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Abstract: Rifampicin is a broad-spectrum antibiotic, active against several bacterial infections such
as tuberculosis. It is a relatively large and structurally complex molecule, including numerous polar
groups. Although violating several of Lipinski’s rules for efficient intestinal absorption, rifampicin
permeates through cell membranes of its target organisms and shows good oral bioavailability. Some
hypotheses have been proposed for its efficient membrane permeation, but the details are mostly
unknown. In this work, the interaction of rifampicin with POPC lipid bilayers is studied using
experimental biophysics methodologies and atomistic molecular dynamics simulations considering
the two most prevalent ionic species at physiological pH, the anionic and the zwitterionic forms. The
results show that both ionization forms of rifampicin establish favorable interactions with the
membrane lipids, in agreement with the relatively high partition coefficient obtained experimentally.
Results from MD simulations and Isothermal Titration Calorimetry using different pH buffers show
that the piperazine group inserts deeply in the membrane and is accompanied by a stabilization of
its neutral form. The bulky nature of rifampicin and its deep insertion in the membrane lead to a
strong perturbation in the lipids local order, decreasing the membrane barrier properties as evaluated
from the rate of carboxyfluorescein leaching. Altogether, the comparison between the experimental
and MD simulations results provides important insight regarding the rifampicin molecular features
responsible for its relatively fast membrane permeation.

Keywords: drug-membrane association; membrane perturbation; drug bioavailability

1. Introduction

The interactions between drugs and biological membranes play a crucial role in determining
drug pharmacokinetics and therapeutic efficacy. Membranes act as selective barriers, influencing the
absorption, distribution, metabolism, and excretion of drugs. The extent to which a drug can
permeate cell membranes affects its bioavailability and overall effectiveness. Drugs that interact
favorably with the lipid bilayer are more likely to cross biological membranes efficiently, impacting
their concentration at target sites [1]. Therefore, understanding how drug molecules engage with
these membranes is essential for predicting their behavior in the body, including their ability to reach

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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and act on their intended targets. Furthermore, optimizing these interactions is key for enhancing a
drug's therapeutic potential and minimizing side effects.

In recent years, there has been a notable trend toward increasing the molecular weight of drug
candidates to improve specificity for their molecular targets [2,3]. Larger molecules often exhibit
enhanced target selectivity, potentially leading to higher therapeutic efficacy and fewer off-target
effects. However, this increase in molecular weight presents challenges, particularly regarding oral
bioavailability. According to Lipinski's Rule of Five, drugs with a molecular weight above 500 g/mol
are more prone to show reduced membrane permeability and/or solubility, making it harder for them
to be absorbed into the bloodstream when administered orally [4]. Despite this, many drugs with
molecular weights exceeding this threshold and breaking several of Lipinski’s rules still show high
bioavailability and efficacy (drugs beyond rules of 5, bRO5) [2,3,5-8]. By investigating how such
drugs achieve effective membrane permeation and target interaction, researchers can unlock new
strategies for designing high-molecular-weight drugs with improved oral bioavailability, guiding the
future development of therapeutics that break traditional boundaries.

Rifampicin is an example of a bRO5 drug, highly effective and with notable oral bioavailability.
With a molecular weight over 800 g/mol and a complex structure including 6 donor and 25 acceptor
sites able to participate in H bonds at neutral pH values [9], the antibiotic rifampicin challenges
conventional expectations showing an oral bioavailability of 90 to 95% [10]. Some studies have sought
to rationalize this behavior, highlighting its “molecular chameleon” behavior with the ability to form
intramolecular hydrogen bonds [6-8,11]. This decreases the enthalpic penalty upon partition into
non-protic media, as well as the polar surface area exposed to the non-polar medium, thus facilitating
its permeation through the non-polar core of biomembranes and increasing its bioavailability.
Another distinctive aspect of rifampicin molecular structure is the presence of both weak acid and
weak base groups, the phenolic and the piperazine moieties. When in aqueous media, the first
ionization of the phenolic groups occurs at acidic pH values, while piperazine deprotonates for
slightly alkaline pH values (reported pKa values of 1.7 and 7.9, and 3 and 7.5 in references [12] and
[7], respectively). The zwitterionic species is thus the most abundant at neutral pH values, with
significant fractions of the negatively charged species. The stability of the neutral form of both
ionizing moieties increases when the medium polarity decreases, leading to an increase in the pKa of
the phenolic groups and a decrease in that of piperazine [7,12]. A decrease in the relative abundance
of the zwitterionic over the neutral form has in fact been observed by spectrophotometry when the
solvent polarity is decreased [7], allowing to rationalize rifampicin’s high lipophilicity and fast
permeation through lipid membranes [8,13].

In this work, we aim to further understand rifampicin’s ability to "escape the rules of five" by
studying its interaction with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, Figure 1, left)
lipid bilayers using a combination of molecular dynamics (MD) simulations and experimental
biophysical methodologies. The membrane affinity of rifampicin is determined by isothermal
titration calorimetry (ITC), which also provides insights into changes in rifampicin's ionization state
upon membrane association. MD simulations reveals details on the interactions established with the
lipids, location of rifampicin groups within the membrane, and effects on membrane local order. We
also assess the impact on membrane barrier properties by characterizing carboxyfluorescein leakage
in the presence of increasing concentrations of rifampicin. Finally, we employ umbrella sampling
simulations to obtain the free energy profile of rifampicin’s permeation through the membrane,
providing a deeper understanding of its membrane behavior and pharmacokinetic properties.
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Figure 1. Structure of POPC (left) and the an species of rifampicin (the zw species is protonated in the piperazine’s
nitrogen atom N2, labeled with an *). Grey, red, blue and yellow colors indicate carbon, oxygen, nitrogen and
phosphorus atoms, respectively. Numbering for selected atoms (mentioned in the text) is also shown for both

molecules.

2. Materials and Methods
2.1. Materials and Experimental Methods

POPC was acquired from Avanti Polar Lipids, Inc. (Alabaster, Alabama, USA) and all other
reagents and solvents were of the highest commercially available purity from Sigma-Aldrich Quimica
S.A., Sintra, Portugal. Rifampicin 99.95% was from Parafarm (Argentina), and carboxyfluorescein
(CBF) was from Acros Organics (Geel, Belgium). Large unilamelar vesicles (LUVs) of POPC were
prepared following the procedure described previously [14]. In brief, aqueous suspensions of the
lipid were prepared in Tris buffer 10 mM pH=7.4 with 0.15 M sodium chloride, 1 mM EDTA and 0.02
% NaNGs (hereafter designed by Triz-buffer), or in phosphate-buffer or HEPES-buffer that contained
10 mM sodium phosphate or 10 mM HEPES, respectively, and all additional compounds and
properties as indicated for Triz-buffer. The lipid suspension was subjected to several cycles of
vortex/incubation at room temperature, 3 cycles of freeze and thaw (with an extrusion step between
each cycle), and further extruded with a minimum of 10 passes, through two stacked polycarbonate
filters (Nucleopore) with a pore diameter of 0.1 um. A molar volume of 0.756 dm?mol! was
considered for POPC in the LUVs [15].

Titrations were performed on a VP-ITC from MicroCal (Northampton, MA) at 25 °C, injection
speed 0.5 pL s, stirring speed 459 rpm, and reference power 10 pcal s?'. The titrations were
performed with additions of 10 uL of the LUV suspension into the rifampicin solution in the sample
cell. All solutions were previously degassed for 10 min, and the titrations were performed at 25 °C.
The obtained thermogram was integrated using the data analysis software Origin 7.0 as modified by
Microcal to deal with ITC experiments and the resulting differential titration curve was analyzed
with the appropriate equations using Microsoft Excel® and Solver®. The concentrations in the cell
were calculated taking into account the volume that overflows the cell due to addition of solution
from the syringe considering that overflow is faster than mixing, as previously described [14,16]. The
association of rifampicin with the POPC LUVs was also characterized by UV-vis spectroscopy
(Unicam UV530 spectrophotometer, Cambridge, U.K.), following the red-shift in the absorption
spectra that accompanies rifampicin association with the lipid membrane. Rifampicin at 10 uM was
prepared in Trizma-buffer and increasing amounts of LUVs in the same buffer were added. The
solutions were allowed to equilibrate for 15 min, prior to the measurement of the UV-vis spectrum.
The overall charge of rifampicin was also evaluated by measuring the zeta potential (Zetasizer Nano
ZS, Malvern, UK) of POPC LUVs (0.1 mM) equilibrated with increasing concentrations of rifampicin
in phosphate buffer without added salts. The quantitative relation between the zeta potential
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measured and the surface charge density was obtained using the Gouy—Chapman theory following
the procedure described in Appendix A.

