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Spin label electron paramagnetic resonance (EPR) spectroscopy was used to characterize the components of the
Mycobacterium abscessus massiliense cell envelope and their interactions with amphotericin B (AmB), miltefosine
(MIL), and nerolidol (NER). Spin labels analogous to stearic acid and phosphatidylcholine (PC) were distributed

II:I/[sizlrtoelfi?jS;Ile on an envelope layer with fluidity comparable to other biological membranes, probably the mycobacterial cell
Spin label wall, because after treatment with AmB a highly rigid spectral component was evident in the EPR spectra. Methyl

stearate analogue spin labels found a much more fluid membrane and did not detect the presence of AmB, except
for at very high drug concentrations. Unlike other spin-labeled PCs, the TEMPO-PC spin probe, with the nitroxide
moiety attached to the choline of the PC headgroup, also did not detect the presence of AmB. On the other hand,
the steroid spin labels were not distributed across the membranes of M. abscessus and, instead, were concentrated
in some other location of the cell envelope. Both MIL and NER compounds at 10 pM caused increased fluidity in
the cell wall and plasma membrane. Furthermore, NER was shown to have a remarkable ability to extract lipids
from the mycobacterial cell wall. The EPR results suggest that the resistance of mycobacteria to the action of

Electron paramagnetic resonance

AmB must be related to the fact that this drug does not reach the bacterial plasma membrane.

1. Introduction

Mycobacteria are known to have a cell wall that is abundantly
composed of mycolic acids as well as a plasma membrane, which
together form a structure known as the cell envelope [1,2] that makes
the species of this genus intrinsically resistant to many antimicrobials
[3]. Additionally, the list of antimicrobials that are active against in-
fections caused by mycobacteria species is limited, and this is further
reduced by their specific activity against only certain complexes to
which the species belong. For instance, the Mycobacterium tuberculosis
complex bacteria, responsible for the high rate of tuberculosis cases
around the world, are responsive to the first class group of antimicro-
bials such as rifampin, isoniazid, ethambutol, and pyrazinamide.
Conversely, the most indicated drugs for the treatment of M. abscessus
complex bacteria, a group of opportunistic pathogens causing hospital-
acquired infection outbreaks, are the macrolides (clarithromycin and
amikacin) and cefoxitin [4], as these bacteria are known to be resistant
to antituberculosis drugs [5]. To make the matter worse, mycobacteria
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can develop resistance to the drugs used, which poses a greater risk to
public health by further reducing the effective treatments against these
infectious diseases [3]. Thus, the prospection and discovery of new
drugs with action against this exclusive group of bacteria is of uttermost
importance.

Electron paramagnetic resonance (EPR) spectroscopy associated
with the spin label method has previously been used to study the
mechanisms of antileishmanial activity of the membrane-active com-
pounds, amphotericin B (AmB), miltefosine (MIL), and nerolidol (NER)
[6-13]. All three compounds were shown to cause remarkable changes
in plasma membrane fluidity at concentrations associated with their
antileishmanial activities [6-13]. However, the modes of action of these
compounds are still unclear. For instance, in the case of AmB, which is
also used an antifungal drug, the most widely accepted and studied
mechanism of action is the one proposed by the ion channel model, in
which AmB-sterol complexes form transmembrane channels permeable
to ions that lead to cell death [14,15]. However, the fact that the
channel-forming capacity of AmB is not always required for fungicidal
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action gave rise to the sterol sponge model, in which AmB would form
large extramembranous aggregates that extract the sterol from lipid
bilayers [14]. Recent studies by EPR have shown that AmB does not
actually enter the lipid bilayer but the EPR spectra were consistent with
the rapid entry of AmB into cell membranes [6,7], indicating a role for
membrane proteins in the process of AmB entry. Furthermore, the flip-
flop movement between the two membrane leaflets is not known and
could also be protein-dependent [6].

MIL is a synthetic phospholipid analogue (hexadecylphosphocho-
line), which has demonstrated activity against several Leishmania spe-
cies [16], a broad spectrum of pathogenic fungi [17,18], various strains
of Acanthamoeba [19], Streptococcus pneumoniae [20], Staphylococcus
aureus [21], and Schistosoma mansoni [22]. NER is an acyclic sesqui-
terpene with an abundant presence in essential plant oils, which has
already been approved by regulatory agencies, including the FDA, for
food use. It has been reported that NER exhibits in vitro activity against
M. abscessus [23] and several other bacteria [24], fungi [25,26], and the
parasites, Trypanosoma [27], Leishmania [28], Plasmodium [29], and
Babesia [30]. Therefore, considering the broad spectrum of activity of
the MIL and NER compounds, the mechanisms of action based on cell
membrane attack seem consistent.

