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ABSTRACT: This work focuses on the interaction of
rifabutin (RFB), a naphthalenic ansamycin, with membrane
models. Since the therapeutic and toxic effects of this class of
drugs are strongly influenced by their lipid affinity, we
concerned specifically on the ability of this antibiotic to affect
the membrane biophysical properties. The extent of the
interaction between RFB and membrane phospholipids was
quantified by the partition coefficient (Kp), using membrane
model systems that mimic the human (liposomes of 1,2-
dimyristoyl-sn-glycero-phosphocholine, DMPC) and the bac-
terial (liposomes of 1,2-dimyristoyl-sn-glycero-3-phosphogly-
cerol, DMPG) plasma membranes. To predict the drug location in the membranes, fluorescence quenching and lifetime
measurements were carried out using the above-mentioned membrane models labeled with fluorescent probes. Steady-state
anisotropy measurements were also performed to evaluate the effect of RFB on the microviscosity of the membranes. Overall, the
results support that RFB has higher affinity for the bacterial membrane mediated by electrostatic interactions with the
phospholipid head groups.

■ INTRODUCTION

Rifabutin (RFB, Figure 1), a naphthalenic ansamycin, is
commonly used for the treatment of mycobacterial infectious
diseases.1 This semisynthetic derivate of rifamycin, which was
approved in 1992 by the FDA, represents one of the most
efficient antibiotics used in the tuberculosis (TB) treatment,
being frequently used in HIV coinfected patients because of the
fewer drug interactions with antiretroviral agents compared
with rifampicin (a rifamycin first-line anti-TB drug).2 Addi-
tionally, RFB is also used to treat atypical mycobacterial
infections and, in some cases, it has shown to be active when
resistance to rifampicin is found.3,4 Although RFB is generally
well-tolerated, there are some problematic side effects which
include uveitis, rash, nausea, vomiting, neutropenia, anemia,
discoloration of the skin and body fluids (tears, saliva, urine and
perspiration), and, rarely, clinically important impairment of the
liver function.5 The accepted mechanism of action of RFB
involves the binding to the β-subunit of the RNA polymerase,
causing the inhibition of the RNA transcription and
consequently the inhibition of the bacterial protein synthesis.2

The binding constants for prokaryotic RNA polymerases are
10000-fold higher than those for eukaryotic enzymes, which in
part might explain the higher selectivity of this drug to the
bacteria and its usefulness in the TB therapy. Nevertheless, a
lack of correlation has been found between the RFB inhibitory
activity on the RNA polymerase and the antibiotic efficacy.

Recently, it has been established that the drug’s penetration
through the bacteria cells explains the higher activity against
Gram-positive compared to the Gram-negative despite the
quite similar RNA polymerase inhibitory activities.1 Indeed, the
efficiency of the interactions of the antibiotics with the
membranes constitutes one of the most important pharmaco-
logical features, playing an essential role on its biological
activity.6 RFB has an intracellular target, and hence it must pass
across phospholipid bilayers to reach the RNA polymerase and
elicit its pharmacological effect. There are several analogues of
RFB described in the literature that were designed taking into
consideration the binding to the RNA polymerase and which,
despite being promising candidates, do not pass the preclinical
trials.2,7,8 In fact, the rational design of more efficient analogues
of RFB against TB would benefit from a deeper understanding
of the interactions of RFB with the human and bacterial
membranes. Therefore, RFB was chosen in this study as a lead
compound for new molecules as promising molecules against
TB. For the purpose of this study, large unilamellar vesicles
(LUVs) were used as lipid bilayer membrane models. As
membrane models, liposomes take into account the RFB’s
passive diffusion across the bilayers. Nevertheless, the drugs
permeation through the membranes involves other processes,
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namely the paracellular diffusion through the cell junctions and
the active transport that leads to the influx and efflux of drugs
facilitated by transport proteins.9 Because of its high
lipophilicity, the passive diffusion is probably the most relevant
process of the RFB’s permeation through the membranes.
Regarding the lipophilicity of RFB, its plasma concentrations
do not reflect the concentrations that can be achieved in target
organs and infected cells. Therefore, RFB penetrates well into
polymorphonuclear leukocytes, lymphocytes, and macrophages,
and it is well-known that it accumulates in organs as the lungs
at levels six times higher compared with the plasma
concentrations. Additionally, RFB is commonly used during
prolonged periods and has a long half-life in the circulation.10