The effect of rifampicin on the POPC membrane barrier properties was evaluated through the
effect on carboxyfluorescein (CBF) leakage encapsulated at 5 or 50 mM following two approaches: i)
the usual procedure with efflux measured indirectly from the fluorescence increase that accompanies
the dilution of CBF when permeating out of LUVs encapsulating CBF at a high concentration [17,18];
and ii) directly through the quantification of CBF that remains encapsulated in the LUVs after LUV
separation by size exclusion chromatography (Zeba™ spin desalting columns or 96-well filter plate,
both 7k MWCQO, from Thermo Fisher Scientific).

2.2. Molecular Dynamics Simulations

MD simulations were carried out for both anionic (an) and zwitterionic (zw) ionization states of
rifampicin (Figure 1, right).

Fully hydrated (50:1 water/lipid ratio) POPC bilayers were assembled with MemGen [19]. The
united-atom GROMOS 54A7 force field was used [20], with lipid parameters taken from Poger and
Mark [21]. The water SPC model was used [22]. Topologies for both an and zw rifampicin were
obtained using Automated Topology Builder [23,24], with refinement of atomic charges using
GAMESS-US version 2018 R1 [25]. Optimized geometries of an and zw rifampicin were obtained by
density functional theory (DFT) using the hybrid exchange—correlation functional B3LYP [26,27]
together with the 6-31G* basis set. Frequency analysis subsequently performed confirmed each
optimized geometry as an energy minimum by the absence of imaginary frequencies. Partial charges
for optimized rifampicin were calculated from a least-squares fit to the electrostatic potential
obtained at the same theory level, according to the Kollman and Singh schemes [28,29]. For an
simulations, system neutralization was carried out by adding the required number of sodium ions.
All simulations were carried out with GROMACS 2019.4 [30-33]. The same software was employed
for analysis, except for the determination of POPC acyl chain order parameters for varying distances
to the closest rifampicin molecule, which was carried out using in-house software. For snapshot and
trajectory visualization, VMD was used [34].

For each ionization state, two simulation boxes were prepared for the unrestrained simulations,
one with two rifampicin molecules located in the center of the bilayer (c systems), and another with
four rifampicin molecules dispersed in the aqueous medium (w systems). The former systems were
prepared by pulling rifampicin molecules from the water medium to the center of the bilayer, at a
rate of 0.0001 nm/ps and a force constant of 500 k] mol! nm?2. Both c and s systems were energy-
minimized using the steepest descent algorithm and underwent two 100-ps simulations with 1 fs
integration step, in the NVT and NPT ensembles, respectively. Following these equilibration steps,
production runs of 1000 ns (c systems) or 2000 ns (w systems) were carried out with 2 fs integration
step in the NPT ensemble at 1 atm and 298.15 K, controlled with the Parrinello-Rahman barostat [34]
and Nosé-Hoover thermostat [35,36], with time constants of 2.0 ps and 0.5 ps, respectively.
Semiisotropic pressure coupling was used. Bond lengths were constrained to their equilibrium
values, using the SETTLE algorithm [37] for water and the LINCS algorithm [38] for all other bonds.
Van der Waals interactions were cut off at 1.0 nm. Coulomb interactions were calculated using the
Particle Mesh Ewald method [39], with a cut-off of 1.0 nm for the real space component.

For umbrella sampling (US) simulations, systems with 200 POPC molecules and 80 water/lipid
molecular ratio were prepared and equilibrated as described above. The free energy of the system, as
a function of the reaction coordinate (defined as the distance between the center of mass of the
rifampicin molecule and the local center of mass of the POPC bilayer, i.e., calculated using only the
POPC molecules whose locations in the bilayer plane were contained in a 1.5 nm radius cylinder
centered on the solute), is derived from the potential of mean force (PMF), obtained from US
simulations [40]. For this purpose, a first solute molecule, initially in the aqueous phase, is pulled to
the center of the bilayer (z = 0), with a rate of 0.0005 nm/ps and a force constant of 500 kJmol-' nm-2.
A second solute molecule is then put at a location z = —4.0 nm, inside the aqueous phase.
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Subsequently, a second pulling run was carried out, gently pulling both molecules towards positive
z values, using the same speed and force constant of the previous step, starting from z =0 and ending
at z=4.0 nm for the first molecule (cw direction), and starting from z =-4.0 and ending at z =0 for the
second one (wc direction). From this simulation, 41 configurations were extracted in which the first
and second molecules were approximately in each of the transverse positions in the [0, 4.0 nm] and
[-4.0 nm, 0] intervals (respectively), spaced 0.1 nm apart. This procedure was chosen to obtain the
initial configurations for the US runs. For the two rifampicin forms, each of these 41 systems was
simulated for 120 ns, using the same conditions as in the unrestrained runs but imposing a harmonic
restraint potential, centered in the reference position, with a force constant of 3000 kJmol-! nm=2. The
resulting simulations were checked for convergence and analyzed using the Weighted Histogram
Analysis Method [41,42] to produce the PMF profiles.

3. Results and Discussion
3.1. Experimental Results for the Interaction of Rifampicin with POPC Bilayers
3.1.1. Association of Rifampicin with POPC LUVs

The partition coefficient of rifampicin between Triz-buffer and POPC LUVs has been previously
characterized by ITC at 25 °C, showing a moderately high affinity for the membrane (Kp=2 £ 1x103)
and a negative enthalpy of interaction (AHJ,s =-7 + 3 kJ mol?), suggesting stabilizing interactions
with the lipid membrane [14]. From the partition coefficient of rifampicin to different organic
solvents, it was suggested that association with lipid membranes could stabilize the neutral form of
rifampicin, justifying its relatively high lipophilicity and fast permeation [7,8]. In agreement with the
behavior observed in non-protic solvents, the UV-vis absorption spectra of rifampicin changed upon
association with the POPC membrane, and this was followed to characterize the partition coefficient,
Figure 2. The value obtained (3.2x10%) is in good agreement with that obtained by ITC although
somewhat larger, possibly due to the different temperature. The bathochromic shift observed upon
association with the lipid membrane is also in good agreement with that obtained in non-polar media
[7], supporting the interpretation that the neutral form of rifampicin is stabilized when associated
with the fOOPC membrane.
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Figure 2. — Plot A - UV-vis spectra of rifampicin in the presence of increasing concentrations of POPC LUVs, in
saline phosphate buffer at 37 °C. The total concentration of rifampicin is 10 uM and the spectra were normalized
at 500 nm. Plot B — Absorption at 520 nm (from the spectra normalized at 500 nm) as a function of the total

concentration of POPC. The line is the best fit of the equation for a simple partition.

To provide more direct insights regarding the changes of rifampicin ionization upon association
with lipid membranes, we have characterized the thermodynamics of interaction with POPC LUVs
in aqueous media with the pH controlled with buffers differing in their ionization enthalpy, namely
phosphate, HEPES and Triz buffer [43]. The results obtained are represented in Figure 3A, and show
a strong dependence of the observed calorimetric enthalpy variation (AHJ,,) on the enthalpy of
ionization of the buffer (AHX ization), AHops=-4 £ 1 kJ mol? in Triz-buffer, 5 £ 3 k] mol in HEPES-
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buffer, and 15 £ 2 k] mol! in phosphate-buffer. This dependence stems from the exchange of H* with
the buffer due to rifampicin association with the membrane, and to the different ionization enthalpies
of the buffers (47.4, 20.4, and 3.6 k]/mol for Trizma, HEPES and phosphate, respectively) [44,45]. From
the dependence of AHS,, on AH{ :,.ion, ONe can obtain the intrinsic enthalpy variation for
rifampicin partition between the aqueous medium and the POPC membrane (AHp=15 £ 2 kJ mol)
and the number of H* exchanged between rifampicin and the buffer upon partition to the membrane
(AnH*=-0.41 £ 0.05), equation Al. The positive intrinsic enthalpy variation obtained shows that
association with the membrane is not stabilized by enthalpy, and supports the small increase in
membrane affinity observed at 37 °C.
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Figure 3. — Variation in the ionization state of rifampicin upon association with POPC LUVs. Plot A: Observed
calorimetric enthalpy variation obtained by ITC for the association of rifampicin at 20 uM with POPC LUVs in
phosphate, HEPES or Triz buffer, with AHZ ization= 3-6, 20.4 or 47.4 k] mol™ respectively [44,45], for a rifampicin
concentration of 20 uM in the cell at 25 °C. The line is the best fit of equation Al corresponding to AHp=15*2
kJ mol! and AnH*=-0.41. Plot B: Variation in the surface charge density of POPC LUVs in 10 mM phosphate
buffer pH=7.4 without additional added salts, at different concentrations of rifampicin. The surface charge
density was calculated from the partition coefficient and the Gouy-Chapman formalism [16,46,47] and the line
corresponds to the best fit at low rifampicin concentrations assuming the Kp obtained by ITC and optimizing

rifampicin global charge, leading to zji=-0.77 (see Appendix A, section A2, for details).