In this work we use EPR spectroscopy to study the interactions of
various spin labels with the cell wall and plasma membrane of
M. abscessus. As the interactions of AmB, MIL, and NER with membranes
of the Leishmania parasite, erythrocyte, and macrophage have already
been extensively studied using the EPR technique [6-13], we decided to
examine their interactions with the M. abscessus cell envelope in order to
obtain additional information. Although the mycobacterial cell
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envelope does not contain sterol, AmB showed interactions with mem-
brane spin labels. However, it was interpreted that AmB only affects the
cell wall and essentially does not reach the mycobacterial plasma
membrane, which could explain the lack of antibacterial activity of this
compound against this species. On the other hand, MIL and NER affected
both the cell wall and the plasma membrane of the mycobacteria.

2. Materials and methods
2.1. Chemicals

The spin labels, 5- and 16-DOXYL stearic acid (5- and 16-DSA),
methyl 5- and 16-doxyl-stearate (5- and 16-DMSA), 3-DOXYL-17f-hy-
droxy-5a-androstane (androstane), and 3f-DOXYL-5a-cholestane (cho-
lestane) (Fig. 1), as well as amphotericin B (AmB; A9528, a colloidal
suspension containing ~45% AmB, 35% sodium deoxycholate, sodium
phosphate, and sodium chloride) and nerolidol (NER; 98% purity, a
mixture of cis and trans nerolidol, MW = 222.37 g/mol, CAS Number
7212-44-4) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The spin labels, 1-palmitoyl-2-stearoyl-(5- and 16-DOXYL)-sn-glycero-3-
phosphocholine (5- and 16-PC) and 1,2-dipalmitoyl-sn-glycero-3-phos-
pho(tempo) choline (TEMPO-PC) (Fig. 1), as well as miltefosine (MIL)
were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA).

2.2. Bacterial strain and minimum inhibitory concentration (MIC) test

To analyze whether AmB, MIL, and NER had an inhibitory effect on
mycobacteria, M. abscessus subsp. massiliense isolate GO-06, a reference
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Fig. 1. Structures of spin labels used in this work.
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strain isolated from an outbreak that occurred in Goiania, State of Goias,
Brazil during 2005 and 2007 [31], was used. The strain, maintained in
our bacterial collection (Brazilian Culture Collection of the Institute of
Tropical Pathology and Public Health BCCIPTSP — WDCM #1223), was
grown in Mueller Hinton broth (MH; HiMedia, Mumbai, India) with
0.05% Tween 80 at 35 °C with agitation (200 rpm) for three days. The
culture concentration was adjusted to a 0.5 McFarland standard
(approximately 1.5 x 108 CFU/mL) after vigorous homogenization to
dissolve clumps.

The MIC was determined according to ATS/IDSA recommendations
[32]. Bacterial cultures were further adjusted so that 200 CFU were
deposited into each well of a 96-well microplate that contained serially
diluted drugs (MIL and NER) in levels ranging from 20 to 0.078 mM.
Different concentrations of ethanol (used as diluent for the compounds)
and amikacin (1 pg/mL) were included as controls. The plates were
incubated for three days at 35 °C, after which serial dilutions of each
well were plated on MH agar to determine the mycobacteria concen-
tration. The MIC was determined as the lowest concentration without
bacterial growth. Alternatively, the percentage of growth inhibition was
determined by comparing the number of CFU obtained in a specific
condition compared to the CFU obtained with the growth control plate
without any drug.

