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Abstract: Bioactive compounds generally need to cross membranes
to arrive at their site of action. The octanol-water partition coefficient
(lipophilicity, logPow) has proven to be an excellent proxy for
membrane permeability. In modern drug discovery, logPow and
bioactivity are optimized simultaneously, for which fluorination is one
of the relevant strategies. The question arises to which extent the
often subtle logP modifications resulting from different aliphatic
fluorine-motif introductions also lead to concomitant membrane
permeability changes, given the difference in molecular environment
between octanol and (anisotropic) membranes. We find that for a
given compound class, there is excellent correlation between logPow
values with the corresponding membrane molar partitioning
coefficients (Kp); a study enabled by novel solid state '°F NMR MAS
methodology using lipid vesicles. Our results show that the factors
that cause modulation of octanol-water partition coefficients similarly
affect membrane permeability.

The lipophilicity of a compound has been shown to be an
excellent proxy for a host of physical parameters related to
ADMET (absorption, distribution, metabolism, excretion and
toxicity).[" It relates to a compound’s ability to partition into the cell
membrane, and as such it provides a valuable metric to describe
the ability of a pharmaceutical to permeate the various cell
membranes required to access its site of action.[-? Lipophilicity is
measured as the octanol/water partition coefficient (logPow) of a
compound, or by indirect methods based on correlations with
chromatographic retention times.!

Despite the success of lipophilicity as a parameter in the drug
discovery process, the octanol phase is clearly a drastically
simplified model for the complex composition and chemical
environment of the cell membrane.™ In contrast to the isotropic
octanol environment, the anisotropic cell membrane presents a
highly complex environment composed of many lipid species
each with their own physicochemical properties that determine
the spatial organization and dynamics of the lipids within the lipid
bilayer.®! To reflect these differences, correlation studies between
logPow and the membrane molar partition coefficient (Kp), a
unitless value describing the ratio of the mole fractions of a
compound in bilayer to that in the aqueous phase, have been
carried outl®. Although these studies show a general correlation
between logPow and partitioning in lipid vesicles (logKp),

significant variations are observed.”! These differences arise due
to the differences in the physicochemical properties of octanol and
the cell membrane that influence their interaction with the drug./-
5 8 Typically compounds show a higher affinity for the cell
membrane than for octanol, with the magnitude of these
discrepancies depending on enthalpic and entropic contributions
to the partitioning.® This is explained by charged species being
well tolerated in the high-dielectric lipid headgroup region. In
addition, steric effects contribute, with octanol accommodating
bulky groups that would otherwise disrupt the packing of the lipids
within the bilayer.!"!

Fluorination of drug candidates is a much-employed strategy
to modify both biological and physical properties of drug
candidates, and the resulting impact on logPow can be significant.
Hence, much research has been carried out in investigating how
fluorination motifs modulate lipophilicity.'” However, to the best
of our knowledge, a detailed study on the influence of fluorination
on water-membrane partitioning is not available. Zhang et al. have
determined the K, values of ftrifluoroethanol, hexafluoro-2-
propanol and nonafluoro-t-butanol using fluorescence quench
methods as part of a study of their bilayer modifying properties.['"]
While not specifically mentioned, a qualitative agreement
between logP (clogP in the case of C4sF9COH) with logKp is
apparent. Hence, this calls for further research regarding the
effect of aliphatic fluorination on membrane permeability.

The extensive recent research into aliphatic lipophilicity
prompted us to investigate whether the often small logP
modifications caused by subtle changes in fluorination
substitution are actually replicated in membrane partitioning, or in
other words, whether 1-octanol is still a valid model for membrane
permeability when considering purely aliphatic fluorination
modifications. For this purpose, closely related compound
analogues with subtly different fluorination motifs are employed,
using aqueous solutions of multilamellar lipid vesicles composed
of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) and a
mixture of POPC/cholesterol as a mimic of the eukaryotic cell
membrane. Mindful of membrane anisotropy and steric factors,
three different compound series A—C (Figure 1) with varying steric
demands and lipophilicity range (1.49 logP units) were selected.
The cyclopropyl methyl compounds and the carbohydrate
derivatives are models for relatively rigid compounds, whereas



the 1,5-pentanediol derivatives are models for conformationally
flexible compounds.
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Figure 1. Compounds used in this study.

