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ABSTRACT Fluorine-19 is an ideal nucleus for studying biological systems using NMR due to its rarity in biological environ-
ments and its favorable magnetic properties. In this work, we used a mixture of monofluorinated palmitic acids (PAs) as tracers
to investigate the molecular interaction of the fluorinated drug rosuvastatin in model lipid membranes. More specifically, PAs
labeled at the fourth and eighth carbon positions of their acyl chains were coincorporated in phospholipid bilayers to probe
different depths of the hydrophobic core. First, the '°F chemical shift anisotropy (CSA), indicative of membrane fluidity, was
simultaneously determined for fatty acids (FAs) and the fluorinated drug using either slow magic-angle spinning (MAS) 1D
9F solid-state NMR (SS-NMR) or MAS 2D '°F-'9F SS-NMR with CSA recoupling. Membrane heterogeneity and selective par-
titioning of rosuvastatin into fluid regions could thus be evidenced. We then examined the possibility of mapping intermolecular
distances in bilayers, in both the fluid and gel phases, using '°F-'°F and "H-'°F correlation experiments by SS-NMR using MAS.
Spatial correlations were evidenced between the two PAs in the gel phase, while contacts between the statin and the lipids were
detected in the fluid phase. This work paves the way to mapping membrane-active molecules in intact membranes, and stresses
the need for new labeling strategies for this purpose.

SIGNIFICANCE Lipid membranes ensure cell integrity and protection from their environment. They can be targeted or
crossed by bioactive molecules, such as drugs, on their way to the target site. In this work, we exploit the high sensitivity of
fluorine-19 and its low abundance in biological systems to study the membrane state and interactions with the fluorinated
drug rosuvastatin at the nanoscopic level using '°F solid-state NMR. We demonstrate that incorporating monofluorinated
fatty acids at different positions on their acyl chains into lipid bilayers allows determining membrane fluidity. Moreover, we
show that membrane-active molecules can be mapped within the bilayer through intermolecular '°F-'°F and "°F-'H
contacts. This approach could be applied to study intact cells.

INTRODUCTION

Solid-state NMR (SS-NMR) experiments can provide infor-
mation on both structural and dynamical aspects of molec-
ular interactions with biological membranes (1-5). In the
case of complex cellular systems with many different con-
stituents, determining the location of a guest molecule in
the membrane is challenging. Notably, establishing the
structural connectivity or distance relationships to the mol-

ecules found in the membranes, such as lipids, proteins, and
carbohydrates, is particularly daunting. Depending on the
experimental needs, different membrane mimetic systems
can be employed (6). Rapidly reorienting model membranes
such as a micelles, are readily accessible and amenable to
"H-based solution NMR experiments, which allow fast
signal acquisition and high spectral resolution (7,8). These
experiments can be complemented by isotopic labeling stra-
tegies to constrain the structure of molecules or elucidate
their spatial organization (7). However, such model systems
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reproduce the membrane poorly. Moreover, the NMR strate-
gies that they enable cannot be applied to slow-tumbling
lipid bilayers, such as multilamellar vesicles, and to whole
cell membranes. Obtaining dynamical constraints and accu-
rate distance measurements is difficult in such systems,
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particularly in the natural fluid state of the membrane where
often both solution and SS-NMR experiments break down.
From an NMR point of view, the challenges faced arise
not only from low sensitivity and spectral overlap but also
from motional and spatial heterogeneity.

In this regard, fluorine-19 (19F) labeling of membrane
lipids provides several benefits, notably its high sensitivity
and absence in biological systems, thus limiting the possi-
bility of signal overlap (9,10). The usefulness of fluori-
nated lipids and palmitic acid (PA) was demonstrated in
our previous studies (11-15), notably the possibility to
incorporate fluorine labels at different locations across
red blood cell ghost membranes with a single monofluori-
nated PA probe on either carbons 4, 8, or 14 of the acyl
chains (11). This allowed probing the interaction of an
antimicrobial peptide at different locations of the mem-
brane’s hydrophobic core.

In this work, we extend our previous study by showing
that the information offered by different 'F-PAs can be
simultaneously obtained in a multiply labeled model
membrane. Furthermore, similar information can be ob-
tained for the monofluorinated drug molecule rosuvastatin
(RVS) inserted in the fluorinated membrane. This drug
was selected because statins are well known for their
pleiotropic action (16), which involves interaction with
the lipid bilayer where they are known to modulate the
structure and dynamics of membranes by exerting their ef-
fect on lipids or cholesterol (17,18) and even induce phase
separation or the formation of lipid rafts in the mem-
brane (16,17).

We then evaluate to what extent '’F-'°F distances can
be measured in a membrane environment in both the mo-
tionally restricted gel phase and the more native fluid
phase. We exemplify these distance measurements by
examining the proximity between '’F-PAs and the mono-
fluorinated RVS, which has been shown to insert in POPC
(1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) bilayers
(17). Experiments are carried out under slow magic-angle
spinning (MAS) conditions, which enable the measure-
ment of anisotropic interactions with site-specific resolu-
tion of the various '’F-PAs and statins. At faster
although moderate spinning frequencies (~10 kHz),
only the central isotropic peak remains, and two-dimen-
sional (2D) correlation experiments can be used either
to measure recoupled chemical shift anisotropy (CSA)
values with site-specific resolution or to elucidate molec-
ular proximity.