2.3. Membrane spin labeling and treatment of the cells

M. abscessus cells were washed three times in PBS (prepared with
ultrapure water) by centrifugation at 25,000 xg for 10 min at 4 °C. The
bacterial concentration was then adjusted to 1.2 x 10'° CFU/mL. For the
EPR experiments, 50 pL of this cell suspension was then diluted in PBS to
either 2 mL (3 x 10® CFU/mL) or 10 mL (6 x 107 CFU/mL). AmB was
diluted in PBS to 9 mM, while MIL and NER were diluted in ethanol to
50 mM. The 2 or 10 mL bacterial suspensions were then treated with
different concentrations of AmB, MIL, and NER and incubated for 90 min
at room temperature in the dark. After this period, the samples were
centrifuged at 25,000 xg for 10 min at 4 °C, the supernatant was dis-
carded leaving a volume of 50 pL that contained the cell pellet. The
samples were agitated for homogenization and spin-labeled. The spin
labels were dissolved in ethanol (5 mg/mL) and, using a microsyringe of
5 pL, a 0.2 pL aliquot was added to each sample. Each sample was
transferred to a 1-mme-i.d. capillary tube, which was flame-sealed, and
centrifuged at 25,000 xg for 5 min at 20 °C. The cell pellet formed gave
an estimated volume of 5.5 pL for the control samples (untreated cells).
Then the EPR measurements were taken.

The EPR spectra were recorded using an EMX-Plus spectrometer
from Bruker (Rheinstetten, Germany), operating in the following
instrumental settings: microwave power, 20 mW (this is a considered
high power that could cause power saturation behavior of the EPR signal
or some heating of the samples. However, we found that the changes in
the spectra line shape were imperceptible, and the higher power pro-
vided an advantage by considerably improving the signal-to-noise
ratio); microwave frequency, 9.452 GHz; modulation frequency, 100
kHz; modulation amplitude, 1.0 G; magnetic field scan, 100 G; sweep
time, 168 s; and sample temperature, 25 °C.

Best-fit EPR spectra were obtained using the nonlinear least-squares
(NLLS) software developed by Freed JH and coworkers [33,34]. The rate
of rotational Brownian diffusion, Ryp,,, provided by the NLLS fitting
program was converted to the parameter of rotational correlation time,
T, using the relationship t. = 1/6Rypq, [34]. EPR spectra were simulated
using a model of one or two spectral components with the same input
parameters for magnetic tensors g and A: gxy = 2.0082; gyy = 2.0058; g,
= 2.0025; Ayx = 6.0 G; Ayy = 6.3 G; A;; = 31.4 G.

2.4. Statistical analysis

Data expressed as mean and standard deviation were obtained from
at least three independent experiments. Using the OriginPro 8.5
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program, the means were compared through a one-way analysis of
variance (ANOVA). Tukey's test was used to identify significant differ-
ences (P < 0.05) between means among the different treatments.

3. Results and discussion
3.1. Activity of MIL, NER, and AmB against M. abscessus

The antibacterial activity of NER was evaluated against M. abscessus
subsp. massiliense GO-06 isolate resulting in an MIC of 10 mM, while a
concentration of 1.25 mM was able to inhibit 90.5% of the mycobacteria
growth and there was 78.5% of inhibition at 0.15 mM. NER presented an
MIC ten times smaller than that shown previously by Pereira et al. [23];
whether this difference is due to the laboratory techniques of the
M. abscessus strains used has not yet been evaluated. MIL, in turn, pre-
sented an MIC of 5 mM, with 90.5% inhibition at 0.625 mM and 38.5%
inhibition at 0.078 mM. This is the first report to our knowledge of the
bactericidal activity of MIL against a Mycobacterium species. AmB did
not present inhibitory activity at any of the concentrations tested.
Ethanol, which was used as diluent for the compounds, did not inhibit
mycobacteria growth at the concentrations corresponding to where an
MIC was detected for the analyzed drugs.

3.2. Lipid dynamics in cell wall and plasma membrane of M. abscessus
subsp. massiliense

Fig. 2A shows the EPR spectra of the lipid spin label 5-DSA (Fig. 1)
incorporated in the lipid domain of M. abscessus for untreated and AmB-
treated samples. The EPR parameter 2A,, (outer hyperfine splitting),
associated with probe mobility, showed a value of 54.1 G for untreated
M. abscessus membranes, indicating that they are more fluid than that
which has been reported for L. amazonensis (2A,, of ~56 G) and
erythrocytes (2A,, of ~57 G) [8-13]. In the cell membrane, the spin
label 5-DSA behaves like an annular or boundary lipid that contacts the
hydrophobic surfaces of membrane proteins. For membranes with low
protein content, the EPR spectrum shows the spectral resolution be-
tween the spin probes motionally restricted by direct contact with the
proteins and those located in the bilayer bulk phase [35,36]. However,
for membranes with a large content of proteins, as is the case of the
erythrocyte or Leishmania (around 50% of membrane volume), only the
spectral component corresponding to the spin label contacting protein
appears in the EPR spectra of 5-DSA. Thus, the mobility of this lipid
probe can also be strongly influenced by the dynamics of the membrane
protein component. This greater membrane fluidity of M. abscessus
compared to that of erythrocytes and Leishmania may perhaps be
explained by a lower protein content or lack of sterols.

