating functional assays, this study aims to provide mechanistic insight into how structural
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optimization of LL-37-derived peptides influences their antimycobacterial activity, their interactions
with membrane-associated stress-response pathways, and the transcriptional modulation of P-type
ATPase genes.

2. Materials and Methods

2.1. Bacterial Strain and Growth Conditions

All experiments were performed using the reference strain MtbH37Ra (ATCC25177). Cultures
were grown in Middlebrook 7H9 broth supplemented with 10% OADC (oleic acid 25 ug/mL, albumin
0.5% w/v, dextrose 0.2% w/v, and catalase 0.004% w/v), at 37 °C under constant agitation (80 rpm).
Cultures were incubated for approximately 21 days until reaching the mid-logarithmic phase,
corresponding to an optical density at 600 nm (ODsoo) of 0.6-0.8.

2.2. Peptide Design, Synthesis, and Preparation

LL-37-derived antimicrobial peptides were previously designed based on the central
amphipathic region of the native human cathelicidin LL-37 sequence
(FRKSKEKIGKEFKRIVQRIKDFLR) [12]. The truncated analog LL37-1 corresponds to a 23-residue
derivative with the sequence GRKSAKIGKRAKRIVQRIKDFLR and was synthesized with a free N-
terminal amino group and C-terminal amidation (-CONHz), the latter introduced to enhance
structural stability and preserve overall charge. The modified analog D-LL37 incorporates two
additional chemical modifications: (i) N-terminal acetylation and (ii) a single stereochemical
substitution of phenylalanine at position 21 (L-Phe — D-Phe). C-terminal amidation was maintained
in this variant. The introduction of a D-amino acid residue was intended to improve resistance to
proteolytic degradation and modulate peptide-membrane interactions without altering net charge
distribution.

Peptides were commercially synthesized and provided in lyophilized form by Biomatik Inc.
(Ontario, Canada). All peptides were supplied at a purity of >95%, as confirmed by the manufacturer
via high-performance liquid chromatography (HPLC) and mass spectrometry analyses.
Physicochemical specifications were provided in the supplier’s technical data sheet (Supplementary
Materials). Lyophilized peptides were reconstituted in sterile deionized water to prepare stock
solutions (1000 uM) according to their molecular weight. Stock solutions were aliquoted to avoid
repeated freeze—thaw cycles and stored at 20 °C until use.

2.3. Determination of Inhibitory Concentrations of 50% (1Cs0) and 90% (1Ce0) Values by
Dose—Response Analysis

An initial antimicrobial screening was performed using a resazurin-based microdilution assay
to estimate inhibitory activity (data not shown). This preliminary evaluation indicated inhibitory
concentrations in the range of approximately 1-30 uM for both peptides. A refined dose-response
analysis was conducted to determine ICo and ICso values. Peptide dilutions (1-30 pM) were prepared
from 1000 uM stock solutions in 7H9-OADC-Tween 80 medium. Twenty-four concentration points
were evaluated for each peptide to enable precise curve fitting. 100 uL of bacterial suspension
(ODe00=0.04-0.06) in the 7TH9-OADC-Tween 80 medium was separately mixed with 100 uL of serial
peptide dilutions in 96-well flat-bottom microplates (Techno Plastic Products, TPP). Following 7 days
of incubation at 37 °C with agitation (80 rpm), bacterial growth was quantified by measuring optical
density at 595 nm using a microplate reader (Bio-Rad). Bacterial cultures supplemented with no
peptide and 100 ug/mL gentamicin were designated as 100% (positive growth) and 0% (negative
growth), respectively.

Dose-response curves were generated using nonlinear regression analysis (log[inhibitor] vs.
normalized response, variable slope) in GraphPad Prism 8.0 (GraphPad Software, USA). From the
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fitted curves, ICo and ICso values were calculated. The experiment was performed in technical
triplicate with two biological replicates.