The results shown in Figure 3A show that rifampicin release H* upon association with the POPC
membrane, but by itself this does not provide the charge of rifampicin. To calculate the overall charge
of rifampicin when associated with the membrane one needs to know its overall charge when in the
aqueous medium. Considering the pK, values reported by Ermondi and co-workers (pkFhenel = 3.0
and pk, P47 5) [7], at pH=7.4 the phenol group is fully deprotonated, while the piperazine
group is 56% in the protonated state and 44% in the neutral form, leading to an overall average charge
of -0.44. The protons released upon partition to the membrane are thus due to stabilization of the
neutral form of piperazine, leading to a global average charge of -0.85. When using the pK, values
reported by Gallo and co-workers (pK:Pem°!l = 1.8 and pK: iperazine_g g [12]), the calculated overall
charge of rifampicin in water is -0.24, leading to an overall charge of -0.65 when associated with the
POPC membrane. To provide a better estimate of rifampicin charge, the zeta potential of the LUVs
was measured in the presence of increasing concentrations of rifampicin, results shown in Figure 3B.
In the absence of rifampicin, the zeta potential is slightly negative, -4.4 £1 mV, and becomes
increasingly more negative in the presence of rifampicin, being -19 + 1 mV at 80 uM rifampicin. From
the best fit of the zeta potential obtained at low rifampicin concentrations, an overall charge of -
0.77 £0.05 is obtained for rifampicin associated with the POPC membrane. The formalism used is
explained in detail in appendix A. Briefly, the surface charge density is calculated from the partition
coefficient for a tentative rifampicin overall charge, which allows calculation of the surface potential.
The surface potential is also calculated from the observed zeta potential, and the overall charge is
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adjusted until convergence [9,14,16,48-54]. From studies of rifampicin ionization behavior and
partition between aqueous media and different non-polar solvents, it has been suggested that in non-
protic solvents the neutral form is stabilized relative to the zwitterion, and that the cationic form may
be relevant in non-polar environments [7]. In contrast, the results presented in Figure 3 show that it
is the negative species that is stabilized when rifampicin associates with the POPC membrane. This
highlights the distinctive properties of lipid membranes and the limitations of using homogeneous
solvents as biomembrane models. The surface charge observed at high rifampicin concentrations is
much lower than predicted. This indicates that the overall charge of rifampicin associated with the
membrane becomes less negative, or that the affinity of rifampicin for the membrane decreases more
than predicted from the repulsive electrostatic effects, possibly due to membrane perturbation and/or
saturation with rifampicin [55].

Insight regarding membrane perturbation by rifampicin may also be obtained from the analysis
of the thermodynamics parameters for membrane association. The variation in the Gibbs free energy
upon partition may be calculated from the intrinsic partition coefficient (AGp=-19 k] mol'), and
together with the enthalpy variation (AHp=15 k] mol“!) allows calculation of the entropy variation of
the system (TASp=34 k] mol"!). The association of rifampicin with the POPC bilayers is thus stabilized
by a large increase in the entropy of the system, not by the establishment of favorable interactions
between rifampicin and the membrane lipids. The relatively high solubility of rifampicin in aqueous
media suggests that this behavior is not due to a strong contribution of the hydrophobic effect.
Instead, the increase in entropy reflects perturbation of the membrane by rifampicin. The association
of rifampicin has been characterized at different total concentrations and a strong decrease is
observed in the partition coefficient that cannot be justified only by electrostatic effects. The decrease
in membrane affinity is accompanied by a small variation in the enthalpy variation that becomes
more favorable (results not shown). This suggests the establishment of additional interactions and a
complex behavior at high rifampicin concentrations. In fact, at 100 pM rifampicin, the thermogram
cannot be described by a simple partition, and the heat evolved after POPC addition to rifampicin
shows endothermic and exothermic processes (Figure Al), suggesting extensive effects on the
membrane properties. This is further explored in the next sub-section, with the effect of rifampicin
on the rate of CBF leakage.

3.1.2. Perturbation of the Membrane Barrier Properties by Rifampicin

CBF encapsulated at 50 mM inside POPC LUVs undergoes efficient self-quenching and its
fluorescence intensity increases strongly as it leaches from the LUVs into the outer aqueous medium
[56]. The fluorescence corresponding to full equilibration was obtained after breakdown of the LUVs
by addition of triton X-100 to a final concentration of 1 %. The results obtained at 37 °C, in the absence
and presence of different concentrations of rifampicin, are shown in Figure 4. The fluorescence
intensity observed is shown in plot A, and the % of CBF that leaches out of the LUVs is represented
in Plot B. The latter was calculated from the intensity obtained in the presence of 1 % triton X-100
assuming a linear relation between the fluorescence intensity at a given time and the fraction of CBF
outside the LUVs (Equation A10), which corresponds to the usual procedure when using this assay.
The lines correspond to the best fit of a bi-exponential function with the corresponding rate constants
being shown in plot C. The presence of rifampicin in the membrane imposes a negative charge at the
membrane surface which was expected to decrease the interaction of CBF with the membrane and
thus slow-down its permeation if occurring through a partition/diffusion mechanism [57]. A strong
increase in the rate of CBF permeation is however observed, suggesting that rifampicin is
compromising the membrane barrier properties.
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Figure 4. — Plot A - Variation in the fluorescence intensity of CBF (Agy. = 420 nm, Aep = 520 nm) initially
encapsulated in POPC LUVs at 50 mM in PBS, in the presence of increasing concentrations of rifampicin, for a
lipid concentration of 0.06 mM and incubation at 37 °C. The sharp increase in fluorescence at 110 h is due to the
addition of Triton X-100 at a final concentration of 1 %. The data correspond to the average of 3 replicates, the
standard deviation is usually smaller than the symbol size and is also shown. Plot B - Corresponding % of CBF
outside the LUVs calculated from equation A10. The lines are the best fit of a bi-exponential function. Plot C —

Dependence of the rate constants for CBF leakage with the concentration of rifampicin.

Despite the clear overall trend, a closer inspection of the raw data shown in plot A points
towards several possible problems with this methodology that may compromise a quantitative
interpretation of the results. At the concentration of LUVs used in the assay, 0.06 mM POPC, the
absorption of CBF at the excitation wavelength was much lower than 0.1, thus guaranteeing a linear
relation between the fluorescence intensity and the concentration of CBF outside the LUVs. However,
rifampicin absorption is significant at CBF excitation and emission wavelengths (Figure A2), leading
to a significant inner filter effect and thus a decrease in the fluorescence intensity. Because the
absorption of the solutions is maintained throughout the experiment, this effect should be kept
constant and would not influence the fractional increase in CBF fluorescence due to leakage.
Surprisingly, the effect of rifampicin on CBF fluorescence is not the same at to and after the addition
of Triton X-100 (Figure A3). This points towards the presence of effects dependent on the proximity
of rifampicin and CBF, which would depend on the extent of CBF leakage and thus influence the time
variation of the fluorescence intensity. One possible effect is FRET between rifampicin associated
with the LUVs and the encapsulated CBF. The Forster radius for FRET between CBF and rifampicin
was calculated as being close to 3 nm, considering a quantum yield for CBF dianion equal to 0.74 [58]
and a pKa=6.89 [59] leading to ®r=0.57 at pH=7.4, a molar absorptivity of 1.5x10* M1 cm™ for
Rifampicin at the maximum close to 500 nm [12], donor-acceptor orientation in the dynamic isotropic
limit [60], and the refractive index of water (1.333) [61]. This shows that efficient FRET is not expected
from CBF in the lumen of LUVs with a diameter of 100 nm. The higher quenching efficiency observed
at to thus suggests that a significant fraction of CBF is associated with the lipid bilayer. Association of
CBF with lipid bilayers was suggested in a recent publication for LUVs prepared from
DPPC:DPPG:cholesterol 75:10:15, with an estimated partition coefficient of 2.9x10* that increased up
to 6.3x10* in the presence of high concentrations of the cationic drug hydrochlorothiazide [62]. From
the data reported in Figure 4 it is not possible to estimate the amount of CBF associated with the lipid
membrane, namely because association with the mixed Lipid-Triton X micelles cannot be discarded.
The reported partition coefficient seems unrealistically large for a polar and charged molecule such
as CBF, and would correspond to 100 % of the encapsulated CBF being associated with the inner
leaflet of the LUVs due to the very large lipid concentration in this compartment. A non-negligible
association of CBF with the lipid bilayer may however occur, and would lead to artifacts in the time
dependence of the fluorescence intensity.