Thus, because of the above-mentioned reasons the concen-
trations used in this work were significantly higher (approx-
imately 25 times) compared with the plasma concentrations
after a daily dose. Moreover, the range of RFB used was similar
or even lower than that used in other similar studies when
assessing the RFB−membrane models interactions.11,12 Be-
cause phosphatidylcholines are practically absent in bacterial
plasma membranes and are generally the most abundant
phospholipids in eukaryotic plasma membranes, DMPC
(Figure 1), a zwitterionic lipid, was chosen to mimic the
human plasma membrane.13,14 For these reasons, DMPC
constitutes a suitable model for the surface membrane of
mammalian cells and mimics the neutral charge of the host
human plasma membrane. On the other hand, phosphatidyl-
glycerols are almost absent in eukaryotic plasma membranes
but are ubiquitous and often abundant in bacterial plasma
membranes. Hence, DMPG (Figure 1), a negatively charged
lipid, may be considered an adequate model for the
mycobacterial membrane by mimicking the phospholipid
negative charge of the inner plasma membrane of the Gram-
positive bacteria (that includes the Mycobacterium spp.).13,15 In
fact, one of the main differences between Gram-positive and
Gram-negative bacteria is the lipid composition of its
membranes. Despite the wide variation in the phospholipid
composition, while plasma membranes of Gram-positive
bacteria predominantly contain anionic lipids, plasma mem-
branes of Gram-negative bacteria contain both anionic and
zwitterionic lipids.16

The knowledge concerning the biophysical interactions of
RFB with the membrane lipid bilayer is scarce, in particular the
information regarding the penetration into membranes of

different phospholipid constitution. Previous works reported
the higher preference of RFB for negatively charged membrane
models.11,12,17 Vostrikov and co-workers12 determined the
distribution coefficient of RFB by fluorescence quenching using
LUVs of PC and PC:cardiolipin (CL) and concluded that RFB
might establish electrostatic interactions with the membranes
due to the higher distribution obtained in the negatively
charged model. Using phase separation and fluorescence
quenching, Vostrikov and colleagues determined the distribu-
tion coefficient of RFB and proved that the insertion of a CL in
PC multilamellar liposomes (MLVs) increases the binding of
RFB to the lipid bilayer. Results obtained by 31P NMR
spectroscopy have shown that despite RFB penetrating the
membrane, it does not alter the bilayer structure of the
membrane models studied.11

The main purpose of this work is to study the effect of RFB
on the different nature head group phospholipids, evaluate the
putative differential RFB interactions with human and bacterial
membrane models, gain a higher knowledge about the RFB’s
location and transport through the human and bacterial
biomembranes, and understand if the drug induces changes
in the biophysical properties of the lipid bilayer membranes. To
assess the interaction between RFB and the membranes, several
biophysical techniques were used. The partition of RFB
between DMPC:aqueous and DMPG:aqueous phases was
determined using derivative UV−Vis spectrophotometry. The
fluorescence determinations were executed by monitoring the
quenching of two probes, 1,6-diphenyl-1,3,5-hexatriene (DPH)
and (2-carboxyethyl)-1,6-diphenyl-1,3,5-hexatriene (DPH-PA)
in the RFB’s presence. Fluorescence quenching was performed
in order to obtain the drug location within the membrane lipid
bilayers. Because the probe’s location is well-known and the
extent of the drug quenching is inversely proportional to its
distance to the fluorophore, it is possible to estimate the drug’s
location within the membrane models.18 To understand the
biophysical modifications in the membrane’s lipid bilayer
induced by RFB molecules, steady-state anisotropy measure-
ments were also employed. To our knowledge, this is the first
report with the prevision of the RFB’s location and its influence
in the biophysical parameters of the human and bacterial
membrane model systems.
The overall results allow us to conclude that RFB is able to

permeate both membrane models. Notwithstanding, the ionic
bonds are responsible for a higher affinity of RFB to the

Figure 1. Molecular structures of 1,2-dimyristoyl-sn-glycero-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG), and
Rifabutin (RFB).

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm301116j | J. Med. Chem. 2013, 56, 417−426418



negatively charged membrane model. Regarding this, the
mechanism by which this antibiotic permeates through the
phospholipid bilayers might include an electrostatic adsorption
at the interface region, followed by its permeation and
induction of pronounced changes into the bacterial membrane
biophysics.
In summary, this work contributes to identify novel

biophysical mechanisms that may permit to explain the toxic
and therapeutic effects of RFB and that might allow the future
development of more effective anti-TB drugs.

■ RESULTS AND DISCUSSION
Partition of RFB on DMPC and DPMG Liposome-

Based Membrane Mimetic Systems. The lipophilicity of
drug molecules (normally represented as the logarithm of the
n-octanol:water partition coefficient, log P) often strongly
correlates with their pharmacological activity.19 Thus, the
lipophilicity is an important property of an antibacterial agent
and should increase its efficacy, especially in the Mycobacterium
spp. Indeed, the intrinsic permeability of the lipid domain of
the mycobacterial cell wall is so low that an increment in the
lipophilicity is expected to increase the extent of penetration
and hence the efficacy of the antibiotics.20