2.4. Fluorescence-Based Assessment of Membrane Permeabilization

Membrane integrity following peptide exposure was evaluated using a dual-fluorescence
viability assay (Cell-Check™ Viability/Cytotoxicity Kit for Bacterial Cells, ABP Biosciences,
Rockville, MD, USA) according to the manufacturer’s instructions. This assay employs two
fluorophores with differential membrane permeability: a green DNA-binding dye that labels total
bacterial cells, and propidium iodide (PI), which selectively penetrates cells with compromised
membrane integrity, emitting red fluorescence.

MtbH37Ra cultures (ODs00~0.5-0.8) were divided into three aliquots, centrifuged at 10000xg for
15 min, washed, and resuspended in 7H9-OADC medium. Suspensions were assigned to the
following conditions: untreated control, LL37-1 (at the ICs), and D-LL37 (at the ICs). Samples were
incubated for 2 h at room temperature with gentle agitation (80 rpm). After incubation, 100 uL of
each suspension was transferred in triplicate to a black 96-well microplate. An equal volume (100 uL)
of 2X staining solution containing the green fluorophore and PI was added to each well to obtain the
final 1X concentration. The microplate was incubated at room temperature in the dark for 15 min.
Fluorescence was measured using a microplate reader (Varioskan Lux - Thermoscientific) at
excitation/emission wavelengths of 485/530 nm (green channel) and 485/630 nm (red channel).
Positive (heat-killed bacteria) and negative (untreated viable bacteria) controls were included to
validate staining performance and establish fluorescence. After fluorescence acquisition at
excitation/emission, background fluorescence from medium-only wells was subtracted from all
measurements. Membrane integrity was evaluated using the green/red fluorescence ratio (G/R),
calculated as: G/R =Fgreen / Fred, where Fgreen corresponds to fluorescence intensity at 530 nm, and
Fred corresponds to fluorescence intensity at 630 nm. To express membrane compromise as a
percentage relative to untreated controls, the following normalization was applied: Membrane
damage (%) = [1-(G/R)treated/(G/R)control]x100%. Untreated viable bacteria were defined as 0%
membrane damage. All measurements were performed in technical triplicate for each of three
independent biological replicates.

2.5. Scanning Electron Microscopy (SEM) for Evaluation of Peptide-Induced Morphological Alterations

SEM was performed to assess structural changes in Mtb following peptide treatment. MtbH37Ra
cultures (ODe00~0.8) were divided into three experimental conditions: untreated control, LL37-1-
treated (at the ICo0), and D-LL37-treated (at the ICs) samples. Bacterial suspensions were exposed to
each peptide for 2 h at 37 °C under agitation (80 rpm).

Following treatment, cells were collected by centrifugation at 5000xg for 10 min and fixed in
2.5% (v/v) glutaraldehyde in phosphate buffer for 2 h at room temperature. Post-fixation was
performed using 1% (w/v) osmium tetroxide for 1 h to preserve membrane-associated structures.
Samples were subsequently washed three times with phosphate buffer. Dehydration was carried out
through a graded ethanol series (30%, 50%, 70%, 90%, and 100%), with three final washes in absolute
ethanol (15 min each). Ethanol was replaced with hexamethyldisilazane (HMDS) to promote
chemical drying. Samples were mounted onto aluminum stubs using conductive carbon adhesive
tape and sputter-coated with a thin layer of gold-palladium. Micrographs were obtained using a JEOL
JSM-6460LV scanning electron microscope operated under standard high-vacuum conditions. Digital
SEM micrographs were analyzed using Image] software (National Institutes of Health, USA).

SEM images were calibrated using the embedded microscope scale bar before measurement.
Bacillary length was determined by manually tracing the longitudinal axis of clearly distinguishable
individual cells using Image] software (NIH, USA). Aggregated, overlapping, or partially visible
bacilli were excluded from analysis to avoid measurement bias. For each experimental condition, at
least 30 bacilli were measured from randomly selected, non-overlapping fields across three
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independent biological replicates. Measurements were performed using identical magnification and
image acquisition parameters for all conditions.