Overall, we show that '°F MAS SS-NMR of multiply
labeled membranes can provide valuable information on
molecular structure and proximity in an anisotropic lipid
system, even in the fluid state. Accurate distance measure-
ments are indeed possible in membranes by employing
'FE. However, additional hurdles such as unfavorable dy-
namics or phase separation need to be taken into account,
especially in the case of whole-cell systems.

'9F solid-state NMR study of membranes

MATERIALS AND METHODS
Materials

All lipids and detergent molecules used in this study were obtained from
Avanti Polar Lipids (Alabaster, AL), which include POPC and dodecyl-
phosphocholine. RVS, sparfloxacin (SPX), deuterium-depleted water, as
well as all other solvents and chemicals were purchased from Sigma-
Aldrich (Oakville, ON, Canada). Deionized 18.2 MQ cm Milli-Q water
was used in all experiments (Millipore-Sigma). Monofluorinated fatty acids
(FAs) were synthesized following a protocol detailed in Kumar et al. (11).

Multilamellar vesicles preparation

Multilamellar vesicles were prepared using the dry film method described
by Warschawski et al. (19). In brief, the lipid mixture (including '°F-labeled
PAs) was dissolved in a 1:2 methanol/CHCIj; solution and dried under nitro-
gen stream. Remaining traces of organic solvent in the lipid film were
removed by high vacuum for at least 2 h. RVS or SPX dissolved in 1:2
methanol/CHCI; were directly added to the dry lipid film at a lipid/PAs/
drug molar ratio of 40:20:3, followed by a 1-2-h solvent evaporation
step. The mixed lipid film containing the drug was then hydrated with
a physiologically relevant solution of 150 mM NaCl prepared with
2H-depleted water if necessary. The lipid dispersion was submitted to a se-
ries of 3-5 cycles of freeze (10 min at —20°C), thaw (10 min above 40—
55°C) and vortex shaking, and finally transferred into a 4-mm diameter
(105 uL volume, 15 kHz maximum spinning frequency) or 1.9-mm diam-
eter (15 uL volume, 42 kHz maximum spinning frequency) SS-NMR rotor.

SS-NMR experiments

All SS-NMR spectra were recorded using a Bruker Avance III-HD wide-
bore 400 MHz spectrometer (Milton, ON, Canada) equipped with either a
double-tuned 4-mm-HFX probe or a 'H-'F filter, allowing to observe
'9F with "H decoupling, or alternatively a 1.9-mm HXY probe converted
into FXY probe, with no 'H decoupling.

ID "F SS-NMR experiments were carried out at different MAS fre-
quencies with a phase-cycled Hahn echo sequence. Static or 1 kHz '°F
spectra were collected with the 4-mm HFX probe using 1024 scans per
spectrum, for a total acquisition time of 50 min with a recycle delay of
3 s. Static '’F SS-NMR spectra were obtained using a phase-cycled Hahn
echo pulse sequence, with an interpulse delay of 35 us and high-power
(50 kHz) 'H decoupling during acquisition. The 90° pulse length was 4
us and data were collected using 2048 points for '°F SS-NMR with a
recycle delay of 3 s. The '°F chemical shifts were referenced to the tri-
fluoroacetic acid signal at —76.5 ppm. The same probe was used to record
10 kHz MAS spectra, obtained with 128 scans and a total acquisition time
of 6 min with a recycle delay of 3 s. For all '’F MAS spectra, a minimum of
3k data points were collected, with a 4-us 90° pulse length, and interpulse
delays were rotor-synchronized. When necessary, 'H-'°F cross-polarization
(CP) was performed for 1 ms. Fast MAS at 33 kHz was carried out with a
1.9-mm EXY probe, and 1D '"F spectra were collected using 32 scans and a
total acquisition time of 2 min, without 'H decoupling.

2D "’F-"°F CSA recoupling sequence under MAS (FROCSA) was used
with an 11 kHz MAS frequency on the 4-mm probe and 'H decoupling
without CP, analogous to the *'P recoupling of chemical shift anisotropy
sequence proposed by Warschawski et al. (19). Spectra were acquired
with 16 scans for each of the 32 rows, and a recycle delay of 2 s, for a total
time of 17 min. Processing was performed with automatic baseline correc-
tion and no line broadening.

2D '"H-"H nuclear Overhauser enhancement spectroscopy (NOESY) ex-
periments were done at different mixing times at 10 kHz MAS frequency on
the HFX probe, with a total of 1k data points x 512 increments, each with
16 scans, for a maximum acquisition time of 6.5 h. 2D "H-'F heteronuclear
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FIGURE 1 (A) Static, (B) 1 kHz, and (C) 10 kHz MAS '°F SS-NMR
spectra of POPC model membranes incorporating monofluorinated PAs,
at a POPC/PA-F(4)/PA-F(8) molar ratio of 4:1:1. Experiments (solid lines)
were performed at 35°C with 'H decoupling. CSA values extracted from
simulations (dotted lines) are indicated in Table 1.