With the addition of AmB, the EPR spectra were characterized by the
coexistence of two spectral components of very distinct mobility states.
These components can be assigned to two populations of spin labels:
those that do and those that do not come in contact with the hydro-
phobic surface of the AmB molecule. As indicated in Fig. 2A, the least
motional affected component has a 2A,, parameter value similar to the
control (~54 G, separation indicated by the two black dotted lines),
while the restricted motional component has a 2A,, value of ~61.5 G
(separation indicated by two red dotted lines). The increase in AmB
concentration in the M. abscessus sample increases the population of
AmB-affected spin probes, as deduced by the increase in resonance line
intensities at the positions indicated by the red dotted lines. Interest-
ingly, these EPR spectra also show the three resonance lines (indicated
by arrows) of a small fraction of probe free in the aqueous phase. This
fraction of free probes decreases with increasing AmB concentration,
indicating that this spin probe undergoes a membrane/water partition in
the mycobacterium suspension, and that the addition of AmB, increasing
the membrane volume, leads to an increase in the amount of probe
inserted into the membrane.

On the other hand, when M. abscessus membranes were spin-labeled
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Fig. 2. EPR spectra of different spin probes incorporated in Mycobacterium abscessus membranes for untreated (control) and AmB-treated samples. (A) Spin label 5-
DSA (Fig. 1) and treatment with different concentrations of AmB. The values of the parameter 2A,, (external hyperfine splitting, given by the separation in magnetic
field units between the external resonance lines) are indicated for various spectra. With the addition of AmB a motional restricted spectral component appears in the
EPR spectrum, with a 2A,, value of ~60.5 G (indicated by the two red lines). The arrows indicate three resonance lines from a small fraction of spin label freely
tumbling in the aqueous phase (outside the membranes). (B) (a) Experimental (black line) and best-fit (red line) EPR spectra of 5-DMSA (Fig. 1) in untreated
M. abscessus; the rotational correlation time, tc, value is indicated. (B) (b) Experimental spectra of 5-DMSA for untreated M. abscessus (black line) and treated with 50
pM AmB (green line); the arrow indicates a very small change in the spectrum that could be caused by the presence of AmB. (B) (c) Experimental (black line) and
best-fit spectra (red line) of 16-DMSA in M. abscessus treated with 50 pM AmB; the spectrum shows an additional restricted motional component of a fraction of
probes that interact with AmB, which is noted by the peak at the magnetic field position indicated by the vertical dotted line. (B) (d) Spectral components that make
up the simulated spectrum shown in (c); in green the component of spin probes that interact with AmB (25.4%) is shown, and in blue, the component of probes
without this interaction (75.6%). The total scan range of the magnetic field for each spectrum was of 100 G (X axis), and the intensity is in arbitrary units (Y axis).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

with 5-DMSA, which differs from 5-DSA solely by replacing the
hydrogen of the carboxyl group with methyl, a very fluid membrane was
observed (Fig. 2B). Furthermore, this spin label did not detect any
change in the membrane fluidity following treatment with AmB, except
at very high drug concentrations. For treatment with 50 pM AmB, a
small fraction of a lower mobility component appeared due to probe
interactions with the AmB molecule (Fig. 2B (b)). These results suggest
that 5-DSA is incorporated in the cell wall and 5-DMSA in the plasma
membrane, and that AmB inserts into the cell wall of M. abscessus subsp.
massiliense almost completely.

In our experiments, EPR spectra were recorded approximately 15
min after membrane spin labeling. It is important to mention that there
was a loss of EPR signal due to the reduction of the spin label nitroxide,
which occurs mainly by reaction with thiol groups. We noticed that
within 15 min there was a signal loss of approximately 20%. For a
relatively short time after spin labeling, the spin labels would be ex-
pected to be predominantly embedded in the cell wall. However, it may
be possible that 5-DMSA has some way of accessing the plasma mem-
brane more quickly. To examine whether AmB could interact with 5-
DMSA if it had access to the cytoplasmic side of the envelope, we
caused a partial lysis of the cells. For this, 2 mL of ultrapure water was
added to 50 pL of the cell suspension in PBS (3 x 108 CFU/mL) and after
30 min the AmB was added for 30 min. To collect the maximum mem-
brane content of the sample a centrifugation was done at 25,000 xg. The
5- and 16-DMSA spin labels now inserted into these mycobacterial