The determination of the lipophilicity of ionizable com-
pounds, which is normally represented by the distribution
coefficient (log D), is often misleading, with some variability in
the results according to the different techniques. The RFB
molecule contains some groups that can undergo protonation
(piperidine nitrogen, pKa 9.5 and imidazole nitrogen, pKa 3.5)
and deprotonation (naphthol oxygen, pKa 6.5). At the
physiological pH, while zwitterionic species predominate
(83.4%), cations make up 16.6% (predicted using a chemical
software).11 Because of the RFB ionization at the physiological
pH and in order to evaluate the different interactions that occur
between the drug and the bacterial plasma membrane and
between the drug and host plasma membrane, we have chosen
a liposome:aqueous system instead of the classical biphasic n-
octanol:aqueous system. In fact, because of their structural and
anisotropic environment similar to the biomembranes, lip-
osomes constitute a more realistic analytical system and can
better mimic the cell membranes, providing additional
information to that obtained with the n-octanol:aqueous
system.14 The Kp, expressed in terms of log D, was obtained
by derivative UV−Vis spectrophotometry. This spectroscopic
technique, due to its sensitivity, allows straightforward
procedures and the possibility to analyze signals originated

Figure 2. Absorption spectra (A), second derivative spectra (B), and third derivative spectra (C) of RFB (25 μM) incubated in LUVs of DMPC
liposomes (black lines) and LUVs of DMPC liposomes without drug (gray lines) with different concentrations (M): (1) 0, (2) 5 × 10−5, (3) 1 ×
10−4, (4) 2 × 10−4, (5) 3 × 10−4, (6) 4 × 10−4, (7) 5 × 10−4, (8) 7 × 10−4, (9) 9 × 10−4, (10) 1 × 10−3. The curve (D) represents the best fit by eq 1
to experimental third derivative spectrophotometric data (Dt vs [L]) using a nonlinear least-squares regression method at wavelength 294 nm where
the scattering is eliminated.
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from both lipid and aqueous phases without the need to apply
separation procedures.14 Derivative spectrophotometry elimi-
nates the intense background signals arising from the light
scattered by lipid vesicles and improves the resolution of
overlapping bands, features that have been reported by several
authors.18,21 The partition coefficients were calculated from the
second and third derivative spectra (determined from the
recorded absorption spectra after blank subtraction) at the
wavelengths where the scattering is eliminated, by fitting eq 1
to the experimental data (Dt versus [L]) using a nonlinear least-
squares regression method where the adjustable parameter is
the partition constant, Kp:

14,21

= +
−
+

D D
D D K L V

K L V

( ) [ ]

1 [ ]T w
m w p m

p m (1)

In this equation, D is the second or the third derivative intensity
(D = (dnAbs)/(dλn)) obtained from the absorbance values of
the total concentration of RFB (DT), RFB distributed on the
lipid membrane phase (Dm), and RFB distributed in the
aqueous phase (Dw); [L] is the lipid concentration and Vm is
the lipid molar volume. For DMPC and DMPG, the values of
Vm are respectively 0.66 and 0.67 L mol−1 (calculated from the
mean molecular weight and the reported specific volume of
lipids).14

The absorption and the second and the third derivative
spectra for RFB containing different concentrations of LUVs
composed of DMPC are shown in Figure 2. The λ of the
maximum absorption of RFB in DMPC (Figure 2D) and
DMPG (not shown) exhibits a hypsochromic shift (of 4 nm) in
accordance to the increase in the lipids concentration,
indicating the partition of the drug to the lipid bilayers.21

Figure 2D shows, as an example, the best fit of the eq 1 to the
third derivative spectrophotometric data collected at λ = 294
nm for RFB with different concentrations of DMPC liposomes.
The values of the Kp of RFB, expressed as log D, between

lipids (LUVs of DMPC and DMPG) and the buffer system are
listed in the Table 1.

The analysis of the obtained log D values reveals that RFB
exhibits a higher partition for the DMPG liposomes. At the
physiological pH, the contribution of the positively charged
molecules (due to the ionization of the piperidine nitrogen)
might be responsible for this higher partition due to the
electrostatic interactions with the polar head groups of DMPG
liposomes.
The predicted log P and log D, obtained using the chemical

software, were respectively 4.57 and 3.06. The predicted log P
is clearly higher because it does not account the occurrence of
modifications in the hydrophobicity of ionizable compounds at
varying pH. Contrastingly, the predicted log D is in close
agreement with the experimental partition of RFB obtained for
DMPC liposomes. Therefore, hydrophobic interactions are
expected to be the main interactions occurring with the

zwitterionic lipid membranes. Furthermore, the higher log D
obtained for DMPG confirms that not only hydrophobic
intermolecular forces drive the drug’s partition. Therefore, the
RFB’s interaction with DMPG also encodes ionic bonds
between the protonated imidazole and piperidine nitrogen and
the deprotonated phosphate from the phospholipid head
groups.22