Overhauser enhancement spectroscopy (HOESY) experiments were carried
out with different mixing times and 'H decoupling at 10 kHz MAS fre-
quency on the HFX probe, with a total of 2k data points X 512 increments,
each with 32 scans, for a maximum acquisition time of ~35 h. For both ex-
periments, a recycle delay of 2-3 s was used. 2D '°F-'°F PDSD (proton-
driven spin diffusion) with no recoupling at different MAS frequency on
the HEX probe or with no 'H decoupling at 33 kHz MAS frequency on
the FXY probe. DARR (dipolar-assisted rotary resonance) with 'H recou-
pling at different MAS frequency on the HFX probe, were carried out at
various mixing times, with a total of 2k data points x 384 increments of
8 scans each, leading to a maximum of 2.5 h acquisition time, with a recycle
delay of 2 s. When necessary, 'H-'°F CP was performed for 1 ms. 2D
E_"F RFDR experiments were done at 10 kHz MAS frequency on the
HFEX probe with 1k data points x 512 increments of 16 scans each, amount-
ing to a maximum of 4.5 h of acquisition time, with 1 ms 'H-'"°F CP and a
recycle delay of 3 s. For all experiments, the 50 kHz "H and 62.5 kHz "°F
RF field strengths were used and calibrated independently. Diagrams of all
these pulse sequences are given in Fig. S1.

258 Biophysical Journal 124, 256-266, January 21, 2025

'F CSA values were determined by line fitting using the Bruker Sola
(Solid Lineshape Analysis) software. 'H-'"H NOESY and '°F-'°F PDSD
or DARR buildup curves were generated using crosspeak volumes—after
normalization by their diagonal peak volume and specific number of pro-
tons. Since there is no diagonal in the HOESY spectra, peak volumes
were normalized by the most intense signal, which can be unambiguously
assigned to aromatic protons of RVS (peaks n and o in Fig. S2).

Density functional theory

Geometry optimization of RVS or SPX were carried out by density func-
tional theory (DFT) computations using the Gaussian 09 software suite
(Carnegie Mellon University), B3LYP exchange correlation function,
together with 6-311G basis set and default methanol or water as the solva-
tion medium. By using these optimized minimum energy structures, mag-
netic shielding tensors were calculated by the GIAO B3LYP/CC-PVDZ
method. Distances and isotropic shielding tensors obtained from DFT struc-
tural coordinates for both the investigated molecules were compared with
the NMR results.

RESULTS AND DISCUSSION

Molecular dynamics through '°F CSA
measurement

Information at different depths of the lipid bilayer, previ-
ously recorded sequentially, were simultaneously obtained
by incorporating PAs fluorinated at different positions in a
phospholipid bilayer. Fig. 1 A shows the static '°F SS-
NMR spectra recorded as a function of temperature, of a
POPC model membrane in which two types of PAs, fluori-
nated at position 4 or 8, are coincorporated. Two broad pow-
der patterns are overlapped, but clearly shifted from one
another and both can be deconvoluted through spectral
fitting. Similarly to the values reported by Kumar et al.
(11), a higher CSA value of =15-17 ppm was measured
in the gel phase at —15°C and up to —3°C (Table 1). The
CSA value dropped to 5-7 ppm in the fluid phase.

Two resonances were resolved using MAS (Fig. 1, B
and C) and assigned to the two PAs, respectively fluorinated
on positions 4 (3;,, = —180.6 ppm) and 8 (d;;, = —178.9
ppm), in agreement with our previous report (11). The
site-specific CSA values can be determined by fitting the
spinning sideband manifolds obtained at a low spinning fre-
quency. As seen Fig. S3 and reported in Table 1, the spectra
in the gel phase (—15 and —3°C) reveal a CSA value of ~16
ppm for both PA-F(8) and PA-F(4). Note that the powder
patterns of the two PAs cannot be resolved in the gel phase
without MAS. In the fluid phase, the CSA values of both PAs
are very close (6.3 and 6.8 ppm for PA-F(4) and PA-F(8),
respectively) as expected for a fully miscible system and
consistent with the pseudo-binary phase diagram of lipid
membranes containing PAs (11,20). The remaining differ-
ences between the two CSAs can be ascribed to the differing
fluorine position along the acyl chain. No superposition of
gel and fluid phases was detected (11). The phase-transition
temperature of POPC membranes without PAs is —2°C (21)
and a temperature range of —15 to 35°C appears to be
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TABLE1 '°F CSA values (in ppm, with standard deviation) of monofluorinated PAs and RVS in model membranes, with or without
RVS, at various temperatures, measured by three different methods
Static Slow MAS FROCSA
Temperature (°C) Sample PA-4 PA-8 RVS PA-4 PA-8 RVS PA-4 PA-8 RVS
35 without 54 (0.5  7.2(0.5) - 6.3 (0.3) 6.8 (0.9) - 6.7 (0.6) 7.1 (0.7) -
with RVS 49 (0.1) 43(0.3) 7.5(0.1) 5.8 (0.8) 5.6 (1.4) 7.4 (0.8) 6.1 (0.9) 5.9 (0.4) 6.9 (1.5)
-3 without 16.7 (0.2) - 16.7 (1.0)  16.5(0.7) - 16.7 (0.2)  17.1 (0.8) -
with RVS 15.1 (0.4) 8.2(0.3) 15.4(0.6) 169 (0.1) 7.7 (0.4) 15.3 (0.4) 17.0 (0.1)  7.3(0.3)
—15 without 16.6 (0.8) - 173 (0.3)  16.8 (1.1) - 169 (0.5)  17.2(0.6) -
with RVS 16.3 (0.2) - 16.1 (0.1) 17.0 (0.1) - 15.5 (0.5) 17.4 (0.6) -

appropriate for studying the phase behavior of PA-contain-
ing lipid membrane by '°F static spectra.

