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Miltefosine impacts small molecule transport
in Gram-positive bacteriaf

Marea J. Blake, Eleanor F. Page, Madeline E. Smith and Tessa R. Calhoun 2 *

Miltefosine (MLT) is an alkylphosphocholine with clinical success as an anticancer and antiparasitic drug.
Although the mechanism of action of MLT is highly debated, the interaction of MLT with the membrane,
specifically lipid rafts of eukaryotes, is well-documented. Recent reports suggest MLT impacts the
functional membrane microdomains in bacteria — regions of the membrane structurally and functionally
similar to lipid rafts. There have been conflicting reports, however, as to whether MLT impacts the overall
fluidity of cellular plasma membranes. Here, we apply steady-state fluorescence techniques, generalized
polarization of laurdan and anisotropy of diphenylhexatriene, to discern how MLT impacts the global
ordering and lipid packing of Staphylococcus aureus membranes. Additionally, we investigate how the
transport of a range of small molecules is impacted by MLT for S. aureus and Bacillus subtilis by
employing time-resolved second harmonic scattering. Overall we observe MLT does not have an
influence on the overall ordering and packing of S. aureus membranes. Additionally, we show that the
transport of small molecules across the membrane can be significantly altered by MLT - although this is
not the case for all molecules studied. The results presented here illustrate the potential use of MLT as
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1 Introduction

Hexadecylphosphocholine, or miltefosine (MLT), is a synthetic
alkylphospholipid (APL) that was originally developed as an
anticancer agent' and is currently in clinical use as an anti-
parastic drug.” More recently, the antibacterial and antifungal
activity of MLT has received attention.*” While only modest
antibacterial activity has been observed, it has been suggested
that MLT, and APLs more generally, could serve as a new
framework for developing novel antibiotics or adjuvants.® For
the latter, it is imperative to investigate how the presence of
MLT impacts small molecule transport through the membrane.

Despite decades of research, the mechanism of action of
MLT remains a point of debate and discussion. While there is
agreement that the plasma membrane is compromised with
MLT treatment, it is not clear if this is achieved via lipid or
protein targets. It has been shown that MLT specifically targets
membranes composed of lipid raft constituents of eukaryotic
and fungal species, such as cholesterol and ergosterol,
respectively.** > As such, some have reported that this lipid
raft association results in MLT impacting the cell membrane
fluidity,"*® while others report this is not the case.’®'" For
instances when membrane fluidity was altered, there is
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an adjuvant to assist in the delivery of drug molecules in bacteria.

evidence that supports the presence of proteins is required.
Specifically, Alonso et al. demonstrated that stratum corneum
membranes had a significant increase in membrane fluidity
due to MLT, but vesicles formed from the lipid extract of
stratum corneum membranes had no change in fluidity."?
Additional mechanisms that have been proposed include mil-
tefosine affecting the enzyme, cytochrome ¢ oxidase,'””'® in
eukaryotes and halting the cell’s ability to synthesize phospha-
tidylcholine (PC),>'%*° both cases leading to cell death. Most
MLT research, however, has focused on eukaryotic systems or
model membranes containing lipid species that are less com-
mon or nonexistent in bacteria. For example, MLT has been
shown to significantly impact the presence of PC lipids,*® but
most bacteria do not have a synthetic pathway for PC.*

In bacteria, MLT has been shown to interrupt aggregation of
flotillin in Staphylococcus aureus cell membranes.® Flotillin are
scaffold proteins that have been proposed as crucial components
for the formation of functional membrane microdomains®**
although inconsistent results remain.>® It is not clear, however, if
such a change in protein behavior would arise from direct MLT-
protein interactions or, if instead, MLT alters the lipid environment
preferred by the protein. In a recent paper, molecular dynamics
simulations suggest that the lipids themselves are a major determi-
nant in MLT passive transport into the membrane and may play a
large role in its mechanism of action.'® When extending such
questions to the potential use of MLT as an adjuvant species, it is
necessary to consider how MLT’s impact on the membrane alters