2.6. Quantitative Real-Time PCR (gRT-PCR) Analysis of P-Type ATPase Transcriptional Response

To evaluate the transcriptional response of some P-type ATPase genes following membrane
perturbation, total RNA was extracted from MtbH37Ra cultures exposed to LL37-1 or D-LL37 under
sublethal inhibitory conditions. Specifically, MtbH37Ra culture (ODs00=0.8) was divided into three
equal fractions, corresponding to experimental conditions: untreated control, LL37-1-treated (at the
ICs0), and D-LL37-treated (at the ICs0) samples. Cells were harvested by centrifugation at 7600xg for
10 min at 4 °C, and pellets were washed three times with 7H9-OADC medium. The final pellet was
resuspended in 7H9-OADC medium and exposed to LL37-1 or D-LL37 for 3 h at 37 °C.

Following treatment, cells were collected by centrifugation at 4 °C, washed twice with
diethylpyrocarbonate (DEPC)-treated water, and processed for RNA extraction using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) [20]. RNA was resuspended in DEPC-treated water, quantified
using a NanoDrop™ OneC spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and
its integrity was verified by electrophoresis on 2% agarose gels. To eliminate genomic DNA
contamination, 2 pg of total RNA was treated with DNase I (EN0521, Thermo Scientific) in the
presence of RNase inhibitor (Thermo Fisher Scientific) at 37 °C for 30 min. DNase was inactivated by
adding 25 mM EDTA, followed by incubation at 65 °C for 10 min.

First-strand cDNA synthesis was performed using 2 pug of DNAse-treated RNA, dNTPs (10
mM), random primers (0.2 ug/uL), gene-specific reverse primers (0.02 mM), and OneScript® Plus
Reverse Transcriptase (abm), according to the manufacturer’s instructions. cDNA samples were
stored at —20 °C until use.

Transcription levels of the genes 165TRNA (housekeeping gene), ctpF, ctpA, and ctpH were
measured using the Pfaffl method [21]. Measurements were carried out in triplicate, including a no-
template control. gPCR assays were conducted using the SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad) on a CFX96 real-time PCR system (Bio-Rad Laboratories, Hercules, CA, USA).
The cycling protocol consisted of an initial denaturation step at 95 °C for 5 min, followed by 39 cycles
of 95 °C for 15 s, the primer annealing temperature (Tm) (°C) for 10 s, and 72 °C for 15 s.

3. Results

3.1. Dose—Response Analysis Reveals Enhanced Inhibitory Potency of D-LL37

Dose-response curves demonstrated concentration-dependent growth inhibition of MthH37Ra
by both peptides. The sigmoidal profiles indicate a well-defined inhibitory transition within the
micromolar range (Figure 1A). The ICo values were 25.44 + 0.36 uM for LL37-1 and 18.40 + 0.39 uM
for D-LL37. The lower ICs» of D-LL37 indicates that near-complete inhibition is achieved at a
significantly lower concentration (p = 0.0026) than with LL37-1, confirming its superior inhibitory
potency (Figure 1B). Similarly, the ICso values were 15.45 + 1.40 pM and 10.11 + 0.60 uM for LL37-1
and D-LL37, respectively (p = 0.038) (Figure 1B). D-LL37 exhibited an approximate 28-35% reduction
in both ICso and ICs compared with LL37-1. Overall, these results demonstrate that incorporation of
the D-amino acid substitutions enhances antimycobacterial potency without substantially altering
the overall dose-response pattern.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Dose-response curves of LL37-derived peptides against Mtb. A) Nonlinear dose-response curves
showing growth inhibition of MtbH37Ra cultured in 7H9-OADC-Tween 80 medium in the presence of
increasing concentrations of LL37-1 and D-LL37. ODeo of Mtb cells in the absence of peptides or in the presence
of 100 ug/mL gentamicin was considered to represent 100% or 0% cell growth, respectively. B) ICs and ICs
values derived from curve fitting for both peptides were calculated using GraphPad Prism 8.0. Data represent
the mean * standard error of the mean from two independent biological replicates. Statistical significance
between peptides was determined using Student’s t-test (*p < 0.05; **p < 0.01).