In an attempt to overcome artifacts due to inner filter effects, FRET, or other effects that lead to
nonlinear relations between the fluorescence intensity and the extent of CBF leakage such as a
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concentration dependent permeability coefficient [58], several additional leakage experiments were
performed. Contributions from trivial inner filter effects were minimized by decreasing the light
path, and the extent of CBF leakage was evaluated directly through separation of the LUVs from the
outer aqueous media by size exclusion chromatography. The latter protocol does not rely on CBF
self-quenching when encapsulated, and thus a lower concentration of encapsulated CBF was used to
minimize contributions from a concentration dependent permeability coefficient. To facilitate the
experimental execution of the assays, these experiments were performed at 50 °C. The results
obtained are shown in Figure 5.
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Figure 5 — Plot A — CBF leakage calculated from the increase in CBF fluorescence, equation A10,
following 100 puL of LUVs solution at a lipid concentration of 0.03 mM with CBF encapsulated at 50
mM and incubated at 50 °C. Plot B — Time dependence of the fluorescence intensity of the LUVs with
encapsulated CBF, after incubation of the LUVs suspension at 50 °C and separation of the LUVs by
size exclusion chromatography. The initial concentration of CBF inside the LUVs is 5 mM and the
lipid concentration is 0.2 mM. The lines in plots A and B are the best fit of a bi-exponential function.
Plot C — Dependence of the average rate constant for CBF leakage with the concentration of
Rifampicin, for leakage of CBF encapsulated at 50 mM followed directly through the increase in
fluorescence when incubated at 50 °C (®) and at 37 °C (®), or after separation of the LUVs fraction
containing CBF encapsulated at 5 mM when incubated at 50 °C (O) and at 37 °C (O). Note the
logarithmic scale in the ordinate axis.

In the absence of rifampicin, all methods at both CBF concentrations lead to similar rates of CBF
leakage, k,,=0.023 £ 0.005, corresponding to a permeability coefficient of (1.1 £ 0.2)x10"" cm s1. At
low rifampicin concentrations, a small increase in the rate of permeation was observed when the
temperature was increased from 37 to 50 °C. However, in the presence of high rifampicin
concentrations this effect was small and not systematic. A small temperature dependence was
previously observed for CBF permeation and was interpreted as permeation by transient pores in the
lipid bilayer [63]. The addition of rifampicin leads to an increase in the rate of CBF leakage in all
conditions, but the rate of permeation observed varies widely, with a larger effect when CBF leakage
is followed directly after separation of the LUVs (Figure 5B, and open symbols in plot C). Decreasing
the total absorption of the solution does not eliminate the strong quenching of CBF fluorescence by
rifampicin when CBF is encapsulated in intact LUVs, while no significant quenching is observed after
LUV disruption by addition of Triton X-100 (Figure A3). This supports the interpretation of a
significant fraction of CBF being close to the membrane surface where it may be quenched through
FRET to rifampicin. Altogether, the results show that the kinetics of fluorescence increase due to CBF
leakage is a simple method that provides qualitative information regarding the effect of rifampicin
on the membrane barrier properties, but should not be used to for a quantitative interpretation due
to many possible artifacts. This may be overcome through the separation of the LUV fraction by
exclusion chromatography followed by a more direct evaluation of the amount of CBF encapsulated,
although having the drawback of being significantly more laborious and expensive.

An interesting observation from the effect of rifampicin in CBF permeation is the bi-exponential
behavior observed for rifampicin concentrations larger than 20 uM, with a significant fraction of CBF
escaping the LUVs during the first hour of incubation (Figure 5B). A possible interpretation for this
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effect is the transient strong perturbation of the membrane properties by rifampicin initially only in
the outer leaflet of the LUVs at very high local concentrations [64]. From the partition coefficient
obtained in section 3.1, a local concentration of rifampicin higher than 5 mol% is predicted for a total
concentration of 50 uM. This high local concentration imposes a significant stress in the membrane
and may increase the probability of pore formation and/or pore stability, facilitating the equilibration
of rifampicin with the inner leaflet and the release of encapsulated CBF. In fact, when partition of
rifampicin to the LUVs is followed by ITC at these high concentrations, large deviations from the
behavior observed in dilute rifampicin solutions are observed. At 50 pM, the variation of the heat
profile is still well described by a simple partition although with a lower affinity and a more negative
interaction enthalpy. Strong deviations from the profile expected for a simple partition are however
observed at 100 uM rifampicin, indicating the presence of additional processes (Figure A1). It should
be noted that membrane perturbation by rifampicin does not lead to LUV disruption. This is
suggested by the non-instantaneous CBF leakage, and was verified through the maintenance of the
LUVs size and polydispersity (Figure A4). Further details on the interaction of rifampicin with lipid
membranes were obtained by molecular dynamics simulations and are presented in the next section.

3.2. Molecular Dynamics Simulation of the Interaction of Rifampicin with POPC Bilayers

As described in Section 2.2, two ionization states of rifampicin (an, anion; zw, zwitterion) were
parameterized and simulated. This choice is justified by the larger prevalence of these species at
physiological pH. In membranes, while an is the most abundant form, a significant fraction zw is also
expected (Figure 3B, section 3.1.1).

3.2.1. Location and Orientation

Figure 6 illustrates the final configurations of the four unrestrained simulations (after 2000 ns
for the wc simulations, and after 1000 ns for the cw simulations). These snapshots show all rifampicin
molecules in interaction with the POPC bilayer, located mostly near the headgroup region.
Occasionally, more external (e.g., molecules in the lower leaflet in the zw, w snapshot) or internal
(e.g., molecule in the lower leaflet in the an, ¢ snapshot) locations are apparent. In both cases, it is
clearly visible that rifampicin molecules drag with them lipid headgroups to regions outside or inside
(respectively) those where they would normally reside. These observations, taken from single
trajectory configurations, already point to the establishment of strong lipid-rifampicin interactions
and the possibility of significant rifampicin-induced membrane perturbation. These points are
addressed in detail in sections 3.2.2 and 3.2.3, respectively.

Rifampicin location can be quantitatively characterized by the transverse location of the center
of mass, relative to that of the POPC bilayer, as shown in Appendix B (Figure B1). In the initial
configuration, solute molecules were placed in the water medium, outside the bilayer headgroup
region in the w simulations, or near the center of the bilayer in the ¢ runs. During the simulations,
solutes move in the z direction (normal to the bilayer plane), to adopt a final location near the interface
region. From these results, it is already clear that different molecules, even in the same simulation,
display distinct behaviors, with some molecules ending up with their center of mass clearly inside
the location of the POPC phosphorous atoms, while others stay in a more external position. With a
single exception (one solute in the an, w simulation, Figure B1), no significant relocations are apparent
after 500 ns in all simulations. For this reason (unless specified otherwise) analysis of the unrestrained
MD simulations concerned the last 1500 ns or 500 ns of each w or ¢ run, respectively.