RSC Chem. Biol., 2024, 5, 981-988 | 981


https://orcid.org/0000-0002-4217-4397
https://orcid.org/0000-0002-4952-0010
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cb00106k&domain=pdf&date_stamp=2024-07-09
https://doi.org/10.1039/d4cb00106k
https://rsc.li/rsc-chembio
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cb00106k
https://pubs.rsc.org/en/journals/journal/CB
https://pubs.rsc.org/en/journals/journal/CB?issueid=CB005010

Open Access Article. Published on 08 July 2024. Downloaded on 4/6/2026 6:03:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

small molecule transport through this important lipid bound-
ary. In order to monitor transport dynamics, here, we imple-
ment time-resolved second harmonic scattering (trSHS).

SHS is a surface-specific spectroscopic technique capable of
elucidating the organization of molecules adsorbed to surfaces
in colloidal environments, such as that of living cell mem-
branes.>* Previous studies have demonstrated SH-based
approaches can be used to quantify molecule-membrane inter-
actions within model systems,** eukaryotic species,'®*>7%
and bacterial cells.>* > Specifically, we have implemented this
technique to elucidate how structural moieties of small mole-
cules facilitate transport through the Gram-positive mem-
branes of living S. aureus and Bacillus subtilis.**

After employing the steady-state fluorescent assays, general-
ized polarization (GP) of laurdan and anisotropy of diphenyl-
hexatriene (DPH), to determine the impact of MLT on global
ordering and lipid packing of S. aureus membranes, we moni-
tor the trSHS of small molecules (malachite green,*3444953753
FM 2-10,*%*" FM 1-43,"" and 4-Di-2-ASP*") with previously
documented transport behavior to assess the impact of MLT.
We also consider the role of membrane composition by extend-
ing trSHS studies to another Gram-positive bacterial species, B.
subtilis. Although we do not observe a change in the overall
ordering or packing of S. aureus membranes, we do observe
significant alterations in the interactions of multiple small
molecule species with the lipid bilayer. These results are not
universal, however, leading to a discussion of the localized
impact of MLT on the membrane and the potential relationship
to the small molecule structures that are affected.

2 Materials and methods

2.1 Chemicals and cell treatment

Stock solutions of dye molecules FM 2-10 (Biotium), 4-Di-2-ASP
(Sigma-Aldrich), and FM 1-43 (Biotium) were prepared in filter
sterilized 80:20 Milli-Q water to DMSO to maintain a final
DMSO concentration of 0.02% when introduced to cell solu-
tions. Malachite green oxalate (Sigma-Aldrich) was prepared in
sterile Milli-Q water. Stock solutions of laurdan (ThermoFisher
Scientific), 1,6-diphenyl-1,3,5-hexatriene (diphenylhexatriene,
Sigma-Aldrich), and miltefosine (Sigma-Aldrich) were prepared
in DMSO.

Single colonies of Staphylococcus aureus (ATCC27217) and
Bacillus subtilis 168 grown on brain heart infusion (BHI) and
Luria Bertani (LB) agar, respectively, were inoculated into liquid
BHI and LB media, respectively. Cultures were grown anaero-
bically for S. aureus and aerobically at 250 RPM for B. subtilis
overnight at 37 °C. Aliquots were then resuspended in fresh
liquid media to an optical density at 600 nm (ODg) of 0.01 and
allowed to grow to an ODgq, of 0.2 under the same conditions.
Cell samples were then filtered by centrifugation or vacuum
filtration and washed twice with phosphate buffered saline
(PBS). The membrane composition of both bacterial strains
has been previously determined.’®>” For trSHS experiments,
cells were resuspended in their respective media supplemented
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with 0.2% EC-OxyRase. For steady-state fluorescence experi-
ments, cells were resuspended in PBS. Final cell suspensions
were measured to be at an ODgy, of 0.2. MLT was incubated
with cells at room temperature for 10 minutes with FM 2-10,
D289, and MG and for 30 minutes with MG and FM 1-43
immediately before experiments were conducted. While pre-
vious studies with MLT and S. aureus utilized longer exposure
times,® shorter incubation periods were chosen here to mini-
mize potential impacts on the membrane composition.>°