Studies of RFB Location in the Lipid Bilayer of
Membrane Mimetic Systems. Fluorescence quenching is a
sensitive method that has long been used to study the location
of specific ligands within liposomes and biological mem-
branes.23 The membrane location of RFB was assessed by
fluorescence quenching measurements using two fluorescent
probes (DPH and DPH-PA). When the probes are included in
the lipid bilayer, the precise fluorophore positions along the
membrane depth plane are well-established and docu-
mented.24,25 While DPH-PA probe is anchored to the surface
of the membrane in the phospholipids polar head groups,24,26,27

the DPH probe has a deeper location and a parallel alignment
to the acyl chains.24−26 A huge variety of molecular interactions
can result in the decrease of the fluorescence intensity of a
sample (process called quenching). Because it is the most
appropriate method to distinguish the type of quenching (static
or dynamic), not only the intensity of the fluorescence emission
was measured but also the fluorescence lifetimes.23 Moreover,
to definitely prove the type of fluorescence quenching the
studies were performed at several temperatures.28 The
collisional quenching of fluorescence is described by the
Stern−Volmer equation (eq 2):23

τ
τ

= + =
I
I

K Q1 [ ]0
SV m

0
(2)

In this equation, I0 and I are respectively the fluorescence
intensities in the absence and presence of the quencher; KSV is
the quenching constant, called the Stern−Volmer constant; τ0
and τ are the lifetime of the fluorophore in the absence and
presence of the quencher; [Q]m is the concentration of the
quencher that is able to partition the membrane, which is
calculated from the total drug concentration ([Q]T) and from
the drug’s partition coefficient (Kp), as described by the
following equation:23

α α
=

+ −
Q

K Q

K
[ ]

[ ]

(1 )m
p T

p m m (3)

where αm is the volume fraction of the membrane phase (αm =
Vm/VT; Vm and VT represent respectively the volumes of the
membrane and water phases). The Stern−Volmer equation (eq
2) illustrates an important characteristic of the collisional
quenching, which is an equivalent decrease in the fluorescence
intensity and lifetime. If the quenching is purely collisional, I0/I
− 1 is expected to be linearly dependent upon the
concentration of the quencher. In several instances, the
fluorophore can be quenched both by collisions and by
complex formation with the same quencher, being an upward
curvature of the Stern−Volmer plot a characteristic feature in
these circumstances. The dynamic portion of the observed
quenching is determined by lifetime measurements using the
following equation, τ0/τ = 1 + KD[Q]. So, by knowing the
dynamic component, the static contribution may be found by
linearization of the following equation (eq 4):

Table 1. Partition Coefficients (log D) (Dimensionless) for
RFB in DMPC and DMPG Liposomes (500 μM, T = 37.0 ±
0.1 °C pH 7.4) Obtained in the Fluid Phasea

DMPC:aqueous DMPG:aqueous

log D 3.0 ± 0.1 3.6 ± 0.1
aResults present the mean and standard deviation of at least three
independent assays.
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This modified form of the Stern−Volmer equation is second
order in [Q]m, which accounts for the upward curvature
observed when both static and dynamic quenching occur for
the same fluorophore. In the Figure 3, the Stern−Volmer plots
of I0/I against [Q]m and τ0/τ against [Q]m are depicted. From
the Figure 3, it may be concluded that the quenching is not
purely collisional and might also be due to the formation of a
static quenching process. As a result, RFB must diffuse to the
fluorophore during the lifetime of the excited state. After the
contact, the fluorescent probe returns to the ground state

without the photon emission. Moreover the static quenching is
also present and the fluorophore and RFB form a non-
fluorescent complex.23,28

Nevertheless, the positive deviation of the Stern−Volmer
plots can also be interpreted in terms of a “sphere of action”
static quenching model. According to this model, instantaneous
quenching occurs if the quencher molecule is adjacent to the
fluorophore at the moment of excitation. When the fluorophore
and quencher are in such proximity, there is a high probability
that quenching will occur before these molecules diffuse apart.
As the quencher concentration increases this probability also
increases because the quencher is within the “sphere of action”
of the fluorophore at the moment of excitation. Hence, only a

Figure 3. Stern−Volmer plots of the probe DPH-PA in LUVs of DMPG (500 μM, T = 37.0 ± 0.1 °C pH 7.4) by increasing concentrations (M) of
the quencher RFB. The squares (■) represent Stern−Volmer plot obtained by steady-state fluorescence measurements (I0/I), and circles (●)
represent Stern−Volmer plot obtained by lifetime fluorescence measurements (τ0/τ).