3.2. LL-37-Derived Peptides Induce Membrane Permeabilization in Mtb

Membrane integrity was evaluated using a dual-fluorescence viability assay based on
differential staining of intact and membrane-compromised cells. As shown in Figure 2, both LL-37-
derived peptides induced significant membrane permeability alterations and therefore reduced cell
viability in Mtb. Experiments were conducted at the ICo values to ensure high-level growth inhibition
while preserving sufficient cellular integrity for evaluation. Treatment with LL37-1 produced a 36%
increase in membrane-compromised cells, whereas D-LL37 induced a 44% increase in membrane
permeability relative to the untreated control (0%). These values indicate partial but significant
envelope perturbation under highly inhibitory conditions. The greater permeability observed for D-
LL37 is consistent with its enhanced inhibitory potency determined by dose-response analysis
(Figure 1). Importantly, membrane disruption was incomplete, suggesting a controlled envelope
destabilization rather than extensive lysis.
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Figure 2. LL-37-derived peptides induce membrane permeability in MtbH37Ra. The percentage of membrane
damage was determined by the green/red fluorescence ratio in cultures treated with LL37-1 and D-LL37 at the
IC9 concentrations. Untreated viable bacteria were defined as representing 0% membrane damage. Data

represent the mean =+ standard error of the mean from three independent biological replicates. Statistical
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significance was determined using a one-way ANOVA followed by Tukey’s multiple comparison test (***p <
0.0001).

3.3. LL-37-Derived Peptides Induce Ultrastructural Alterations in Mtb

SEM analysis revealed morphological alterations following peptide exposure compared to the
untreated control (Figure 3). Untreated bacilli displayed the typical elongated rod-shaped
morphology with smooth surfaces and a homogeneous distribution. In contrast, cells treated with
LL37-1 or D-LL37 exhibited pronounced morphological changes, including irregular surface
topography, loss of structural uniformity, and increased cellular aggregation.

X 15000

X 15000

X 15000

Figure 3. SEM analysis of MtbH37Ra treated with LL-37-derived peptides. Representative micrographs (x15,000
magnification) of untreated control cells (C), LL37-1-treated (P1), and D-LL37-treated (P2) bacilli at their
respective ICo values for 2 h at 37 °C. Peptide-treated cells exhibit altered surface morphology, aggregation, and

reduced bacillary length compared to controls. Scale bars are indicated in each panel.

Morphometric analysis revealed that the control bacilli had an average length of 2.78 pm and an
average width of 362.5 nm. Bacilli treated with LL37-1 exhibited a reduced average length of 1.65 pm
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and an average width of 352.6 nm. Similarly, D-LL37 treatment reduced the average bacillary length
to 1.55 um and the average width to 321.5 nm.

Overall, both peptides induced measurable reductions in cell dimensions and surface alterations
compared to untreated controls, indicating structural perturbation of the mycobacterial envelope

(Figure 3).

3.4. D-LL37 Induces Transcriptional Upregulation of P-Type ATPase Genes in Mtb

To evaluate whether exposure to antimicrobial peptides affects the transcription of P-type
ATPase genes, the expression levels of ctpF, ctpA, and ctpH were quantified by qgPCR following
treatment of MtbH37Ra with LL37-1 and D-LL37 at their respective ICso values. Sublethal inhibitory
concentrations were considered more appropriate to ensure preservation of cellular integrity and
RNA quality while enabling detection of adaptive stress responses.