Figures B2 and B3 illustrate the variation of the transverse position of selected rifampicin atoms
in the an and zw simulations, respectively, during the analysis time range. These plots show that, for
most molecules, the orientation in the membrane does not change during the simulation, as atoms
located in distinct regions of rifampicin keep their relative positions almost unaltered. It appears that,
upon interacting with the bilayer, the molecules establish interactions that are maintained throughout
the simulation, locking them in the same basic conformation. Therefore, in the time scale of these
simulations, rifampicin rotation is highly impeded. An exception to this behavior is observed for
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molecule 3 of the an, w simulation (Figure B2). For this molecule, while the position of the phenolic
019 atom is kept essentially unaltered, both the aliphatic chain and (especially) the piperazine group
undergo insertion around ~1300 ns.

an, w an, c

= 117\4
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¥ : t A P e
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Zw, w zZw, ¢

Figure 6. Final configurations of the unrestrained MD simulations. Rifampicin molecules are represented in
thicker lines. Water molecules, POPC acyl chains and POPC P atoms are shown as cyan lines, grey lines and

thick red dots, respectively.

The preferred interfacial location of rifampicin is also evident in the mass density profiles along
the z direction, shown in Figure 7. Although the rifampicin peaks are rather broad (reflecting not only
heterogeneity in the location of different individual molecules, but also the sheer size of the
rifampicin molecule), they are mostly centered around values not far from the position of POPC
phosphate (P POPC) and, although some come close, they do not reach the geometric center of the
bilayer (z=0). Still, there is considerable diversity, and even within the same simulation the molecules
inserted in the two opposite leaflets may display quite different distributions.
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Figure 7. Mass density plots along the direction normal to the bilayer plane of rifampicin (red), water (dark blue),
and lipid P and N atoms (light blue and green, respectively).

Figure 7 shows that, despite this diversity, there is an acceptable degree of similarity in the
distributions of the rifampicin molecules inserted into the two bilayer leaflets in the w simulations of
both ionization states (Figure 7, left panels). Conversely, and possibly because of the lower number
of simulated molecules, the rifampicin distributions in the ¢ simulations (Figure 7, right panels) are
not symmetrical. For example, in the an, ¢ simulation, the molecule in the lower leaflet (z < 0) adopts
clearly internal positions, whereas that on the upper leaflet (z > 0) is preferentially located outside the
location of the POPC P atoms. For this reason, in the following and unless stated otherwise, we will
focus on the w simulations of both rifampicin forms.

Looking at the average location of specific rifampicin atoms in different locations along the
molecular structure (numbering defined in Figure 1), Figure 8, some differences between the two
ionization states become clear. First, all atoms of the zw form appear to have a more external average
location than their counterparts of the an state. Second, all studied atoms of the zw form are located
on average at similar distances to the bilayer center, indicating that, when in this ionization state, the
orientation of rifampicin is mostly parallel to the bilayer plane. This is not the case for the an form,
for which the piperazine ring (represented by N6 in the figure) is the most deeply located part of the
molecule. At variance with the zwitterion, this ring is unprotonated and therefore electrically neutral
in the an state, favoring its insertion into the upper lipid acyl chain region of the bilayer. In turn, the
insertion of the piperazine moiety in the an form effectively pulls the entire molecule to a more
internal average, compared to the zwitterion. Overall POPC atom positions (shown in the three sets
of columns furthest to the right) do not vary across all studied systems (located around z = (1.84+0.03)
nm) and are not significantly different from that in the absence of rifampicin (z = (1.84+0.01) nm; not
shown). However, the z position of the POPC P atoms closest (at <0.5 nm distance) to rifampicin is
considerably reduced (despite the large uncertainty, which stems from diverse behaviors of
individual rifampicin molecules, and the low number of nearest neighboring lipids), namely in the
an state. This points to the above commented “dragging” effect visible in Figure 6.
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Figure 8. Distance to the center of the bilayer of various reference atoms of rifampicin and POPC (see Figure 1
for definition), and of phosphorous atoms closest to rifampicin (P neighbours, at < 0.5 nm). Error bars reflect
standard deviations over all analyzed frames of the instant averages among the four rifampicin or 200 POPC

molecules.

In a complementary analysis, the correlation between the orientation and the transverse location
of the piperazine ring and its linkage to the rest of the molecule was investigated. For this purpose,
the two opposing nitrogen atoms of the piperazine ring, N2 and N6, and the aromatic ring atom to
which the piperazine moiety is attached, C12, were considered (see structure in Figure 1). The plots
in Figure 9 explore the dependency of the transverse distances between N2 and N6 on the transverse
distance of N2 to the bilayer center. Each panel in Figure 9 concerns a single w simulation, and each
set of distinctly colored points concerns a different molecule within that simulation. Figure B4 also
shows the dependency of the transverse distances between N2 and the aromatic ring atom to which
the piperazine moiety is attached, C12, on the transverse distance of N2 to the bilayer center,
including also the ¢ simulations. While it is clear that in most simulations the various molecules have
non-equivalent behavior, a correlation pattern is clear. Conformations in which the piperazine group
is more internally located (abscissa closer to 0) have higher ordinate values, indicative of an
orientation of this ring more aligned with the membrane normal and the lipid acyl chains. In these
conformations, the positive ordinates indicate that the N2 end of the piperazine ring has a more
internal location compared to N6 (or the aromatic ring atom C12). On the other hand, when the
piperazine ring has a more external position (higher abscissae), the ordinates decrease and eventually
become predominantly negative, indicating that when the piperazine ring is not inserted in the
bilayer, the N2 atom is more external than the opposite N6 atom, or the aromatic ring atom C12. This
tendency is essentially conserved across all simulations.
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Figure 9. Transverse distance between the N2 and N6 rifampicin atoms, as a function of the transverse distance
between the rifampicin N2 atom and the center of the bilayer. Each color concerns a different rifampicin

molecule. The whole w trajectories were taken into consideration in these plots.

3.2.2. Interactions Between Rifampicin and Lipid Groups

Radial Distribution Functions (RDFs) measure the relative probability g(r) of finding a
particle/group of particles for varying distance r to a reference particle/group of particles. They are
particularly useful for characterization of specific intermolecular and intramolecular interactions
between atoms and/or atomic groups. Figure 10 depicts the RDFs for the phosphorus and nitrogen
atoms of POPC, around the piperazine groups and aromatic rings of rifampicin. RDFs around these
groups, also including the ¢ simulations, are shown in Figures B5 and B6 for each individual
rifampicin molecule.

From the RDFs, it is possible to develop several conclusions. Comparing the two rifampicin
states, it is observed that the interaction with POPC P is stronger in the case of piperazine of the zw
species. In relative terms, the RDF peak for POPC P around piperazine triples its value upon
protonation of this group (Figure 10, top panels). This result was expected, because in the zw species
the protonated piperazine N6 atom confers a positive charge to this group, enabling favorable
electrostatic interaction with the negatively charged phosphate group. Furthermore, due to the
protonation of the piperazine nitrogen, it could in principle establish hydrogen bonds with the
phosphate oxygens (see below). In turn, this protonation of the piperazine in the zw species renders
its interaction with the positively charged lipid choline group unfavorable, and this is visible in the
severe reduction of the peak at ~0.5 nm in the corresponding RDF. Conversely, for the an form, the
interaction of piperazine with the choline moiety is actually stronger than that with the phosphate.

On the other hand, RDFs of POPC N and P atoms are clearly better defined and have higher
values around the aromatic ring system of both forms (Figure 10, bottom panels) in comparison with
those around the piperazine groups (note the different ordinate scales in the top and bottom panels
of Figure 10). Comparing between the two states, RDFs around the aromatic groups are slightly lower
for POPC P atoms and higher for POPC N atoms in the an species, compared to the zw, similarly to
those around the piperazine group.
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Figure 10. Radial distribution functions g(r) (RDFs) of POPC P or N atoms around the rifampicin piperazine ring
(top plots) or aromatic rings (bottom plots), in the an, w (left plots) and zw, w simulations (bottom plots). The

final 500 ns of each simulation were taken into consideration in these plots.

Rifampicin possesses numerous oxygen and nitrogen atoms, which can act as hydrogen bond
acceptors. Some of these atoms are covalently linked to hydrogen atoms, enabling them to also
potentially act as hydrogen bonding donors. Figure 11, top panel, identifies the rifampicin atoms that
are capable of establishing this type of interactions and are mentioned in the text.