In the case of slow-MAS spectra, CSA values closely
agree with those obtained from the static spectra through
spectral fitting. Since the CSA is almost completely aver-
aged-out at a spinning frequency of 10 kHz (Fig. 1 C), the
best MAS frequency to be used for a CSA analysis is a
compromise between sensitivity (higher intensity for a
reduced number of spinning sidebands) and precision in
the CSA measurement (increased number of sidebands).
In a model membrane with a high 'F-PA proportion
(33 mol %), spinning frequencies on the order of 1-2 kHz
are adequate, but higher MAS frequencies are likely to be
necessary in whole cells.

Alternatively, 2D experiments that can recouple the CSAs
under fast MAS and separate them according to their
isotropic chemical shift have been developed for '*C and
3P SS-NMR (19,22). This ROCSA experiment is adapted
here to '°F SS-NMR (Fig. 2), which we coin “FROCSA”
for simplicity. As shown in Fig. 2, the CSAs of both fluori-
nated PAs can be obtained in less than 20 min, at a spinning
frequency of 11 kHz. We would like to stress that since 2D
FROCSA can provide CSA values at higher MAS fre-
quencies, the total experimental time is reduced compared
with the 1D slow MAS experiments. As shown in Table 1,
the CSAs extracted from the slow-spinning or the
FROCSA experiments are in excellent agreement. When a
single FA species is present, the CSAs extracted from the
static spectra are also in good agreement. However, as might
be expected, the discrepancy increases when the two FAs
signals overlap in static spectra and in this case, CSA ob-
tained through slow spinning or FROCSA are more reliable.
The site-specific information obtainable through slow spin-
ning or FROCSA should also be accessible with other mem-
brane mimetics or whole cell samples.

The '°F nucleus on phospholipid or FA acyl chains is partic-
ularly sensitive to the bilayer ordering, as we previously
demonstrated with red blood cell ghosts (11). It is also inter-
esting to monitor the influence of a fluorinated molecule on
the phase transition of the membrane in which it is incorpo-
rated. Indeed, a great number of membrane-active drugs are
fluorinated (17,23,24) and their '°F NMR spectra have been
shown to help assess their membrane interaction (23,24).

Due to the strong structure dependence of '°F isotropic chem-
ical shifts, values for drugs are likely to differ from those of
1°F-labeled acyl chains in lipids or FAs. It should therefore
be possible to simultaneously investigate the structure and
dynamical properties of both a membrane-active drug and
the hydrophobic core of the membrane—as revealed by '°F-
labeled acyl chains—using the same '°F SS-NMR spectrum.

We thus examined the monofluorinated RVS, incorpo-
rated in POPC/'’F-PA model membranes. As shown in
Fig. 3, the R signals of RVS as well as PA-F(4)’s and
PA-F(8)’s are well separated and, using slow MAS, the
CSA values of all fluorinated species could be measured
(Table 1). The FROCSA experiment could also be used
for this system, as shown in Fig. 4. Our results indicate
that the '’F CSA values of the FAs below and above the
main melting temperature of the membrane are minimally
reduced in the presence of the statin (~0.5 to 1 ppm). Inter-
estingly, the CSA of the statin, which is axially symmetric
and similar in width to the one of the FAs above the T,,, is
only slightly modified when the temperature is reduced to
—3°C. The asymmetry is small (~0.2), and the CSA value
increases only by 1 ppm, whereas the FAs’ CSA values are
multiplied by almost a factor of 3. The statin, thus, appears
to remain mostly in a fluid environment, most likely segre-
gated from PA-rich gel phase regions of the membrane. At
an even lower temperature (—15°C), the CSA of RVS in-
creases drastically, and its signal becomes barely detect-
able under static conditions, or disappears under slow
MAS (Fig. S3). The most probable explanation for the
latter observation is that short transverse relaxation pre-
vents MAS averaging. It should be stressed that site-spe-
cific CSA values at lower temperatures are accessible
either with slow MAS or FROCSA experiments (Figs. 3
and 4). In the case of whole-cell membrane studies, where
sensitivity is a key issue, 2D FROCSA will be preferred
because it can provide CSA values faster than with 1D
slow MAS experiments.

Using a model membrane with multiple '°F labels, a sim-
ple slow MAS 'F spectrum or FROCSA can thus be used to
assess the local dynamics of the bilayer’s hydrophobic core,
and thereby evaluate membrane heterogeneity and drug
location simultaneously. Further insights might be obtained
by determining '°F-'°F internuclear distances.
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FIGURE 2 (A) 2D '"F-'F FROCSA spectrum
and (B) 1D 'F slices extracted from the 2D NMR
spectrum of POPC model membranes incorporating
monofluorinated PAs, at a POPC/PA-F(4)/PA-F(8)
molar ratio of 4:1:1. Experiments (solid lines)
were performed at 11 kHz MAS with 'H decou-
pling, at 35°C. CSA values extracted from simula-
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Membrane molecular structure through '°F-'°F
distance measurements

A more accurate description of the membrane structuring
might be obtained by assessing '’F-'°F internuclear dis-
tances (or, semiquantitatively, proximities) between FAs
and between the FAs and a membrane-active drug. The ac-
curate measurement of such distances in membrane samples
is, however, notoriously difficult, in particular due to the dy-
namics in hydrated fluid biomembranes. The ideal type of
experiment to use needs to be determined and, most impor-
tantly, a single set of experiments might not be valid in both
the gel and the fluid phases.