membranes showed interactions with AmB (Fig. 3). However, the in-
tensities of the EPR spectra were quite low due to the reduction of the
nitroxide radical of the probes by exposure to the cytoplasmic content.
The lysis procedure used did not significantly alter the control EPR
spectra (untreated samples) of probes 5- and 16-DMSA (Figs. 2B and 3).
These results suggest that when the cytoplasmic side of the envelope is
exposed to AmB it interacts with the 5- and 16-DMSA probes that are
likely inserted into the plasma membrane. Based on previous work
[1,2], we have assembled a schematic illustration of the mycobacterial
cell wall and plasma membrane, where the possible locations of the spin
labels 5-DSA and 5-DMSA are indicated (Fig. 4).

Fig. 5A shows the EPR spectra of spin labels derived from the steroids
androstane and cholestane, and from phosphatidylcholine, 5-PC, 16-PC,
and TEMPO-PC, in M. abscessus subsp. massiliense. For the steroid spin
labels, the spectra indicated strong dipolar interactions showing that the
distribution of these probes in the bacterial membranes does not occur.
The dipole interaction appears in the spectrum when the probes are
close to each other and in the spin label method it is largely avoided by
using a molar ratio between probe and membrane lipids less than 1:100.
Thus, the spectra of cholestane and androstane are consistent with the
accumulation of probes somewhere in the bacterial envelope. It is sur-
prising that these steroid spin labels, which are so easily distributed in
lipid bilayers and in membranes of Leishmania, erythrocyte, macro-
phage, and stratum corneum [6,37,38], find resistance in the case of
mycobacteria.
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Fig. 3. EPR spectra of 5- and 16-DMSA incorporated in Mycobacterium abscessus
membranes after partial cell lysis for untreated (control) and AmB-treated
samples. The vertical lines in red indicate the low and high magnetic field
positions where the motional restricted spectral component's resonance lines
appear due to the interactions of the spin probe with AmB. The value of the
measured 2A// parameter was 61.6 G. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

It is important to mention that the 5- and 16-PC probes in general do
not enter or do not satisfactorily distribute in biological membranes. For
example, we have not been able to obtain good EPR spectra of these
probes in erythrocyte or Leishmania membranes. However, in
M. abscessus the EPR spectra of 5- and 16-PC were relatively good and
showed that these probes interact with AmB similar to 5-DSA. On the
other hand, TEMPO-PC, which has a nitroxide moiety attached off the
choline of the PC headgroup (Fig. 1), did not detect the presence of AmB.
This result suggests that AmB enters the lipid bilayer of the cell wall
rather than staying outside on the membrane surface, as predicted by the
sterol sponge model. Higher concentrations of AmB were required to
observe its effects when a higher concentration of mycobacteria was
used (3 x 108 CFU/mL). As has been shown in several works, the
dependence of the activity of a hydrophobic compound on the cellular
concentration used in the assay suggests that the compound's activity is
related to its action on the membrane [7,9-11,13]. However, according
to our interpretation discussed above, AmB would have high affinity
only for the bacterial wall. As indicated by the 16-DSA spin label in
Fig. 5B, for the bacterial concentration of 6 X 107 CFU/mL, which is
lower and is in the range of cell concentrations commonly used for in
vitro assays, these probes can detect the presence of AmB at concentra-
tions of 4 pM or less. The spin label 16-DSA, having the nitroxide moiety
attached to the 16th carbon atom of the acyl chain, shows a high
mobility EPR spectrum (narrow resonance lines), superimposed with the
spectral component of a small fraction of free probes in the solution, as
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in the case of 5-DSA (Fig. 2A). But when this probe interacts with AmB in
the membrane it shows an additional spectral component of low
mobility, where the 2A/, parameter can be measured (2A,, = ~60.5 G).

As the channel formation capacity of AmB is not always necessary for
the fungicidal activity [14], and the results obtained by EPR spectros-
copy indicate that AmB can form aggregates with several spin labels in
the biological membrane [6,7], taken together, it is likely that at higher
concentrations AmB could present activity associated with its ability to
form aggregates with membrane lipids. These putative short-lived ag-
gregates would have the potential to cause transient defects in the
structural dynamic of membrane lipids, which in turn could result in
increased membrane permeability and electrolyte leakage.