The bottom panel of Figure 11 shows average instant number of H bonds per rifampicin
molecule, involving both donor and acceptor groups within the same molecule (intramolecular), or
where rifampicin acts as acceptor from water, or where rifampicin acts as donor to lipid oxygen
atoms. More detailed information, including averages for each individual rifampicin molecule, are
provided in Figures B7 and B8. On average, rifampicin molecules form 4 to 8 instant H bonds with
donor water OH groups. This variability stems from the different transverse locations of each
particular molecule, and, on close inspection, those that on average reside most internally are the
ones that establish the least H bonds (not shown). Probably because the an form tends to have a
slightly deeper location in the membrane, the average instant number of H bonds with water is lower
than for the zwitterion, although not significantly so.
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Figure 11. Top: structure of rifampicin with selected numbered atoms that could be involved in hydrogen
bonding interactions, and in a conformation compatible with the formation of intramolecular H bonds (dotted
line indicates one such possibility). Bottom: average number of instant H bonds in the w simulations involving

rifampicin atoms.

Given the abundance of H bond donors and acceptors in its structure, it is not altogether
surprising that intramolecular H bonds are common, averaging 1.1 and 0.25 per an or zw
(respectively) at a given instant. Some of the observed interactions lead to the formation of a 6- (N73-
H74-N9, O15-H16-019), or 7- atom ring (026-H27-029, 015-H16-072) involving donor and acceptor
atoms that are fairly close in the structure of the molecule. Other observed intramolecular bonds
involve donor and acceptor groups that would normally be expected to be more distant from each
other, such as O15-H16-N72, illustrated in Figure 11, top. Although the aliphatic backbone of
rifampicin’s structure forms a macrocycle, the fact that it is mainly made up of single bonds renders
it sufficiently flexible as to accommodate the conformational twists required for the formation of these
interactions. In turn, intramolecular bonds reduce the number of atoms available for H bonding both
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as donors and acceptors, effectively bringing rifampicin closer to the respective thresholds of
Lipinski’s rule of five [3,4,65].

Figure 11, bottom, shows the average instant number per rifampicin of H bonds formed between
rifampicin donor groups (either from the aromatic rings, aliphatic chain or piperazine ring) and
POPC acceptor atoms, the latter being grouped into phosphate or ester O atoms. It is clear that the
aromatic rings and aliphatic chain are mostly responsible for H bonding, mainly to the phosphate
moiety. On average, each rifampicin molecule establishes 2.7 (an) and 3.4 (zw) H bonds with
surrounding POPC phosphate groups. Together, they result in a very strong interaction, which is
apparent in the RDFs of Figure 10 (bottom) and is probably responsible for the dragging of lipid
headgroups upon rifampicin internalization, since they are observed for all rifampicin molecules,
even the most internally located ones. Curiously, H bonding from the protonated piperazine N2 atom
of zw to phosphate is infrequent. This is probably on account of steric hindrance, preventing effective
bonding from this protonated tertiary amine group. In turn, the peaks in the RDFs of POPC P atoms
around the piperazine ring (Figure 10, top) may now be interpreted as secondary to the H bonding
from the aromatic ring phenol groups. This agrees with the lower values and lesser definition of RDFs
of POPC P around the piperazine compared to those around the rings. Even though an electrostatic
attraction between the protonated piperazine and the negatively charged phosphate may be present
as commented above, this interaction is weaker than the multiple H bonds provided by the phenolic
and hydroxyl groups.

3.2.3. Rifampicin-Induced Bilayer Perturbation

From the data of Figure 8, namely the reduced distance between the POPC P atoms and the
center of the bilayer for lipids close to rifampicin molecules, one can infer that the latter induce
significant local perturbation of the POPC membrane. From the preceding section, we can attribute
this reduction to strong H bonding between rifampicin phenolic groups and lipid phosphate O atoms,
which persist even for internalized rifampicin molecules. The latter end up dragging the phosphate
groups of these nearby lipids toward the center of the bilayer.

Even though this perturbation arises mainly from interactions with the lipid headgroup, its
effects may spread to the hydrocarbon region of the bilayer. To check on this, deuterium order
parameters (I1Scol) were calculated both for the sn-1 chains of all lipids in the simulations (Figure
12a) and for those situated at different ranges of distance to the closest rifampicin molecule (see
Figures 12b,c for w simulations, B9 for ¢ simulations).

Figure 12 shows that interactions between rifampicin and POPC lipids cause an overall decrease
in the deuterium order parameters of all carbon atoms along the chain. This decrease appears to be
more pronounced in the zw than in the an species. For each ionization state, the overall perturbation
is larger in the w simulations than in the c ones, in part because of the higher solute concentration in
the former.

2 6 10 Catom 14
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Figure 12. Calculated average deuterium order parameter (|Scol) profiles for all sn-1 POPC acyl chains in the
different simulations (a), and the last 200 ns of each simulation ((b), an, w simulation; (c) zw, w simulation) for

different ranges of lateral distance R to the nearest rifampicin molecule inserted in the same leaflet.

For a more complete characterization of these perturbations, the order parameters were also
calculated for each individual sn-1 acyl chain and binned and averaged according to its distance R to
the center of mass of the closest rifampicin molecule, in the same bilayer leaflet. As clearly visible in
Figures 12b,c, association of rifampicin with the membrane causes a very significant decrease in
membrane order for both forms and all carbon positions along the chain (with the sole exception of
a moderate increase in the order of the first carbon atoms of closest molecules for the an, w simulation,
Figure 12b). For all systems, order parameters close to zero or even negative are calculated in the R <
0.6 nm range for at least some of the sn-1 chain carbon atoms, denoting a local lack of preferential
orientation or predominance of orientations parallel to the membrane plane for those positions along
the chain. While significant local perturbation has been reported for other biologically relevant
molecules such as bile acids [66], the alterations shown in Figures 12b,c are more severe and,
significantly, extend for longer distances to the solute center of mass (note that even lipids at R > 1.0
nm are clearly affected). The reasons for this are, at least, twofold. On the one hand, as described
above, H bonding from multiple rifampicin donors to POPC phosphate atoms drag the headgroups
of nearby lipids toward the center of the bilayer, inducing local decrease in the bilayer thickness and,
therefore, expected local disordering on a larger scale than that caused by solutes with fewer such
interactions. On the other hand, the sheer size of the rifampicin molecule (~1.6 nm between the
furthermost atoms) implies that this effect cannot be circumscribed to a limited region of the bilayer.
In turn, this perturbation renders the bilayer more permeable, in accordance with the experimental
results of Section 3.1.2.

Our results of Section 3.2.2. show that while hydrogen bonding between membrane-inserted
rifampicin and lipid atoms exists, it is probably diminished compared to water-solvated rifampicin.
On the other hand, as shown in this section, significant perturbation of the membrane results from
rifampicin insertion. Together, these two results agree with the experimental observation that
rifampicin partition to POPC vesicles is driven by the change in entropy, rather than in enthalpy
(which is actually unfavorable). It is also noteworthy that the rifampicin concentrations (1-2 mol%)
used in the simulations do not exceed the expected local membrane concentrations in the experiments
described in Section 3.1.1. The significant local perturbation of membrane order induced by
rifampicin is also the likely explanation for the faster CBF permeation observed for increasing
rifampicin concentration (Section 3.1.2).

3.2.4. Free Energy Profiles from Umbrella Sampling MD

From US simulations, free energy profiles were calculated for the two considered rifampicin
forms, as described in detail in section 2.2. Convergence of these profiles was assessed following the
procedure of reference [67]. Figure B10 shows the variation of the PMF profiles obtained using
different segments of the 0 < f < 120 ns simulation time range. For the zw species, it is visible that
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when the starting configurations for US are obtained pulling molecules from the center of the bilayer
towards the water medium (cw simulation), it was not possible to obtain converged PMF profiles
(Figure B10). The cw pulling procedure leads to the establishment of H bonds between rifampicin
molecules leaving the bilayer and headgroups of nearby POPC molecules, which are also pulled
together with rifampicin molecules. This ultimately leads to a very large energy barrier for rifampicin
desorption, failure to obtain a constant free energy value even for large distances to the center of the
bilayer, and (at least for zw) ultimately non-converged PMF profiles. For the an species, although the
profiles appear to converge for longer simulation times, the free energy plateau in the water medium
is still absent. Improved, even if possibly not definite, convergence is observed when the starting
configurations are obtained pulling molecules from the water medium into the center of the bilayer
(wc). In this case, the main problem occurs when the pulled rifampicin molecule inserts into the
bilayer. When it is pulled across the water/lipid interface, H bonds are formed with lipid headgroups,
most of which are maintained when the rifampicin molecule is further pulled into the bilayer core.
In both sets of simulations, the bilayer is significantly deformed after the pulling simulation, and
these perturbations do not fully disappear even after 120 ns of US.