2.2 Time-resolved second harmonic scattering

TrSHS experiments were performed using home-built instru-
ments previously described in detail elsewhere.'® Briefly, the
output of a Ti:sapphire oscillator (80 MHz) was compressed to
<100 fs and focused into a 2 mm quartz flow cell (Starna) that
housed the cell samples. The resulting signals were then
collected with a series of lenses and directed towards a photo-
multiplier tube (PMT) for detection. Filters were implemented
to block any second harmonic (400 nm) produced by optics
before the sample housing and fundamental light (800 nm)
after the sample. In addition to SHS, two-photon fluorescence
(TPF) was detected simultaneously by using a 450 longpass
dichroic mirror to direct the TPF signals to second PMT. The
second harmonic responses were selected using a 400/10
bandpass filter before the PMT. TPF responses were collected
using a 625/50 bandpass filter. The power sent to the sample
was controlled using a half-waveplate and polarizer. For FM
2-10 and 4-Di-2-ASP, the power was set to 35 mW and
for experiments with MG and FM 1-43, the power was set to
100 mW. During the experiments, the samples were flowed
through the laser excitation at a rate of >5 mL per minute.
Immediately prior to trSHS experiments, the quartz flow cell
was passivated to ensure there was no cell adsorption to the
surface during the course of the trials. First, the sample
chamber was sterilized with 1 M hydrochloric acid and rinsed
with a copious amount of sterilized Milli-Q water. Then, we
used an established bovine serum albumin (BSA)/glutaralde-
hyde cross-linking procedure, previously described.’® In short,
50 mM BSA (Sigma-Aldrich) was incubated for 10 minutes,
rinsed with 10 mM TRIS buffer (corrected to pH 7.4) (Sigma-
Aldrich), and then replaced with another 10 minute incubation
of a 1% glutaraldehyde (Thermo-Fisher Scientific) solution.
Finally, the flow cell was rinsed with TRIS buffer. All solutions
were sterilized before performing the cross-linking procedure.

2.3 Generalized polarization measurements

Membrane order was assessed using generalized polarization
(GP) measurements of laurdan.>®* Laurdan is a fluorescent
molecule that shifts its emission spectra due to the polarity
of the surrounding environments. For instance, in environ-
ments with low polarity, such as membrane regions with more
tightly packed lipids and limited water penetration, the emis-
sion maximum of laurdan is 440 nm. When laurdan is an
environment of high polarity (e.g. a more disordered region),
laurdan has an emission maximum shifted to 490 nm. The
ratio of the emission intensities at 440 nm and 490 nm, or GP,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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can be calculated to quantify these environmental influences
according to eqn (1),

a0 — 1o (1)

GP =
L1440 + 1190

where I, and I,4, are the fluorescence intensities at 440 nm
and 490 nm, respectively. For GP measurements, after cells
were treated with MLT as outlined above, samples were washed
by centrifugation, resuspended in PBS, and then incubated
with 0.5 pM laurdan at 37 °C for ~30 minutes in the dark.
Measurements were then taken with a PerkinElmer LS 55
fluorometer with 350 nm excitation at room temperature.

2.4 Steady-state fluorescence anisotropy

Another measure of membrane order used here is the steady-
state fluorescence anisotropy of diphenylhexatriene (DPH).
DPH preferentially localizes in the hydrophobic region of the
membrane. As such, the orientation and rotational freedom of
the DPH molecules in this region reports on the order of the
lipid fatty acyl chains. This can be quantified by calculating the
anisotropy, (r), of DPH:

\_ v = IvuG 2
I
G = (3)
Iun

where I is the fluorescence intensity at different excitation and
emission polarizer combinations, denoted by the subscripts,
respectively, where V is vertical and H is horizontal, and G is a
correction factor to account for detector sensitivity.