In SS-NMR, distances are usually obtained through
magnetization transfer, the mechanism of which depends
on the physical state of the sample, and two situations can
be distinguished. In the case of rigid molecules, distances
can be deduced from the measurement of coherent dipolar
couplings between isolated spins, through dipolar recou-
pling sequences such as R2 (rotational resonance),
REDOR (rotational-echo double resonance), or RFDR (ra-
diofrequency-driven recoupling), for example. Some 2D
SS-NMR sequences also allow the detection of correlations
between spins that are not directly coupled, using spin diffu-
sion. The most frequently used sequences of this type are
13C-13C PDSD (proton-driven spin diffusion) and DARR.
On the contrary, in the presence of molecular motion,
coherent dipolar couplings are averaged out, and distances
can be obtained by measuring dipolar couplings indirectly
through NOE effects and, to some extent, spin diffusion. Di-
agrams of all these pulse sequences are given in Fig. S1.
Membranes in the gel phase belong to the category where
R2, REDOR, RFDR, DARR, or PDSD have been used
to measure distances in lipids (25-27) and peptides
(25,28-35). In the fluid phase, '"H-'"H NOESY under MAS
has been employed to study lipid structure and dynamics,
and the relative effects of NOE and spin diffusion (36—
38). Ramamoorthy and Xu also used this approach for the
structural assessment of a membrane-bound antimicrobial
peptide (39).

Here, we examined the possibility of measuring intermo-
lecular distances between monofluorinated FAs, or between
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a fluorinated drug and an FA, to determine the membrane
structure or drug location. All our attempts to detect
YE-IF correlations (using RFDR, PDSD, or DARR) be-
tween FAs in the model POPC/FA membranes in the fluid
state have failed (data not shown). We therefore considered
membranes in the gel state, at —3°C as generally done in
the literature to determine intermolecular distances (26). It
was not possible to establish spatial correlations between
FAs through direct '"F-'°F dipolar couplings via RFDR
(data not shown). However, 2D YF.1F PDSD and DARR
correlation spectra of fluorinated PAs incorporated in POPC
membranes could be obtained. In the gel state, peaks are
well resolved, and correlations between '°F nuclei at posi-
tions 4 and 8 are clearly visible. However, DARR crosspeaks,
when "H recoupling is performed, are weaker than those
observed on the PDSD spectrum (compare Fig. 5, A and C).

To estimate the distance between fluorinated FAs in lipid
membranes, we used the crosspeaks’ buildup rates since
they are related to internuclear distances. To do so, we first
calibrated the '"F-'°F buildup rates in a standard molecule
containing a fixed and known '’F-'°F distance. For this pur-
pose, we selected the bifluorinated antibiotic SPX, with an
internuclear distance of 4.73 A (Fig. S5) determined by
DFT and measured by RFDR (Fig. S6). Although the two
systems must be compared with caution, one can assume
that the slower PDSD magnetization transfer between PA-
F(4) and PA-F(8) shown in Fig. 5 B is indicative of a longer
average intermolecular distance as compared with the
intramolecular distance between the two fluorines of SPX
in a (2:1) dipalmitoylphosphatidylcholine/SPX mixture,
observed in Fig. S6, i.e., longer than 4.7 A.

In no case under our experimental conditions was a cor-
relation between the drug and any of the FAs observed.
Overall, the fact that a PA-F(4)/PA-F(8) distance can be
measured, while no proximity between either PAs and the
statin is observed, likely results from a phase separation be-
tween PAs partitioning into the gel phase, and statin parti-
tioning into the fluid phase. While this information could
already be inferred from the lineshape analysis of the 1D
spectra, these results are a clear indication that a '’F-'°F dis-
tance with a labeled PA can be measured within the bilayer.
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FIGURE 3 (A) Static, (B) 1 kHz, and (C) 10 kHz
MAS '°F SS-NMR spectra of POPC model mem-
branes incorporating monofluorinated PAs, at a
POPC/PA-F(4)/PA-F(8) molar ratio of 4:1:1, with
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Admittedly, this type of information will become valuable if
a distance can be measured between an FA and a guest
molecule in the same membrane phase.

These results raise the question of the magnetization
transfer mechanism between fluorine spins. Lipid mem-
branes form 2D liquid crystals with various types of motions
depending on the phase. At —3°C, the POPC/PA membrane
exhibits motional restriction characteristic of the gel phase
(Table 1), at least in the PA-rich regions. Interestingly, '°F
PA(4)-PA(8) crosspeaks could only be detected in the gel
phase. The fact that only this solid-like state provides the
appropriate dynamical regime for magnetization transfer
to occur is a good indication that '’F-'°’F NOE or 'H spin
diffusion are not efficient transfer mechanisms at higher
temperatures. Moreover, the intermolecular distance in
this case is likely beyond the longest distance detectable
by 19p 195 NOE, which can be estimated to 4-5 A. In addi-
tion to dynamical considerations, Roos et al. (40) have
shown that two scenarios need to be considered when
measuring '’F-'°F internuclear distances: one in which the
isotropic chemical shifts are identical, and one where they
significantly differ. In the first case, magnetization transfer
without "H-"H recoupling (PDSD) is optimal and is thus
CSA-mediated while, in the second case, 'H-'H recoupling
(DARR) accelerates this transfer, which is therefore medi-
ated by dipolar couplings. The effect of "H-'H recoupling
is thus a good criterion to determine the regime in which
a given '°F pair is.