Another way to assess PMF convergence is to plot the increases in free energy from the
minimum value to the maximum at the center of the bilayer, z = 0 (translocation barrier) or to the
value in the water medium, z = 4.0 nm (desorption barrier). Figure B11 shows the variation of the two
barriers for all scenarios, highlighting that in most cases systematic changes occur when considering
the first segments of the US simulations. These variations tend to diminish when the starting times
for sampling are increased. As a compromise between convergence and allowing a sufficiently ample
time window for sampling, PMF profiles derived from using the last 60 ns of each restrained
simulation are shown in Figure 13.

From the above discussion, it could be anticipated that pulling in the wc direction from water to
the equilibrium location, and in the cw direction from z =0 to the equilibrium location would lead to
situations with the least perturbation in terms of lipid molecules pulled together with rifampicin,
especially allowing the initial 60 ns for equilibration and only using the final 60 ns for sampling. In
accordance, these are the situations that mostly better reduce the systematic variations and
approximate a plateau at long starting times in the energy barrier plots of Figure B11. Such a
reasoning would lead to almost identical desorption energy barrier estimates, A*G,; =54 kJ/mol for
the two species, compatible with the existence of membrane-inserted rifampicin in both ionization
states hinted at from the experiments of Section 3.1.1. Conversely, clearly different translocation
energy barrier estimates A*G, of 35 kJ/mol (an) and 53 k]/mol (zw) are found. Because of the problems
caused by the bilayer deformation during pulling, and consequent possibly incomplete convergence
of the PMF profiles, these values cannot be considered as definite. Nevertheless, they can be
interpreted considering the structure and charge distribution of the two rifampicin forms, as well as
by comparison with previous reports. While the zw form of rifampicin has no net charge, it presents
two oppositely charged, separate groups (an anionic phenolate and a cationic piperazinium).
Therefore, it is actually reasonable that it is harder for it to translocate across the hydrocarbon core of
the bilayer than its an counterpart, which only bears the charged phenolate. In simple reductive
terms, translocation of an rifampicin may be viewed as controlled by that of a single positive charge,
whereas that of zw involves the transport of two separate charges, implying additional free energy
cost. A similar behavior was reported by Magalhaes et al. for the zwitterionic and cationic forms of
rhodamine B [68]. In that study, the zwitterion displayed a free energy barrier for translocation lower
than that of the cation, with a difference between them of the same order of that observed here for
the two forms of rifampicin.
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Figure 13. Free energy profiles obtained for the an (green) and zw (blue) species, with molecules pulled in the cw
(left) and wc (right) directions. The last 60 ns of the 120-ns sampling simulations were used. Free energy barriers
of translocation (A*G,) and desorption (AtG,), calculated from the cw and wc simulations, respectively, are

illustrated in the corresponding panel.

4. Conclusions

Despite violating some of Lipinski’s rules for bioavailability, the broad-spectrum antibiotic
rifampicin demonstrates remarkable efficacy when administered orally. This study sheds light on the
unexpectedly high bioavailability of rifampicin and similar bRO5 drugs through an in-depth
investigation of rifampicin's interaction with lipid membranes. A combination of experimental
techniques—including isothermal titration calorimetry, absorption and fluorescence spectroscopy,
dynamic light scattering (DLS), and zeta potential measurements—and computational molecular
dynamics simulations provided unprecedented insights.

Using POPC bilayers as biomimetic models revealed distinct interactions not observed in prior
studies employing non-polar solvents. Notably, rifampicin perturbs membrane barrier properties,
inducing significant local disorder and enhancing CBF permeability by orders of magnitude, all
without causing membrane disruption. This mechanism facilitates the permeation of large, polar
molecules like rifampicin while minimizing cellular toxicity.

Another key finding is the stabilization of rifampicin’s negatively charged species, contrary to
conventional expectations favoring its neutral form. Molecular dynamics simulations suggest that
this stabilization arises from the deep insertion of the piperazine group into the membrane and the
formation of intramolecular hydrogen bonds.

These findings not only advance our understanding of rifampicin’s bioavailability but also
provide a broader framework for rationalizing how other large, polar drugs circumvent traditional
bioavailability constraints. This knowledge can guide the development of next-generation
therapeutics with enhanced pharmacokinetic profiles.
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Appendix A - Complementary Experimental Data and Analysis
A1 — Protons Exchanged with the Buffer Due to Rifampicin Association with the LUVs

The calorimetric enthalpy measured by ITC (AHO) reflects the changes in the molecular
interactions established with the aqueous medium and the lipid membrane, but also contains
enthalpy variations due to additional processes that change when rifampicin moves from the
aqueous medium to the membrane. One such process is eventual changes in rifampicin ionization.
The protons released/captured by rifampicin (AnH™) are captured/released by the pH buffer present
in solution, and the heat evolved depends on the ionization enthalpy of the buffer (AH) i,ation)- The

dependence on the AHY ¢ with AHY . ... of different buffers allows obtaining AnH* and the
intrinsic enthalpy variation AHp, equation Al.
AHgbs = AH}Q +AnH* X AHi%nization (A1)

A2 — Changes in LUVs Zeta Potential Due to Association of Rifampicin

The association of rifampicin with the POPC LUVs leads to a variation of the LUVs zeta potential
(&), which provides information regarding the overall charge of rifampicin. The LUVs C as a function
of the total concentration of rifampicin is provided in Figure 3B, the formalism followed for the
quantitative analysis of the results is provided below.

The association of rifampicin with the LUVs imposes a surface charge in the membrane surface
(0p) that may be calculated from equation A2 [16], and depends on the overall charge of rifampicin
when associated with the membrane (zji), on the molar fraction of rifampicin in the membrane
(nN/ (n}]\{[if + n}i’[)), and on the membrane surface area (sy) which depends on the cross-sectional area
of the membrane components (SM), sy = Sk nhis + SM nM,
0o = € —Z%[[if n%}fﬂﬁmd n}:]:[ (A2),
Srif MRif 5L L
where e, is the electron charge, 1.6x10? C. In the analysis of the results, a cross-sectional area of 1.7
nm? was considered for rifampicin [9], and 0.64 nm? for POPC [54].

The surface charge generates a surface potential in the membrane, which for small surface
potentials (|yo| < 25 mV) is related with the surface charge density by equation A3,

(A3),

where €, is the vacuum permittivity (8.85x10-2 F m), €, is the relative permittivity of water (80 at
20 °C), and 4p is the Debye length. For solutions containing monovalent electrolytes, the Debye
length is given by equation A4,

RTeq €y
I =[S (Ad),
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where R is the gas constant (8.314 ] mol! K1), T is the temperature in Kelvin degrees, F is the
Faraday constant (96485 C mol'), and I is the ionic strength (%Z? C;z?) in Molar units, which

corresponds to the salt concentration for monovalent salts.

The number of rifampicin molecules in the membrane, which is needed to calculate the surface
charge density from equation A2, may be calculated from the partition coefficient, equation A5,
where V, is the molar volume of the lipids in the membrane (considered equal to 0.756 dm3 mol
[15]), and KgPS is the partition coefficient observed at the experimental conditions followed.

. — KRS V(L]
Rif Rif 1+Klg)bS V_L[L]

(A5)

The observed partition coefficient depends on the membrane surface potential and on the overall
charge of rifampicin, and may be calculated from the intrinsic partition coefficient (Kp) using equation
A6.

M
_ZrifF %o

KPS = Kpe ™ T (A6)

The zeta potential ({) measured experimentally allows an independent calculation of ¥, and
therefore of the surface charge density, the convergence between the two estimates for the charge
density allowing to obtain the intrinsic partition coefficient (if the overall charge is known) or the
overall charge (if the intrinsic partition coefficient is known). In this work it was assumed that the
partition coefficient obtained at 10 pM rifampicin and high ionic strength corresponds to the intrinsic
partition coefficient, and this formalism was used to obtain the overall charge of rifampicin when
associated with the membrane.

The zeta potential ({) measured experimentally corresponds to the electrical potential at the
slipping plane, which includes a solvent layer that moves with the charged particle. It is therefore
necessary to calculate 1, from ¢, which may be done using equation A7 (which is an approximation
valid for small surface potentials observed in this work [49]).