Figure 4. Fluorescence quenching of DPH (■) and DPH-PA (●) probes in LUVs of DMPG (500 μM, T = 37.0 ± 0.1 °C pH 7.4) by increasing
concentrations of RFB and respective application of the mathematical model “sphere of action”. Lines represent fits to eq 5.
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certain fraction of the excited fluorophore is quenched by the
Stern−Volmer collisional mechanism. Moreover, this model
assumes that if the quencher is located inside a spherical
volume (V) adjacent to the fluorophore, the probability for the
quencher to be inside this volume at the time of excitation
depends on the volume itself and on the quencher
concentration ([Q]m), as it is described by the modified
Stern−Volmer equation (eq 5):23

τ
τ

=
⎛
⎝⎜

⎞
⎠⎟

I
I

V Qln [ ]0

0
m

(5)

For both membrane models, the data was treated according to
the “sphere of action” quenching model and is represented in
the Figure 4. The analyses of the Figure 4 permit the
conclusion that the results obtained in this work are in good
agreement with the “sphere of action” quenching model.
The bimolecular quenching constant (Kq) is a fundamental

parameter that reflects the efficiency of quenching or the
accessibility of the probes to the drug and is calculated as
follows (eq 6):23

τ
=K

K
q

SV

0 (6)

The KSV values at two different temperatures and the Kq as the
sum of both contributions (static and dynamic) are listed in the
Table 2. The results suggest that for both membrane models
the quenching process is the result of dynamic and static
interactions with a dominant static component. The KSV values
decrease with the increase of temperature (from 37.0 to 42.0
°C), which is indicative of a nonfluorescence complex
dissociation and a confirmation that the static quenching is
present. The location studies have shown that in DMPG
liposomes, the quenching efficiency of the DPH-PA is higher
than that of DPH. This is in accordance with the preferential
location of RFB near the polar region of the negatively charged
phospholipids. The similar Kq values obtained for DPH and
DPH-PA in the DMPC suggest that RFB does not have a
preferential location in phospholipid membranes with no net
charge. Hence, RFB in the zwitterionic membrane model is
located in the surface as well as inside of the membrane
hydrocarbon core. Moreover, the high values obtained for the
DPH indicate that the drug is able to penetrate the bilayer in
both lipids and especially in the DMPC. The molecules of RFB
with no net charge should be inserted in the phospholipid
bilayers according to their hydrophobicity gradient. The
hydrophilic part of RFB, namely imidazole and piperidine
moieties (Figure 1), should therefore be located near the head
groups of the phospholipids and the hydrophobic naphthol
must be embedded within the membrane, establishing van der
Waals interactions with the phospholipid tails.11 Moreover, the
positively charged RFB seems to establish electrostatic
interactions with the deprotonated phosphate group of the
DMPG phospholipids. The electrostatic interactions appear to

be less pronounced in the case of DMPC due to the presence
of a protonated choline group in the head groups of the
phospholipids that may cause electrostatic repulsions that
hinder the partition of the positively charged drug.

Effects of RFB on the Microviscosity of the Membrane
Mimetic Systems. Steady-state fluorescence anisotropy
measurements have been widely used to quantify the fluidity
gradient across bilayer structures and the results obtained have
proven to be consistent with a variety of other physical
techniques.13 To study the influence of the RFB on the fluidity
of the membranes, cell-based assays and the parallel artificial
membrane permeability assay (PAMPA) could also have been
performed. However, these techniques do not allow to fully
understanding how RFB affects the biophysical parameters of
the membrane models used.29 Furthermore, to complement the
information provided by the quenching data, steady-state
fluorescence anisotropy was carried out to study the effect of
RFB on the membrane lipids main phase transition temper-
ature (Tm) and, accordingly, extrapolate the influence of this
compound on the bacterial and human host plasma membrane
microviscosity. The fluorescence steady-state anisotropy (rs) is
defined by the following equation (eq 7):21,30

=
−
+

r
I I G

I I G2s
VV VH

VV VH (7)

where IVV and IVH are the polarized intensities measured in
directions parallel and perpendicular to the excitation beam.
The correction factor (G = IHV/IHH) is the ratio of the
detection system sensitivity for vertically and horizontally
polarized light, which is given by the ratio of vertical to
horizontal components when the excitation light is polarized in
the horizontal direction.30 The temperature dependence of the
DPH fluorescence anisotropy in the absence and presence of
RFB is shown for DMPC and DMPG liposomes, respectively,
in Figure 5A and 5B. From the experimental data displayed, it is
possible to calculate the cooperativity (B) and the Tm, which
corresponds to the temperature of the gel-to-fluid phase
transition of DMPC and DMPG and is calculated from the
inflection point of the data fitted to sigmoid curves of steady-
state anisotropy (rs) versus temperature (T) (eq 8):

= + +
− + −

+ −r r p T
r r p T p T

1 10B T Ts s1 1
s2 s1 2 1

(1/ 1/ )m (8)

where p1 and p2 correspond to the slopes of the straight lines at
the beginning and at the end of the plot and rs1 and rs2 are the
respective steady-state anisotropy intercepting values at the y
axis. The order parameter can also be calculated s = (r∞/r0)