In the gel phase, without 'H recoupling, the buildup of the
off-diagonal '"F-'°F PDSD crosspeak intensities reaches a

plateau at a mixing time of 200-300 ms, with a maximum
transfer of 50% at 10 kHz MAS frequencies, and of 80%
at a slower 3.3 kHz MAS (Fig. 5 B). The reintroduction of
"H-"H dipolar couplings in DARR clearly reduces the
magnetization transfer, as the maximum transfer at
200 ms reaches 20% at 10 kHz, and 75% at slower 3.3
kHz MAS (Fig. 5 D). While in the case of >C SS-NMR,
DARR has been shown to accelerate spin exchange (41),
the behavior observed here is reminiscent of that observed
for '°F spins with the same isotropic chemical shift and
different chemical shift anisotropies, where the absence of
"H-"H irradiation accelerates the buildup rate by up to a fac-
tor of 5 (40). The small difference in isotropic chemical
shifts (1.7 ppm) between the PAs labeled on positions 4
and 8, thus appears to be sufficiently small to favor this
type of CSA-mediated spin diffusion. For this situation,
the '"F CODEX experiment at high MAS frequencies
should enable the detection of longer distances (40), a
potentially interesting avenue which we could not test for
lack of an appropriate probe. No crosspeak intensity be-
tween FAs and the statin could be detected with mixing
times of up to 750 ms (data not shown). The strong discrep-
ancy in isotropic chemical shifts (~80 ppm) most likely pre-
vents the same type of phenomenon to take place.

Localization of fluorinated molecules in a lipid
bilayer

Our primary goal for '°F labeling was to map the insertion
of a guest molecule (drug or peptide) within the membrane
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FIGURE 4 (A) 2D '"F-'"F FROCSA spectrum
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by determining its distance relatively to '°F atoms located at
various positions on the FA acyl chain. As demonstrated in
the previous section, it should indeed be possible using a
POPC/'"F-PA system. We thus attempted to locate RVS in
the bilayer, using '°F SS-NMR. The phase separation into
PA-rich gel phase regions and POPC-rich fluid ones—in
which the statin preferably partitions—prevents the
measurement of RVS-PA distances. By increasing the tem-
perature, the bilayer can be made homogeneous but, unfor-
tunately, in the fluid state, local motions drastically reduce
coherent dipolar couplings and CSA, to the extent that stan-
dard SS-NMR techniques break down. Overhauser effect
cross-relaxation, on the other hand, has been shown to be
efficient in fluid membranes, and '"H-'"H homonuclear

NOESY has indeed been used to locate statin molecules
in lipid bilayers (17).

Fig. S7 shows that 'H-'"H NOEs could effectively be de-
tected within the aromatic ring of RVS, as well as between
RVS’s aromatic protons and the lipids’ protons, including
the acyl chains. An NMR study by Galiullina et al. (17)
also showed similar cross correlation effects between
POPC and RVS, while the authors were using membranes
without PAs. In our case, whether these acyl chains belong
to POPC or to the FAs could not be determined at this stage
due to spectral overlap. Likewise, it was not possible
through '"H-'"H NMR to establish spatial proximities be-
tween FAs. As might be expected, the intramolecular cross-
peak buildup is fast within the aromatic ring of RVS, which
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FIGURE 5 2D '"F-"F SS-NMR spectra of
monofluorinated PAs incorporated in POPC mem-
branes at a POPC/PA-F(4)/PA-F(8) molar ratio of
4:1:1. (A) PDSD at 500 ms mixing time and 10
kHz MAS and (B) PDSD buildup curves at different
MAS rates. (C) DARR at 200 ms mixing time and
10 kHz MAS and (D) DARR buildup curves at
different MAS rates. Experiments were performed

—3°C with '"H decoupling during acquisition. Er-
ror bars represent standard deviation on the mean
(n=2).
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reaches a plateau at a mixing time of ~500 ms, correspond-
ing to a distance of ~2.49 A. A much slower buildup was
observed between these aromatic 'H and those of the
choline headgroup, the glycerol and the terminal acyl
methyl group, with a slightly faster buildup for the statin
to glycerol (g,) NOE. An intermolecular distance between
2.5 and 5 A is thus expected. The precise location of RVS
with respect to the bilayer core cannot be determined, since
contacts are evidenced with both the headgroup, middle sec-
tion and acyl chains. One might also consider the presence
of spin diffusion, which would prevent any such precise
conclusions. Moreover, faster buildups of the crosspeaks be-
tween the statin-protons and 8' acyl chain protons, and with
the g, protons were noticeable and thus, statins are likely
positioned closer to these two protons, in the upper part of
the membrane.