Anisotropy measurements were recorded with an Agilent
Cary Eclipse fluorometer. After cells were treated with MLT,
they were resuspended in PBS and incubated with 10 uM DPH
for ~45 minutes at 37 °C. Samples were excited at 350 nm and
emission was collected at 430 nm. Measurements were taken at
room temperature.

3 Results and discussion
3.1 MLT impact on global membrane order

While there has been debate in the literature regarding the
impact MLT has on the fluidity of the membranes it interacts
with,'>'1371% no such studies have been performed with
bacteria. Therefore, we first sought to investigate whether the
presence of MLT alters the membrane order and lipid packing
in S. aureus. In order to do so, we employ two steady-state
fluorescence techniques: GP of laurdan and steady-state aniso-
tropy of DPH. Both laurdan and DPH are fluorescent molecules
commonly used as probes to assess membrane order.”>*® As
the laurdan chromophore is polar, it reports on the presence of
water near the junction between the lipid headgroup and tail
with a higher GP value associated with a more disordered
bilayer and increased water penetration.’>®' The nonpolar
DPH molecule is expected to embed more deeply within the
hydrophobic portion of the membrane and a lower DPH
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Fig. 1 Steady-state fluorescence measurements of membrane order with
(A) laurdan and (B) DPH. (A) Average GP values of laurdan for S. aureus with
0 uM MLT (blue) and 10 uM MLT (purple). (B) Average anisotropy ((r)) of
DPH with S. aureus is shown as a function of MLT concentration. For each
concentration of MLT, n = 3.

anisotropy value indicates higher membrane order.®"** While
many studies find similar trends between these different probe
assays,® occasional differences are noted.®”

Fig. 1A shows the GP values for laurdan in S. aureus
membranes either with or without MLT incubation prior to
the measurement. For the cells not exposed to MLT, the GP
value obtained is 0.381 & 0.07. This is consistent with values
others have reported for exponential phase S. aureus cells,®®
and differences in comparison to other studies® likely arise
from the drug resistance of our strain to tetracycline and the
room temperature conditions of our measurements.®' In com-
parison to the cells exposed to MLT, there is no significant
difference. This suggests that there is no overall decrease in the
order of the S. aureus membrane due to the presence of MLT.
The anisotropy of DPH adds further support to this conclusion.
As can be seen in Fig. 1B, the DPH anisotropy values are found
to be 0.115 £ 0.003 which is also consistent with previous
literature values®® and remains unchanged over multiple MLT
concentrations.

3.2 Small molecule organization and transport

For consideration of MLT as an adjuvant to treat bacterial
infections, understanding how MLT affects the interaction of
small molecules with the membrane, and moreover their
transport through it, is crucial. Four dye molecules with differ-
ent established membrane interactions are studied here: MG,
FM 2-10, 4-Di-2-ASP, and FM 1-43. MG is a small, positively
charged molecule that has been extensively characterized with
model liposomes®”*3%¢ ag well as Escherichia coli*>*%>37>°
and eukaryotic cells.>” In all previous work, MG has exhibited
an SHS response consistent with a relatively rapid passive
diffusion through lipid bilayers. Further, we have previously
reported on the bacterial membrane interactions of the three
styryl molecules listed where slight variances in their structures
result in differences in their affinity for and translocation
within the membranes of S. aureus.***! For instance, we have
proposed that for molecules with short hydrophobic tails and
small headgroups (FM 2-10 and 4-Di-2-ASP, respectively), the
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Fig. 2 Normalized trSHS trials of S. aureus with 25 uM MG with O pM MLT
(green) and 12 uM MLT (purple). The structure of MG is shown in the plot.
For each condition, n = 3. Averaged data is shown as circles and the
shaded error bars represent the standard deviation between the individual
normalized trials.

molecules have a greater propensity to remain in the outer
leaflet of the membrane. After ~1 hour, however, the mole-
cules produce a rise in SHS signal indicative of further organi-
zation within the membrane.*”*' Further, we demonstrated
that the introduction of molecules with larger branched tails
(FM 1-43) results in a rapid decrease in SHS. This response is
due to the molecules moving from the outer leaflet to the inner
leaflet of the membrane."