As shown in Figure 4, exposure to D-LL37 significantly increased the expression of all three
analyzed ATPase genes, particularly ctpF and ctpA, compared to untreated MtbH37Ra cells (p <0.001).
In contrast, treatment with LL37-1 did not significantly alter the expression of ctpF and ctpA genes
compared with the untreated control, whereas a moderate but statistically significant increase was
detected for ctpH (p = 0.0356). The overexpression observed following peptide exposure supports
activation of ion transport mechanisms to envelope destabilization. The results indicate that the
activity of LL-37 derivatives induces the transcriptional activation of transmembrane proteins, such
as P-type ATPases in Mtb.
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Figure 4. Relative expression of genes encoding P-type ATPases in MtbH37Ra following LL37-1 and D-LL37
exposure at ICsy concentrations. Expression levels were normalized to a constitutive gene (16S5rRNA).
Transcription levels are expressed as the ratio between peptide-treated and untreated MtbH37Ra cells (control;
transcription ratio = 1.00). Data represent the mean + standard deviation from four technical replicates. Statistical
significance was determined using a one-way ANOVA followed by Dunnett’s multiple comparisons test (*p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

4. Discussion

AMPs have emerged as promising alternatives to conventional antibiotics due to their ability to
target bacterial membranes and disrupt essential cellular processes, often with a reduced propensity
for resistance development [6]. Among them, the human cathelicidin LL-37 has attracted particular
interest because of its broad-spectrum antimicrobial activity [22,23]. However, the clinical application
of native LL-37 is often limited by its susceptibility to proteolysis and its potential for host-cell toxicity
[24].
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Consequently, structural optimization of LL-37-derived sequences has become a rational
strategy to enhance antimicrobial efficacy while preserving selectivity and safety [24,25]. In this
study, LL-37-derived peptides inhibited MtbH37Ra growth in the micromolar range, with the D-
LL37 exhibiting greater potency than LL37-1. Functional assays demonstrated that this inhibitory
effect is associated with partial membrane permeabilization and marked ultrastructural alterations,
as evidenced by SEM.

The antimycobacterial activity of LL37 derivatives can be understood in terms of net charge,
membrane interaction, and peptide secondary structure. AMPs typically adopt a-helical
conformations, which allow them to interact effectively with lipid interfaces and hydrophobic
regions. This interaction often results in membrane perturbation [26]. Structural optimization
strategies suggest that increasing helical content correlates with stronger insertion into lipid bilayers,
thereby improving antimicrobial potency [27].

In both LL37-derived peptides, the substitution pattern (F1—G, KE>6—AK, and EF10-11-RA)
increases positive charge and favors a-helical conformations. For example, Gly at position 1, despite
being a helix breaker in some contexts, is at the N-terminus, where it may influence N-terminal
flexibility and local a-helical structure [28]. Furthermore, the substitution of negatively charged
glutamate with positively charged arginine and lysine residues enhances electrostatic interactions
with the phospholipids and glycolipids of the mycobacterial membrane and increases the stability of
the a-helix conformation necessary for effective membrane engagement [29,30].

Additionally, the post-translational mimetic modifications, such as C-terminal amidation in
LL37-1 and combined N-terminal acetylation with C-terminal amidation in D-LL37, are well known
to enhance helical stability and protease resistance [31,32]. Moreover, the introduction of a D-Phe at
position 21 in D-LL37 does not alter the net charge, but it may reduce proteolytic cleavage and
promote a-helical structure during interactions with lipid interfaces [33].

Conversely, a crucial aspect to validate the structural optimization of these AMPs is the balance
between antibacterial activity and toxicity. The previously reported data showed that the hemolytic
and cytotoxic data of D-LL37 exhibited a remarkably favorable activity-toxicity balance [12]. In fact,
the ICo value (18.40 puM) remains below the established cytotoxicity threshold for mammalian cells
(<25% cytotoxicity up to 20 uM) and is only slightly above the concentration associated with minimal
hemolysis (<8% up to 10 uM). In contrast, the ICso of LL37-1 (25.44 uM) approaches or exceeds
concentrations previously associated with detectable hemolytic activity, indicating a reduced safety
margin. These comparisons are based on previously reported toxicity assays performed under
independent experimental conditions. However, these data suggest a relatively broad selectivity
window between antimycobacterial activity and host cell toxicity.