The use of '’F-labeled FAs also enables the measurement
of 'H-'°F distances using HOESY in the fluid phase—the
natural state of biological membranes. The maximum dis-
tance that '"H-'""F Overhauser effect allows to probe prob-
ably lies slightly below the 5 A standard upper distance
stated for the 'H-'H case. The main advantage of using
YF NMR is the reduction in spectral overlap, easily

enabling the identification of fluorinated molecules
including FAs—a key feature if the measurements are per-
formed in a complex environment such as native whole-
cell membranes. 2D HOESY could be acquired starting
with either 'H or 'F magnetization. We have tried the
former for a stronger signal, but the latter could help alle-
viate "H-"H spin diffusion.

Fig. 6 shows a 'H-'"F 2D HOESY spectrum with a mix-
ing time of 500 ms of RVS incorporated into POPC/PA-
F(4)/PA-F(8) membranes, at 35°C and MAS at 10 kHz.
Intermolecular contacts between the statin’s '°F atom at
around —110 ppm and the "H of acyl chains are readily
detectable and easy to identify. The buildup of characteristic
statin intramolecular crosspeaks, as well as intermolecular
statin crosspeaks with choline, glycerol and acyl chain ter-
minal groups are shown in Fig. 7, A and C. The fastest
buildups are, of course, the intramolecular ones, between
the statin '°F and aromatic protons, followed by the intermo-
lecular crosspeak between the statin '°F and the 8' proton on
the lipid acyl chain, again asserting statin location in the
bilayer.

These 'H-'F results enable a more precise characteriza-
tion of the statin insertion than by using the traditional
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"H-"H approach. Indeed, the intermolecular buildup pro-
vides an estimate on the distance, which falls below the
longest intramolecular distance of ~4.5 A and also sets an
upper limit as to the distances that can be probed. Cross-
peaks with a slow buildup are observed between methyl
groups (k, 1) of RVS and both PAs, indicating that RVS is
located close to the fourth and eighth carbons of the acyl
chains in the membrane. In addition, both "9F atoms of
PAs give strong correlations to 8' protons of lipids, confirm-
ing their close proximity to POPC lipids and that they are no
longer segregated in the fluid phase. A crosspeak with fast
buildup is noticeable between the PA-F(4) to RVS’s methy-
lene (h), while no crosspeak is observed between (h) and
PA-F(8), indicating the proximity of (h) and PA-F(4)
(Fig. 7, B and D). Although, Galiullina et al. (17) locate
RVS close to the C2-C3 segments of POPC, the presence
of intramolecular cross-correlation such as h, d, and b
(Figs. S2 and S7) limits the identification of a precise loca-
tion of RVS by 'H-"H experiments. While direct '°F-'°F ex-
periments could not locate the drug in the fluid state, the
depth of penetration of this statin into the bilayer can be es-
tablished by "H-'’F experiments. A cartoon of its location is
presented in Fig. 8. Alternatively, one could also consider
paramagnetic probes to assess the insertion depth of a mem-
brane-bound molecule (42,43). However, in the case of a
charged molecule, we believe that '°F labels reduce ambigu-
ities that might arise from electrostatic interactions with the
paramagnetic ions. In addition, fluorine probes, being more
specifically localized within the membrane than ions, are
likely to provide a more precise determination of the mem-
brane-bound molecule’s location.
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CONCLUSION

This work showed that the incorporation in model mem-
branes of FAs with '°F labels at different positions on the
acyl chain allows studying the interaction of host molecules.
Structural questions were addressed by measuring '°F-'°F
distances, or at least enabled the establishment of spatial
proximities. Below the phase transition temperature of
POPC, phase separation was evidenced by detecting spatial
contacts between PAs, but no contact between PAs and RVS.
Magnetization transfer mechanisms were carefully analyzed
in the fluid phase. We showed that one could only rely on
NOEs, and demonstrated the advantages of using 'H-'’F
NOE:s, easing spectral assignment and greatly reducing
spectral overlap.

The use of '°F labels could help in other similar cases,
such as protein-ligand interactions in the membrane, or to
locate molecules interacting with whole cells by SS-NMR.
For the latter, it would require two strategies. First, to mea-
sure internuclear distances in conditions as native as
possible, i.e., in the fluid phase. Heteronuclear 'H-F
NOEs could be used. This implies the development of
more fluorination sites in the molecule of interest, to make
distance measurements amenable. A second strategy would
be to use SS-NMR approaches, by first freezing down mem-
brane motions, while maintaining membrane structure and
preventing phase separation or conformational changes. In
addition, one might also use isotopic enrichment such as
13C and PN, along with multiple fluorinations (44), which
enables the measurement of internuclear distances using
dipolar or scalar-based 2D or 3D experiments (44,45).



FIGURE 8 Schematic representation of RVS the in lipid bilayer. Shaded
regions represent close proximity between nuclei as derived from 'H-'"F
NOE peaks. PC headgroups are represented by blue spheres, carboxylic
acid headgroups in orange, and fluorine atoms in yellow. To provide a qual-
itative sense of drug’s depth within the membrane, the thickness of the red
dotted lines showing the internuclear contacts corresponds to the 'H-'"F
NOE’s intensity.
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Figure S1: Typical pulse sequences schemes used in this article: (A, B & C) 2D *F-1°F PDSD,
(D) *F-1F DARR, (E) °F-1F FROCSA and (F) '°F-'H HOESY experiments.