1/2,
where r0 (fundamental anisotropy) is the fluorescence
anisotropy in absence of any rotational motion of the probe
and r∞ (limiting anisotropy) reflects the restriction of the probe
motion.21

Besides analyzing the differences of RFB in its ability to
disturb the DMPC and DMPG liposomes, it is important to

Table 2. Values of Stern−Volmer Constant at T = 37.0 ± 0.1 °C (KSV) and 42.0 ± 0.1 °C (KSV*) and Bimolecular Quenching
Constant (Kq) Obtained for RFB in DMPC and DMPG Liposomes (500 μM, T = 37.0 ± 0.1 °C pH 7.4) Labeled with DPH or
DPH-PA Probes

KSV (M−1) KSV* (M−1) Kq (M
−1 s−1)

DPH DPH-PA DPH DPH-PA DPH DPH-PA

DMPC 216 ± 10 165 ± 10 156 ± 14 76 ± 9 27 ± 1 29 ± 2
DMPG 167 ± 13 181 ± 10 132 ± 8 121 ± 9 19 ± 1 26 ± 1
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compare the results obtained for DPH and DPH-PA, as they
are located in different sites of the lipid bilayer and therefore
report the microfluidity of those regions.31 Moreover, regarding
the previous results, RFB has already shown capacity to quench
DPH and DPH-PA. The results presented in Table 3 for
DMPC and DMPG using both probes show that the Tm values
of DMPC and DMPG are consistent with the literature.32,33

Independently of the probe, the Tm is not affected by the drug’s

presence in both models (Table 3). RFB penetrate both
membrane models at temperatures above the Tm, taking into
consideration the changes in the anisotropy when compared to
the liposomes without drug (Figure 5). This is in accordance
with the bulky structure of RFB and its relative rigid structure,
being the highly ordered state of the lipids a hindrance to the
drug’s penetration.11,12 Additionally, at temperatures above the
Tm, RFB is responsible for higher values of anisotropy in both
models compared to the liposomes alone. The higher values of
anisotropy indicate that the drug decreases the fluidity of the
membrane models (Figure 5). The decrease in the membrane
fluidity due to the RFB’s presence is more pronounced for the
DMPG liposomes. In contrast to the Tm, at the fluid phase the
cooperativity and the degree of molecular packing (order)
significantly change with the drug’s presence (Table 3). The
drug decreases the cooperativity of the phase transitions and
increases the order of both lipids, which confirms that RFB
penetrates both membrane models. Moreover, RFB changed
the cooperativity and the order (Table 3), especially in the
DMPG, meaning that in this model, the drug must be located
closer to the more ordered region, namely in the vicinity of the
head groups of the phospholipids (correspondent to the acyl
chains from C1 to C8 region).34,35 Therefore, the increment in
the DMPG order may be caused by the electrostatic
interactions between RFB and the phospholipid head groups,
with a consequent screening of the negative surface charge that
might decrease the repulsive forces between the phospholipid
head groups. Again, these results are consistent with the above-
mentioned prevision of the drug’s location.

■ CONCLUSION

Antibiotic-mediated bacterial cell death is a complex process
that begins with the biophysical interaction between the drugs
and the biomembranes.36,37 Thus, to reach its intracellular
target (bacterial RNA polymerase), RFB must pass across the
human plasma membranes (absorption/distribution) and
thereafter the mycobacterial plasma membranes (generally
inside the human macrophages). Notwithstanding the binding
to the RNA polymerase, the mechanism of action of RFB seems
to be much more multifaceted and might be related to the
drug’s lipid affinity. The results revealed that the surface charge
of the phospholipids played a major role in the differential
interactions of RFB with membranes. The determination of the
partition coefficient showed a higher value for the DMPG:aqu-
eous compared to the DMPC:aqueous liposomes, suggesting
that the partition of the drug depends on the lipid’s charge and
it is regulated by electrostatic interactions. The higher partition
of the drug for the mycobacterial membrane model is in
agreement with the higher affinity of RFB to the membranes
with negatively charged lipids, which result in a higher
selectivity and higher RFB concentrations that reach the

Figure 5. (A) Steady-state anisotropy of DPH in absence (■) and in
the presence (●) of RFB (30 μM) in DMPC liposomes at pH = 7.4 as
a function of temperature. Each point corresponds to the mean value
of three experiments. Continuous lines are the best-fit curves using eq
8. (B) Steady-state anisotropy of DPH in absence (■) and in the
presence (●) of RFB (30 μM) in DMPG liposomes at pH = 7.4 as a
function of temperature. Each point corresponds to the mean value of
three experiments. Continuous lines are the best-fit curves using eq 8.