Consistent with the physicochemical properties discussed above, functional assays were
performed to determine whether peptide-membrane interactions lead to measurable envelope
perturbation. Fluorescence-based membrane integrity assays revealed partial but significant
increases in membrane permeability (36-44%) following peptide exposure. Importantly, membrane
compromise was not complete, indicating a process of progressive destabilization rather than
catastrophic lysis. This is a hallmark of membrane-active AMPs that induce sublethal stress and
metabolic impairment [34,35].

The greater permeability alterations caused by D-LL37, even at lower concentrations than LL37-
1, suggest that the D-configuration allows for more prolonged and stable interactions with the Mtb
lipid envelope. This stability may translate into greater persistence in the bacterial microenvironment,
potentially facilitating the insertion and disorganization of the lipid bilayer [36,37].

SEM corroborated the membrane perturbation in the peptide-treated bacilli, which displayed
reduced average length, surface irregularities, and increased aggregation compared to untreated
controls. These ultrastructural alterations are consistent with envelope perturbation and structural
stress rather than complete cellular disintegration.

Studies employing SEM and TEM have reported that synthetic cationic peptides induce
membrane wrinkling, surface discontinuities, and altered bacillary morphology without immediate
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cell lysis [38,39]. Similar structural alterations, including envelope distortion and cellular
aggregation, have been observed with other amphipathic a-helical peptides targeting the lipid-rich
mycobacterial cell wall [40,41]. Importantly, SEM does not directly demonstrate pore formation or
membrane rupture; rather, it reveals surface destabilization and morphological remodeling
compatible with membrane stress.

Given the critical role of P-type ATPases in maintaining ionic homeostasis and stress adaptation
[14], we examined whether envelope disruption induced by LL-37-derived peptides generated
transcriptional responses in these transport systems. Notably, D-LL37 triggered marked upregulation
of ctpF, ctpA, and ctpH, whereas LL37-1 produced only modest or non-significant changes. Our
findings extend previous observations by linking morphological alterations with the transcriptional
activation of P-type ATPases, suggesting that structural changes are accompanied by adaptive ionic
stress responses [42]. The transcriptional activation most plausibly reflects an adaptive stress
response rather than direct peptide-mediated gene regulation. Membrane destabilization may
disrupt electrochemical gradients, potentially altering intracellular Ca?* and Cu* homeostasis and
thereby stimulating ATPase gene expression. These findings link LL-37-derived peptide activity to
ion homeostasis and stress-response circuitry in Mtb.

5. Conclusions

In this study, rationally optimized LL-37-derived peptides demonstrated significant
antimycobacterial activity against MtbH37Ra. Dose-response analysis revealed that the D-substituted
variant (D-LL37) exhibited enhanced potency, with lower ICso and ICs values compared with its L-
configured analogue (LL37-1). Structural modifications, including increased cationic charge and
stereochemical substitution, were associated with improved inhibitory efficacy.

Functional assays showed that both peptides induced partial membrane permeabilization under
ICo conditions, which ultrastructural alterations observed by SEM corroborated. These findings
indicate controlled envelope perturbation rather than extensive bacteriolysis. Furthermore, D-LL37
triggered coordinated transcriptional upregulation of the P-type ATPase genes ctpF, ctpA, and ctpH,
linking membrane destabilization with adaptive ion homeostasis responses. Collectively, these
results establish a coherent relationship between peptide structural optimization, envelope
perturbation, and stress-associated transcriptional activation in Mtb.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, S1: certificate of analysis D-LL37, purity by HLPC, and MS report; S2: certificate
of analysis LL37-1, purity by HLPC, and MS report. S3: Original images of electron microscopy SEM.
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