Alterations to small molecule transport induced by MLT can
be seen by examining the behavior of MG. Fig. 2 shows that at 0
UM MLT, the molecules rapidly diffuse through the hydropho-
bic portion of the membrane in agreement with MG SHS
studies with both liposomal membranes®”*'*2%¢ as well as E. coli
cells. 4953735 After S. aureus cells are treated with 12 uM MLT
(Fig. 2), the trSHS decreases more rapidly compared to untreated
cells. While the alterations to FM 2-10 and 4-Di-2-ASP behavior,
shown below, are apparent within 10 minutes of MLT incubation,
significant changes for MG are observed after 30 minutes of MLT
exposure (Fig. S1, ESIt). This additional time may arise from the
delay in MLT accessing the inner membrane leaflet. These results
indicate that MG may be experiencing a more disordered
membrane environment to mediate quicker passive diffusion
across the lipid bilayer.*®

More complex dynamics are observed when moving to the
styryl dye molecules which have a stronger association with
the membrane environment. Past studies with FM 2-10 and
4-Di-2-ASP hypothesized that the molecule undergoes organiza-
tion in the membrane of S. aureus. This hypothesis arises from
the fact that the SHS signal in these samples rises over time and can
be understood by examining the factors that contribute to the
intensity of the SHS signal (Isys). Specifically, Isys = |1 3E, E.,|> where
E, is the incoming electric field and y(j:% is the second-order
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Fig. 3 Normalized trSHS trials of 16 pM FM 2-10 with S. aureus with
increasing concentrations of MLT. The structure of FM 2-10 is shown in the
plot. For each concentration of MLT, n = 3. Averaged data is shown as
circles and the shaded error bars represent the standard deviation between
the individual normalized trials.

effective susceptibility which can be further decomposed to
7% oc N(p). Here, Ny is the population of probe molecules in
the membrane while (f) is the orientational average of the
hyperpolarizability. As we have previously determined, the
population of cells throughout the duration of our measure-
ments is static and subsequently, there is no increase in
membrane probe population,*” therefore the SHS rise is attrib-
uted to (). This term can increase through a change in the
probe molecule’s environment either due to differences in
solvation or an overall increase in molecular alignment due
to environmental rigidity.

Since MLT has been shown to disrupt membrane regions of
increased rigidity,® the membrane interactions of FM 2-10 and
4-Di-2-ASP were studied here. As can be seen in Fig. 3, when no
MLT is present, the SHS signal of FM 2-10 is relatively static
over the first 40 minutes but then nearly doubles after two
hours. This behavior, and especially the rise, are clearly altered
by MLT. As the concentration of MLT increases from 0 to 2.5 to
5 puM, the SHS rise is diminished and eventually lost. There are
no significant alterations to the relative change in long-time
signal for concentrations higher than 5 uM (Fig. S2, ESIt).
A reduced SHS rise is also observed for 4-Di-2-ASP after cells are
treated with 10 pM MLT (Fig. 4).

Another change induced by MLT is also observed within the first
20 minutes. Whereas the SHS signal of FM 2-10 with no MLT
present displays a static signal, cells treated with MLT exhibit an SHS
decay after the initial adsorption of FM 2-10. Such a decrease is most
often interpreted as a movement of some population of the probe
molecule to the inner leaflet.">***® Alternatively, in the same way a
more rigid environment would induce a rising SHS signal, a
more disordered environment can cause a reduction as the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Normalized trSHS trials of S. aureus with 16 uM 4-Di-2-ASP with
0 uM MLT (orange) and 10 uM MLT (purple). The structure of 4-Di-2-ASP is
shown in the plot. For 0 uM MLT, n = 3 and the shaded error bars represent
the standard deviation between the individual normalized trials; for 10 uM
MLT, n = 1.