Additional spectra and assignments of rosuvastatin :
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Figure S2: (A) Fluorinated palmitic acids (PAs) used in this work, and H annotation in
rosuvastatin (RVS). (B) *H SS-NMR spectrum of POPC/PA-F(4)/PA-F(8) at amolar ratio of 4:1:1,
with RVS at a lipid/PAs/RVS molar ratio of 40:20:3 in D20, using a MAS frequency of 10 kHz
MAS. *H solution NMR spectrum of (C) DPC-ds1/PA-F(4)/PA-F(8) at a molar ratio of 2:1:1, with
RVS at a DPC-ds3i/PAS/RVS molar ratio of 20:20:10 in D20, and of (D) RVS in MeOH.
Experiments (C) and (D) were recorded using a Bruker Avance spectrometer operating at 600
MHz (Milton, ON, Canada) equipped with a 5 mm solution NMR probe. All experiments were
performed at 30 'C.
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Figure S3: (A) Static and (B) 1 kHz MAS F SS-NMR spectra of POPC model membranes
incorporating monofluorinated PAs, at a POPC/PA-F(4)/PA-F(8) molar ratio of 4:1:1, with RVS
at a lipid/PAs/RV'S molar ratio of 40:20:3. Experiments were performed at different temperatures

with *H decoupling. PA resonances are on the right (circa -180 ppm), while statin resonances are
on the left (circa -105 ppm).
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Figure S4: 2D '°F-F FROCSA spectrum of POPC model membranes incorporating
monofluorinated PAs, at a POPC/PA-F(4)/PA-F(8) molar ratio of 4:1:1. (A) at -3 'C and (B) at -
15 °C. Experiments were performed at 11 kHz MAS with *H decoupling.



Additional information regarding sparfloxacin:

Sparfloxacin (SPX) is a fluoroquinolone with two fluorine atoms separated by a distance of
4.73 A (Fig. S5A), and presents two polymorphs in the pure compound. Previous theoretical
studies have shown that similar types of molecules interact with lipid membranes,
fluoroquinolones being found either on the surface or in the core of the bilayer, depending on the
pH [1]. When SPX is incorporated into dipalmitoylphosphatidylcholine (DPPC) model
membranes at a molar ratio of 1:2, the two polymorphs are reduced to a single component. As seen
in Fig. S5B, the two fluorine nuclei of SPX have isotropic chemical shifts of -85.1 ppm and -76.8
ppm, and noticeable differences in CSA values of -85.1 ppm (32 kHz) and -76.8 ppm (29 kHz),

respectively.

(A) (B)

— Experiment

1 ~\Tw T —&
XNYY 4
AP
\)"‘i 2 J ”“':“‘h‘b“h i

-"““‘— AN rorpmee

- 0 -50 -100 -150 -200 -250
YF chemical shift [ppm]
Figure S5: (A) DFT-optimized structure of sparfloxacin (SPX) and (B) tH-1°F CP MAS SS-NMR

spectrum of the drug in DPPC membranes at a DPPC/SPX molar ratio of 2:1. Experiments were
performed at 5 °C with *H decoupling, and MAS at 10 kHz. Asterisks (*) refer isotropic peaks.

Direct intramolecular **F-1°F dipolar coupling measurement by 2D RFDR in SPX incorporated
into DPPC model membranes is possible and, with a value of 5 A, is in good agreement with the
DFT-derived distance (Fig. S5 & Fig. S6). 2D °F-1F PDSD and DARR spectra can also be
obtained (Fig. S6). The peaks are well resolved, even at a moderate MAS frequency of 10 kHz,
and correlation cross peaks are clearly noticeable.

[1] O. Cramariuc, T. Rog, M. Javanainen, L. Monticelli, A.V. Polishchuk, 1. Vattulainen, Mechanism for translocation
of fluoroquinolones across lipid membranes, Biochim. Biophys. Acta-Biomembr. 1818 (2012) 2563-2571.
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Figure S6: 2D °F-1°F SS-NMR correlation spectra of sparfloxacin (SPX) in DPPC sample
(DPPC/SPX molar ratio of 2:1). (A) 2D **F-1°F RFDR spectrum at 4 ms mixing time, obtained at
5 °C, and 10 kHz MAS with *H decoupling. (B) RFDR buildup curves obtained at various
temperatures, together with a simulation curve obtained with the Simpson software. (C) 2D °F-
¢ PDSD spectrum at 500 ms mixing time, obtained at 5 'C, and 10 kHz MAS with *H decoupling.
(D) PDSD and DARR buildup curves obtained at 5 °C, and 10 kHz MAS with *H decoupling. (E)
2D F-1F DARR spectrum at 200 ms mixing time, obtained at 5 °C, and 10 kHz MAS with 'H
decoupling. (F) PDSD buildup curve obtained at 5 "C, and 33 kHz MAS, without *H decoupling.
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Figure S7: Attempt at locating rosuvastatin in model membranes. (A) DFT-optimized structure of
RVS with *H annotation for RVS and POPC. (B) 10 kHz MAS H-'H 2D NOESY spectrum with
a 500 ms mixing time, of RVS incorporated into POPC/PA-F(4)/PA-F(8) (molar ratio 4:1:1), with
a lipid/PAs/RVS molar ratio of 40:20:3. (C) NOESY buildup curve for the cross peaks between
the aromatic statin protons and the lipid protons. Experiments were performed at 35 "C. Black
peaks are positive cross peaks. Blue peaks are negative signals that can be considered as artifacts.
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