One of the difficulties in accepting the sterol sponge model lies in the
fact that AmB is able to reduce L. amazonensis infections in murine
macrophages in vitro [39,40]. However, the mechanisms by which AmB
could reach the amastigotes that reside within a parasitophorous vacu-
ole in the macrophages are not known [41]. According to the sterol
sponge model, AmB should be located on the outside of the macrophage
membrane as AmB/sterol aggregates and thus, perhaps could eliminate
the parasite while also killing the macrophage. Otherwise, for AmB to
gain access to the amastigotes, it would need to cross the plasma
membrane of the macrophage, followed by the membrane of the para-
sitophorous vacuole, and then interact with the membrane of the
parasite. EPR experiments have demonstrated that AmB does not actu-
ally enter lipid bilayers, but have suggested that it readily enters Leish-
mania, erythrocyte, and macrophage membranes [6,7]. And so, a role for
membrane proteins in the process of AmB entry into the plasma mem-
brane, and also in the flip-flop of the molecule, has been proposed [6].

MIL and NER caused a small increase in lipid fluidity, as indicated by
the spin labels 5-DSA (which supposedly inserts into the cell wall) and 5-
DMSA (which supposedly inserts into the plasma membrane) (Figs. 2
and 6). Our experiments were performed using the mycobacteria sus-
pended in PBS and after 90 min of incubation with the compounds the
samples were centrifuged and the supernatant was discarded. For higher
concentrations of MIL and NER (60 pM), the presence of micelles of
these compounds in the supernatant was detected (Fig. 7). Furthermore,
it can be noted that the amount of membrane in the treated samples
decreased, as deduced by the increase in free signal of the EPR spectra
(Fig. 6A). As the spin label undergoes a membrane/water partition, a
reduction in membrane volume (due to the extraction of lipids incor-
porated in the compound micelles, which were discarded with the su-
pernatant), results in an increase in free signal. These experiments
suggest that MIL and NER compounds at higher concentrations are able
to extract lipids from the bacterial envelope through their incorporation
into the compounds' micelles.

Several works using EPR spectroscopy have shown that MIL has little
or no effect on lipid bilayers [42,43], but has remarkable effects on
biological membrane proteins [8-13]. In contrast, NER also has strong
effects on biological membranes, but acting in the lipid phase
[12,13,44]. It has been proposed that NER and other sesquiterpenes/
monoterpenes increase membrane lipid dynamics by acting as molecular
spacers that lead to the weakening of the hydrogen bond network at the
membrane polar interface [37,38,45]. It has been shown that NER can
also act as extractors of a spin-labeled lipid from the lipid bilayer [46]. In
our experiments we used 6 x 108 CFU/sample and as the samples were
introduced in capillary it was possible to monitor the pellet volume after
centrifugation, which was approximately 5.5 pL. This even allowed us to
estimate the volume of M. abscessus as being 9.2 fL, which is approxi-
mately 10 times smaller than that of an erythrocyte. For samples with 6
x 107 CFU/mL, a volume of 10 mL PBS with 10 pM MIL or NER was
used. After centrifugation at 25,000 x g, which is sufficient to precipitate
isolated membranes, a decrease in the final mean volume of mycobac-
teria was observed for samples treated with NER (—60%) and MIL
(—40%) compared to untreated control samples. These results taken
together suggest that the compounds NER and MIL at 10 pM are able not
only to extract lipids from the mycobacteria, but also to cause their lysis.
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spin labels and AmB. It is very probable that the spin label 5-DSA is incorporated only in the cell wall, while 5-DMSA incorporates in the plasma membrane. AmB at
25 pM significantly affects the EPR spectrum of 5-DSA, but even at 50 pM it practically does not alter the spectrum of 5-DMSA.
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Fig. 5. (A) EPR spectra of androstane (black line), cholestane (green line), PC-5, PC-16, and TEMPO-PC in M. abscessus (3 x 10® CFU/mL) for untreated samples
(black lines) and treated with AmB at 15 pM (red lines) and 30 pM (blue line). (B) Spin label 16-DSA for different concentrations of AmB and M. abscessus. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



L. Alonso et al.

free Tc free
(ns) (%)
9.1

-

B
—— Control o
[Mya] MIL 5DMsA |||
(10%/mL) , —— NER A /j's‘
3
| ‘| '
| ” | 16-DMSA
Al |
/| 51.6
10 ,/M‘ - . /
o8 QNS AN b /
uM ‘(/ | N~"" 534 e

The EPR signal from the mycobacterium spin-labeled with 5-DSA and
treated with 10 pM NER showed an appreciable fraction of free signal,
indicating that there was a large loss of lipid from the sample (Fig. 6B).