alignment of the molecules is decreased. More support for this
argument can be seen by examining the trends in SHS intensity
values. While Fig. 3 shows the time-resolved SHS signals
normalized to the initial absorption peak to better differentiate
the dynamic changes, Fig. 5 compares the initial SHS intensity
after adsorption to that of the two-photon fluorescence signal
taken at the same time. As FM 2-10 only exhibits significant
fluorescence when embedded in the membrane environment,
monitoring the fluorescence signal allows us to separately
monitor the population contribution to the SHS signal. As
can be seen in Fig. 5, the fluorescence intensity for different
MLT concentrations remains unchanged, suggesting that the
same number of probe molecules are adsorbed onto the
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Fig. 5 Initial intensities of trSHS (circles, left axis) and TPF (squares, right
axis) signals of S. aureus with 16 uM FM 2-10.
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membrane. In contrast, the SHS intensity shows an overall
decreasing trend with increasing MLT concentration suggest-
ing that (f8) is decreasing over these conditions. Taken together,
these data suggest that FM 2-10 in an MLT-altered membrane
does not experience a more rigid environment over time and
that, in fact, its initial lipid environment may be more dis-
ordered, potentially promoting translocation to the inner
leaflet.

We have previously shown that the membrane composition
itself plays a large role in how small molecules trespass the
bacterial surface.*" Specifically, we observed that for FM 2-10
and 4-Di-2-ASP, where a rise over the two-hour time period is
seen with S. aureus, a slight rise is followed by a decrease in SHS
intensity over time for B. subtilis. This discrepancy was
proposed to be attributed to the generally more fluid mem-
brane of B. subtilis, which in turn facilitated translocation
events, whereas S. aureus mediated molecule organization in
the outer leaflet over the same time period.*' The fact that these
membranes facilitate starkly different transport properties of
FM 2-10 allows an opportunity to determine how translatable
MLT’s impact is for different species. Fig. 6 shows that when
MLT is introduced to B. subtilis, FM 2-10 produces an immedi-
ate decrease in SHS intensity after initial adsorption, similar,
albeit more rapid, to what was witnessed with S. aureus (Fig. 3).
Following this first translocation event, the SHS intensity dis-
plays a slight increase over time and then remains relatively
stagnant for the duration of the experiment.

Although the two cell species have different FM 2-10 transport
in the absence of MLT, the final result after MLT incubation is
similar. This could be due to MLT having the same mechanism of
action for both cell types. While S. aureus and B. subtilis have
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Fig. 6 Normalized trSHS trials of B. subtilis with 16 pM FM 2-10 with 0 uM
MLT (blue) and 20 pM MLT (purple). The structure of FM 2-10 is shown in
the plot. For each condition, n = 3. Averaged data is shown as circles and
the shaded error bars represent the standard deviation between the
individual normalized trials.

120

RSC Chem. Biol., 2024, 5, 981-988 | 985


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cb00106k

Open Access Article. Published on 08 July 2024. Downloaded on 4/6/2026 6:03:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
A1'2 T T T T T T
z 0 uM
=
=
z %
c 08} .
e ®
k= ®
n 0.6 1
T
[77)
T 04 o 4
N
® 0.2} 4«\/\“\\ S~
£ o / "
S e
0 = ‘ ‘ . . ‘ .
0 10 20 30 40 50 60

Time (min)

Fig. 7 Normalized trSHS trials of S. aureus with 16 pM FM 1-43 with O uM
MLT (yellow) and 12 uM MLT (purple). The structure of FM 1-43 is shown in
the plot. For each condition, n = 3. Averaged data is shown as circles and
the shaded error bars represent the standard deviation between the
individual normalized trials.