Table 3. Values of Main Phase Transition Temperature (Tm), Cooperativity (B), and Order Parameter (S) Obtained for DMPC
and DMPG Liposomes (500 μM, T = 37.0 ± 0.1 °C pH 7.4) Labeled with DPH or DPH-PA Probes in the Absence and in the
Presence of RFB (30 μM)

DPH DPH-PA

Tm (°C) cooperativity (B) order (S) Tm (°C) cooperativity (B) order (S)

DMPC 24.4 ± 0.2 347 ± 34 0.39 ± 0.04 24.6 ± 0.3 246 ± 27 0.66 ± 0.02
DMPC+RFB 24.5 ± 0.8 254 ± 35 0.63 ± 0.03 24.5 ± 0.4 214 ± 23 0.73 ± 0.03
DMPG 24.1 ± 0.5 233 ± 5 0.34 ± 0.03 23.9 ± 0.3 354 ± 37 0.75 ± 0.02
DMPG+RFB 24.4 ± 0.3 182 ± 34 0.66 ± 0.02 24.2 ± 0.7 209 ± 28 0.85 ± 0.02

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm301116j | J. Med. Chem. 2013, 56, 417−426423



pharmacological target. Additionally, this differential affinity for
biomembranes with different charge might contribute to
understanding the higher activity and higher drug’s penetration
in Gram-positive bacteria compared with Gram-negative
bacteria. The membrane location studies revealed that RFB is
able to penetrate both membrane models. Indeed, the high
partition and the deep location of RFB into the DMPC bilayer
are suggestive of the drug’s potential in vivo penetration into
biological membranes.38 The results obtained support the
drug’s wide distribution through the human body. Moreover,
they contribute to our understanding of some of the
toxicological effects, which are related to the RFB−membrane
tropism and the ability to reach the body fluids and some of the
most ordered membranes in the human body such as the
epiretinal membrane.39 The drug affects the biophysical
parameters of membranes, namely the cooperativity, the lipid’s
order, and the fluid phase of both models. In particular, the
drug causes a higher perturbation of these biophysical
parameters in the negatively charged membrane model, with
a noticeable increase of the order parameter in the fluid phase.
The lipid’s order increment indicates that the presence of the
drug is responsible for higher phospholipid packing. This is
consistent with the higher partition of RFB and its preferential
location in the region nearer to the membrane surface, which
might be translated in more pronounced effects in the
biophysical parameters of the bacterial membrane. These data
provide evidence that after the adsorption to the membrane
interface via electrostatic interactions, RFB molecules undergo
full immersion into the hydrophobic core. The zwitterionic
contribution of RFB should be inserted according to its
hydrophobicity gradient. In the human membrane, the
hydrophilic part of RFB, namely imidazole and piperidine
moieties, should therefore be located in the glycerol backbone
and the hydrophobic naphthol should be incorporated at the
phospholipid tails.11 In the bacterial membrane model and
because the positively charged contribution of RFB molecules
are due to the protonated piperidine, the drug molecules
establish stronger electrostatic interactions with the phosphate
group of the DMPG, which explain the higher partition and the
preferential surface location of RFB in the negatively charged
model.
The results gathered suggest that the interactions of RFB

with the bacterial membranes are mediated by electrostatic
interactions, which might be a key to understand and to
complement the knowledge about its mechanism of action. In
fact, the mechanism by which RFB permeates through the
bacterial membrane bilayer may include electrostatic adsorp-
tion. As the drug permeates through the membrane in direction
to the RNA polymerase located inside of the bacterial cell, the
location of the drug in the phospholipid membrane is
responsible for a differential destabilization of the membranes.
The RFB anchored to the head groups in the ordered region of
the phospholipid membrane perturbs the phospholipid packing
in the bacteria membrane. This closer lipid packing and
therefore more restricted lateral movement might increase the
susceptibility of the bacterial membrane to the oxidation of the
membrane due to the action of the free radicals inside the
macrophages, leading to the inhibition/killing of the
bacteria.40−42 Moreover, the influx/efflux of ions and nutrients
trough the bacterial membrane might be compromised.
Nevertheless, the human plasma membrane is much less
disturbed due to a deeper insertion of the drug within the
bilayer.

In conclusion, these findings represent a contribution to the
medicinal chemistry field and permit to understand the
differential interaction of RFB with membranes of different
charge, which are putatively related to the therapeutic and toxic
effects of this antibiotic and should therefore be taken into
consideration when developing new RFB analogues for anti-TB
therapy.

■ EXPERIMENTAL SECTION
Reagents and Equipment. The lipids (DMPC and DMPG) and

N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES)
were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). The
probes, DPH and DPH-PA,were obtained from Molecular Probes
(Invitrogen, Paisley, UK) and all were used as supplied. RFB was
isolated from Mycobutin (Pfizer, Inc., New York) and further purified
as described previously.2 All other chemicals were supplied from
Merck (Darmstadt, Germany). RFB’s stock solutions were prepared in
buffer:ethanol (9:1, v/v). The buffer HEPES 0.01 M (pH 7.4) was
prepared with double-deionized water (conductivity less than 0.1 μS
cm−1) from a Millipore system, and the ionic strength (I = 0.1 M) was
adjusted with NaCl.