The fact that MIL and NER significantly alter the spectra of 5- and 16-
DMSA indicates that these compounds also access the bacterial plasma
membrane, differently to AmB. For the spectra of these spin probes that
have high mobility it is not possible to measure the 2A,, parameter.
Thus, we simulated the EPR spectra to obtain the t¢ parameter. For these
spectra the NLLS fitting program easily finds high convergence between
theoretical and experimental spectra. We do not present the simulated
EPR spectra in the figure to facilitate the visualization of the experi-
mental ones. In the EPR spectra of both spin labels represented in
Fig. 6C, it can be seen that MIL increases membrane fluidity and NER
increases even more, as can be seen by the reduction in t¢ values (the
estimated experimental error of t¢ is 0.3 ns). Furthermore, the param-
eter 2ag, which increases with the polarity of the medium, showed that
the presence of MIL increases the polarity in the membrane and that the
NER increases this even more (the estimated experimental error of 2ay is
0.1 G).

4. Conclusions

Spin-label EPR spectroscopy is a complementary technique that in
this work, and based on the reports using these spin labels for other cells,

9.3
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A Fig. 6. EPR spectra of various spin probes embedded in
Mycobacterium abscessus membranes: (A) 5-DSA in cell
samples (3 x 10® CFU/mL) that were either untreated
(control) or treated with 20 pM of MIL and NER. Black
lines are the best-fit spectra obtained from the simulation
using a two-component spectral model (spin labels in the
membrane and free in solution). The t¢c and 24, values as
well as the free component percentages are indicated. (B)
EPR spectra of 5-DSA for samples with different concen-
trations of cells, MIL, and NER. (C) EPR spectra of 5-
DMSA (a) and 16-DMSA (b) for samples of untreated
control (black lines) and treated with MIL (red lines) and
NER (blue lines). The N isotropic hyperfine splitting (ag)
and 1 values for each spectrum are indicated in the same
color of respective spectra. (For interpretation of the ref-
erences to color in this figure legend, the reader is
referred to the web version of this article.)
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has allowed us to generate a foundation regarding the fluidity of the
M. abscessus membrane, the interpretations of which can be further
corroborated by other techniques. The spin label derived from the
stearic acid, 5-DSA, was inserted in the cell wall, where AmB showed
remarkable membrane rigidity effects, while the 5-DMSA, differing only
by the substitution of the carboxylic-group hydrogen by CHs, was
probably inserted in the plasma membrane, where AmB only showed
small effects at concentrations 10 times higher. While the cell wall
showed lipid fluidity similar to the membranes of other cells, such as
that of the Leishmania parasite, the mycobacteria plasma membrane
showed a much greater fluidity. The spin labels derived from phospha-
tidylcholine, 5- and 16-PC, entered the cell wall giving EPR spectra
similar to those of the 5- and 16-DSA probes and were also equally
sensitive to the presence of AmB. On the other hand, TEMPO-PC, in
which the nitroxide moiety is on the outer surface of the membrane, did
not detect the effects of AmB, suggesting that the drug enters the lipid
bilayer, rather than staying adhered to the outer surface of the mem-
brane, as predicted by the sterol sponge model. Surprisingly, the steroid
spin labels androstane and cholestane showed no distribution across
mycobacterial membranes, and instead concentrated somewhere in the
cell envelope. The compounds MIL and NER showed increased fluidity
both in the cell wall and in the plasma membrane. In the cell wall, MIL
caused greater changes than NER, while in the bacterial plasma mem-
brane the changes observed for NER were greater. MIL and NER at 10
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Fig. 7. EPR spectra of 5-DSA in MIL and NER micelles and in the supernatant of
a cell suspension after treatment with 60 pM MIL or NER. The 5-DSA spectra
indicate that the probe became incorporated into micelles present in the su-
pernatant. The arrows indicate the positions of the three resonance lines of a
fraction of free probes in the solution.

M not only showed increases in membrane fluidity, but also lipid
extraction capacity and even cell lysis. EPR results also suggested that
the resistance of mycobacteria to the action of AmB is due to the fact that
it does not reach the plasma membrane.
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