differences in their overall phospholipid membrane composition,*”
they do have similarities that could explain the analogous MLT
results. For instance, both membranes have been shown to be
equipped with flotillin scaffold proteins®**®® — proteins that are
largely conserved across different domains of life and hypothesized
to play a role in MLT’s mechanism of action for bacteria.>*
Additionally, both membrane species are known to moderate their
membrane fluidity via isoprenoid-derived minor lipid species.”® >
For instance, S. aureus produces carotenoids, such as staphylox-
anthin, and B. subtilis synthesizes hopanoids.””””®> Hopanoids in
particular are structurally and functionally similar to that of
ergosterol and cholesterol in eukaryotes.”*”® Subsequently, both
of these sterols in eukaryotes are important constituents for MLT
activity.»®*'* Therefore, flotillin proteins and/or isoprenoid-derived
molecules could be potential targets for MLT in the bacterial
species studied here.

When attempting to understand how MLT does not affect
laurdan and DPH behavior but does affect the behavior of MG,
FM 2-10, and 4-Di-2-ASP, one may be quick to note the neutral
forms of the former group of molecules vs. the ionic forms of
the latter. This justification, however, is refuted by examining
FM 1-43. Unlike the other three dyes measured with trSHS, FM
1-43 transport is unaffected by the presence of MLT. As can be
seen in Fig. 7, after initial adsorption, the SHS signal from FM
1-43 decreases over 30 minutes before stabilizing. The signal
from the MLT-affected cells exhibits the same behavior within
the error of the measurement.

We propose two possible explanations for the differences in
MLT’s impact for these five different probe molecules. First,
MLT may induce a more local effect to specific regions, i.e.
domains, within the membrane that is limiting in its impact to

986 | RSC Chem. Biol., 2024, 5, 981-988

View Article Online

RSC Chemical Biology

only those molecules that are strongly associated with the same
domains. This local impact is what has been proposed before
for its behavior.®® The novelty of our measurements is then the
suggestion that MG, FM 2-10, and 4-Di-2-ASP have a preferen-
tial association with such domains. Previous work has shown
that both laurdan®"”” and DPH®® can partition into multiple
different lipid phases promoting a more homogeneous distri-
bution within the membrane. In contrast, styryl dyes have been
seen to heterogeneously localize within bacterial membranes”®
although this is not always the case.”” The heterogeneous
distribution has been attributed to the cationic charge on the
styryl dyes interacting with the negatively charged phosphati-
dylglycerol (PG) lipid headgroup.’® It is important to note,
however, that such heterogeneous behavior was seen explicitly
for FM 1-43 which we find to be unaffected by MLT.

As a second, not necessarily unrelated, explanation for the
differing behavior, we consider the hydrophobic character of
the probe molecules. As noted previously, both laurdan and
DPH are neutral molecules predominantly interacting with
lipids below the headgroup. Beyond those two molecules, the
only other one not impacted by MLT was FM 1-43. In compar-
ison to MG, FM 2-10, and 4-Di-2-ASP, FM 1-43 contains the
largest hydrophilic moiety. As such it may be that those
molecules with stronger interactions with the lipid tails and
hydrophobic core of the membrane are less susceptible to MLT
alterations.

4 Conclusions

The results of our trSHS experiments show that MLT does hold
promise as an adjuvant species for small molecule antibiotics
targeting Gram-positive bacteria. Our steady-state fluorescence
measurements with laurdan and DPH show no evidence of a
large-scale decrease in the membrane order of S. aureus cells
induced by MLT. This result supports previous work by
others'®'" but extends this finding to bacteria. In contrast,
multiple small molecules exhibit altered interactions with the
membranes after exposure to MLT. These alterations led to an
overall higher propensity for the molecules to more efficiently
traverse the lipid bilayer. While the lack of impact on FM 1-43
dynamics may seem limiting for MLT’s use, it could alterna-
tively be viewed as promising for future selectivity. Work
remains, however, to better understand MLT’s relationship
with different small molecules and the mechanism by which
MLT impacts bacterial membranes overall.
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