Spectrophotometric measurements: the absorption spectra were
recorded using a Perkin−Elmer Lambda 45 UV−Vis spectropho-
tometer, using quartz cells with a 1 cm−1 path length and a spectral
range from 250 to 600 at 1 nm intervals.

Fluorescence measurements: fluorimetric data were collected using
a Perkin−Elmer LS 50 B steady-state fluorescence spectrometer
equipped with a constant-temperature cell holder. All data were
recorded with excitation and emission slits between 2.5 and 3.0 nm.
The excitation wavelength was set to 357 nm for DPH and 360 nm for
DPH-PA. The emission wavelength was set to 427 nm for DPH and
430 nm for DPH-PA. All fluorescence intensity data were corrected for
the quencher absorbance at the excitation wavelength.43

Fluorescence lifetime measurements: modulation frequencies were
acquired between 10 and 200 MHz in a Fluorolog Tau-3 Lifetime
spectrofluorimeter. Integration time was 10 s. Manual slits were of 0.5
mm, slits for monochromator excitation were of 7 mm (side entrance)
and 0.7 mm (side exit) and for monochromator emission of 7 mm
(side entrance) and 7 mm (side exit). The fluorescence emission was
detected with a 90° scattering geometry. All measurements were made
using Ludox as a reference standard (τ = 0.00 ns).

Anisotropy measurements: the fluorescence anisotropy was
measured with a Jasco FP-6500 spectrofluorometer (Jasco, Great
Dunmow, UK) equipped with two polarizers in the paths for excitation
and emission using the L-format method. Samples with DPH and
DPH-PA were heated in a range of 10 to 40 °C at the same
wavelengths used for the fluorescence measurements.

Experimental Methods. Preparation of Liposomes. A lipid film
was formed from a chloroform solution of lipids, dried under a stream
of nitrogen, and left under reduced pressure for a minimum of 45 min
to remove all traces of the organic solvent. Liposomes were prepared
by the addition of the buffer system, followed by vortexing to yield
multilamellar vesicles (MLVs). Lipid suspensions were equilibrated at
37.0 ± 0.1 °C for 30 min and extruded 10 times through
polycarbonate filters with a pore diameter of 100 nm to form
LUVs.14 To prepare the fluorescence labeled liposomes, the probes
(DPH or DPH-PA) were dissolved in chloroform/methanol and
added to the lipid to give a probe:lipid molar ratio of 1:300, followed
by a 30 min incubation period in the dark.21,44,45

Determination of Partition Coefficients by Derivative Spectro-
photometry. The partition coefficient (Kp) of RFB between LUVs
suspensions of DMPC or DMPG and aqueous solution (HEPES: 0.01
M, I = 0.1 M, pH 7.4) was determined by derivative spectropho-
tometry. In the derivative spectrophotometric studies, a series of
buffered suspensions containing a fixed concentration of RFB (25 μM)
and increasing concentrations of DMPC or DMPG (50, 100, 200, 300,
400, 500, 700, 900, 1000 μM) were prepared. The corresponding
reference solutions were identically prepared but without the drug. All
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suspensions were then vortexed and incubated in the dark at 37.0 ±
0.1 °C for 30 min.
Membrane Location Studies by Fluorescence Quenching. The

drug’s location within the membrane models were performed using
steady-state fluorescence and lifetime fluorescence measurements of
DPH and DPH-PA fluorophore probes in liposome buffered
suspensions prepared with DMPC and DMPG at pH 7.4 (HEPES:
0.01 M, I = 0.1 M, pH 7.4). Buffer solutions of RFB were added to
liposomes labeled with the probes, and the resulting suspensions were
incubated in the dark at 37.0 ± 0.1 °C for 30 min. The studies were
made according to an already described method21 and consisted of the
incubation of increasing amounts of drug (0−27 μM) with DMPC and
DMPG liposomes at 37.0 ± 0.1 °C for 30 min while maintaining the
total lipid concentration constant (500 μM).
Membrane Fluidity Studies. The effect of RFB (30 μM) on

membrane microviscosity was evaluated by steady-state anisotropy
measurements using LUVs of DMPC and DMPG (500 μM) labeled
with DPH and DPH-PA probes as previously described.21 The
anisotropy values were recorded at several temperatures between 10
and 40 °C, with an accuracy of 0.1 °C. The order parameter was
calculated in the fluid phase for both lipids.
Computational Methods. The chemical software used to predict

the charge of RFB in bulk solution (pH 7.4) and to the octanol/water
log P and log D was the MarvinView 5.4.1.1 software from ChemAxon.
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