Yo = poe (A7)

The distance between the LUVs surface and the slipping plane (d) has been estimated as being

2 A, allowing the calculation of the surface potential from the measured zeta potential, equation AS.
d

o =( el (A8)

The corresponding surface charge density may then be calculated from 1, using equation A3.
The combination of equation A3 and A8 leads to equation A9, which allows the direct calculation of
the surface charge density from the zeta potential measured experimentally.

4
gy = %e’lD (A9)

A note should be given to the units of the variables and parameters in the above equations,
which must be SI for the direct use of the equations.

A3 — Thermograms Obtained by I'TC for the Addition of POPC LUVs to 100 uM Rifampicin

The association of rifampicin with POPC LUVs was characterized by ITC at different rifampicin
concentrations and in the presence and absence of NaCl to evaluate the effects of ionic strength. A

large decrease was observed in KgP

with the increase in rifampicin concentration, that could not be
justified by equation A6, and this was accompanied by variations in the interaction enthalpy. This
behavior suggests a complex interaction between rifampicin and the POPC membrane at high
rifampicin concentrations. In fact, at 100 uM rifampicin, the thermogram obtained cannot be
described by a simple partition and shows the presence of endothermic and exothermic events

(Figure Al).
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Figure A1. Thermogram obtained for the titration of 100 pM rifampicin with POPC LUVs in Triz buffer at 25 °C.

The raw thermogram is shown in the upper plot, and the heat per injection is shown in the lower plot.

A4 — Calculation of the Extent of CBF Leakage from the Fluorescence Intensity

The extent of CBF leakage from the POPC LUVs was calculated from the time dependent
fluorescence intensity (I;), the intensity obtained at the beginning of the experiment (I;) and the
fluorescence intensity obtained after addition of 1 % Triton X-100 (I%¥), equation A10.

CBFout(%) = 100 - (A10)

11y

This equation considers a linear relation between the fluorescence intensity observed and the
amount of CBF outside the LUVs, thus assuming that CBF encapsulated in the LUVs is always non-
fluorescent regardless of its concentration. Due to this and other approximations, the extent of CBF
leakage calculated through this approach should be considered qualitative or semi-quantitative.

Ab — Spectral overlap between CBF and rifampicin

The absorption spectra of CBF and rifampicin is presented in Figure A2, showing extensive
overlap between rifampicin absorption and both the absorption and the fluorescence emission
spectra of CBF, both contributing to significant inner filter effects if the total absorption is > 0.1. The
overlap between CBF emission and rifampicin absorption may also lead to fluorescence resonance
energy transfer if the two molecules are in close proximity. The distance at which there is 50 % FRET
efficiency (R, ) is calculated from equation All, with rifampicin molar absorptivity at each
wavelength being calculated from the spectral shape and e&gjf =1.5%x10* at 472 nm [12], CBF
fluorescence quantum yield (¢p$F=0.57)[58], the refractive index of water (n =1.333) [61], donor-
acceptor orientation in the dynamic isotropic limit [60], and the spectral overlap calculated from
equation A12.

1
6

Ry = 0.211[k?n~*¢BF J(1)] (A11)
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Figure A2. Absorption and fluorescence spectra of CBF and rifampicin. The absorption spectra are shown as
continuous lines (— for CBF, and — for rifampicin), and the fluorescence spectra of CBF is shown by dashed
lines (- -). The shape of the overlap integral between CBF emission and rifampicin absorption is shown in grey.

The addition of rifampicin to LUVs containing encapsulated CBF leads to a decrease in CBF
fluorescence even for very low absorptions at the excitation wavelength, indicating the importance
of processes other than the trivial inner filter effect, namely efficient FRET between CBF encapsulated
and rifampicin associated with the LUVs. The fluorescence intensity at different rifampicin
concentrations is shown in Figure A3.

s
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° . (o] ] °

[} —~~
s %o ° ° o - i
Y
-B:: (0] o ° e—:/
\_:_ 0.5 o 040.5 o
T it

0.0L . . . . . 0.0

0.0 0.1 0.2 0.0 0.1 0.2

absorptionat 2 . absorptionat 2 .

Figure A3. Quenching of CBF fluorescence by rifampicin, for CBF encapsulated in the LUVs at 5 and 50 mM.
The hollow symbols correspond to the fluorescence intensity immediately after addition of rifampicin to LUVs
containing CBF encapsulated, and the filled symbols correspond to the fluorescence intensity after disruption of
the LUVs by addition of Triton X-100. The data in red was obtained with 300 pL solution per well, while the
light pathlength was reduced to 1/3 for data is blue by using only 100 uL solution per well.

Quenching of CBF encapsulated in the LUVs is much higher than after LUVs disruption (hollow
vs filled symbols), indicating the presence of local effects in addition to trivial inner filter effects.
Decreasing the light pathlength leads to a decrease in the absorption and therefore on inner filter
effects. Accordingly, no quenching is observed when the LUVs are disrupted by Triton X-100.
However, CBF quenching in intact LUVs is maintained.
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A6 — Size of the POPC LUVs in the Absence and Presence of Rifampicin

The incubation of POPC LUVs with rifampicin at concentrations up to 80 pM does not lead to
significant effects on the dynamic light scattering autocorrelation or in the corresponding average
LUV diameter and polydispersity Index, Figure A4.
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Figure A4. Effect of rifampicin in the size of LUVs. Plot A: autocorrelation of 0.1 mM POPC LUVs in the absence
of rifampicin and after incubation with 10, 20, 50 and 80 uM rifampicin. Plot B: average and standard deviation
of 3 measurements of the average diameter (O) and polydispersity Index (®) of the LUVs at different rifampicin

concentrations.

Appendix B - Complementary MD simulation results and analysis.
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Figure B1. Time variation of the transverse distance to the center of the bilayer of the center of mass of individual
rifampicin molecules (each depicted in a different color). Horizontal grey lines (near +2 nm) indicate average

locations of the POPC P atoms in the corresponding leaflet.
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Figure B2. Time variation of the transverse distance to the center of the bilayer of selected rifampicin an atoms.

Each panel concerns an individual rifampicin molecule of a given identified simulation.
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Figure B3. Time variation of the transverse distance to the center of the bilayer of selected rifampicin zw atoms.

Each panel concerns an individual rifampicin molecule of a given identified simulation.
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Figure B4. Transverse distance between the N2 and N6 (a, b, e, f) or N2 and C12 (¢, d, g, h) rifampicin atoms, as

a function of the transverse distance between the rifampicin N2 atom and the center of the bilayer. The top (a, b,

¢, d) and bottom (e, £, g, h) panels refer to the an and zw species, respectively. The left (a, ¢, e, g) and right (b, d,

f, h) panels refer to the w and ¢ simulations, respectively. Each color concerns a different rifampicin molecule.

The whole trajectories were taken into consideration in these plots.
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Figure B5. Radial distribution functions (RDFs) of POPC P (first and third rows) or N (second and fourth rows)
atoms around the rifampicin piperazine ring. The panels in the top two rows and bottom two rows refer to the
an and zw species, respectively. The left and right panels refer to the w and c simulations, respectively. Each color
concerns a different rifampicin molecule, with an identical color scheme to that of Figure B4. The final 500 ns of

each simulation were taken into consideration in these plots.
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Figure B6. Radial distribution functions (RDFs) of the rifampicin aromatic ring system around the POPC P (left)
or N (right) atoms, calculated for the w simulations. The top and bottom panels refer to the an and zw species,
respectively. Each color concerns a different individual rifampicin molecule, with an identical color scheme to

that of Figure B4. The final 500 ns of each simulation were taken into consideration in these plots.
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Figure b8. Average number of instant H bonds from rifampicin donor groups to POPC oxygen atoms. (a) and

(b) panels refer to w and c simulations, respectively. Each column refers to an individual rifampicin molecule.
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Figure b9. Calculated average deuterium order parameter (| Scol) profiles for the last 200 ns of each simulation,

for different ranges of lateral distance R to the nearest rifampicin molecule inserted in the same leaflet.
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Figure B10. Variation of the calculated PMF profiles as a function of the distance between the rifampicin and
local bilayer centers of mass z (using as reference the free energy at z = 4.0 nm), using 20 ns time ranges starting

at increasing initial times (from t = 0, light blue, to ¢t = 100 ns, green).
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Figure B11. Free energy barrier heights associated to the translocation (blue) and desorption (orange) processes,

calculated using different 20 ns time ranges for sampling.
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