We also describe the development of convenient magic-angle
spinning (MAS) '°F solid-state NMR methodology to determine
the partitioning of these (non-UV-active) fluorinated compounds
into lipid vesicles without the need for separation of the vesicles.
Solution-state 'H and "®F NMR methods for K, measurement have
been developed that rely on the detection of the free compound
in solution by exploiting perturbations in resonance position,
linewidth and/or T+ relaxation arising from the rapid exchange
between the free and membrane bound states.''? Typically this
necessitates titration across a range of lipid concentrations,
making such an approach labour intensive and time consuming,
but it benefits from not relying on accurate quantitation of the
concentration of the compounds in the free and membrane bound
state.® 8 NMR techniques that are able to measure compounds
partitioned into a membrane are more challenging to use, as the
restricted motion in a membrane environment leads to a
broadening of the line-shape due to the chemical shielding
anisotropy, susceptibility effects and dipolar couplings present.
While solid-state NMR methods are widely used to determine the
localisation of drugs within a cell membrane!'®, its application for
the determination of logKp is more limited. A 2H solid-state NMR
method has been developed for logK, determination, where both
the free and bound deuterated species can be analysed.
Partitioning of deuterated molecules into membranes results in
the formation of the broad quadrupolar Pake pattern in the 2H-
NMR spectrum, which can be deconvoluted from the isotropic
signal arising from the free compound, allowing the ratio of free to
membrane bound compound to be determined.['¥ Nevertheless,
this method requires isotope labelling whilst quantitation is
challenging as the signal from the motionally restricted deuterium
spectrum which is low in intensity and distributed across a broad
range of frequencies must be integrated against the sharp intense
peak of the free compound.

Given this work deals with investigating the effects of
fluorination on membrane partitioning, we considered '°F solid-
state NMR methodology, in which the exquisite sensitivity of the
F chemical shift to changes in electrostatic environment would
be exploited.l" We postulated that application of magic-angle
spinning with proton decoupling would sufficiently average the
anisotropic nuclear spin interactions that become apparent in the
spectrum upon partitioning in the membrane to obtain baseline-
separated resonances of the compound in water and in the lipid
environment. The absence of fluorine in naturally occurring lipids
further simplifies any spectrum, eliminating any spectral ambiguity
and facilitating the accurate integration of the resonances
necessary for the calculation of the molar partition coefficient Kp.

The principle of the method is explained in Figure 2 (with a
detailed description of the protocol provided in Supplementary
Information). The method utilizes "°F MAS-NMR to quantitate the
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partitioning of the fluorinated compounds between the aqueous
and membrane phases. To our delight, two resolved resonances
were observed, which not only shows that the sensitivity of the '°F
resonance to the local environment is able to distinguish between
the compound in the aqueous and in the membrane phase, but
also that exchange between the aqueous and membrane pools is
slow on the NMR timescale, i.e. koyen < AS (for a detailed
discussion see Supplementary Information). Experimentally, it
was determined that only moderate spinning speeds (10 kHz) and
low power decoupling (10 kHz decoupling field) were required to
obtain well resolved spectra, even at these high magnetic fields;
with motional processes within the liquid crystalline lipid bilayer
averaging the potentially large chemical shielding anisotropy and
dipolar couplings experienced by the fluorine spins. The
application of low spinning speeds and radiofrequency decoupling
fields also reduces sample heating, whilst minimising the pelleting
of the vesicles against the rotor wall. The absence of any
discernable sidebands, resulting from incomplete averaging,
simplifies the analysis, as this precludes the need to integrate the
entire family of sidebands.
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Figure 2. Schematic explaining '°F MAS-NMR (850 MHz) is utilized to calculate
molar partition coefficient (Kp). '°F MAS-NMR spectra of fluorinated compounds
exhibit two resonances arising from the populations in the water (W) and
membrane phases (M), whose intensities (I5y) and (I, ) reflect the
concentrations (C;yand Cs ) ) of the compounds in each environment. With
knowledge of the number of water (n,,) and lipid (n,) molecules, the molar
partition coefficient (K;) is readily determined.

To determine how the the concentration of the compound and
bilayer hydration influenced the measured logKp, a systematic
study of these parameters was undertaken for compound 10
(Figure S2, Table S1). Samples were prepared where the lipids
were hydrated at levels between 10 to 30%(w/v), a range widely
used to study the physical properties of lipid bilayers. This
resulted in a mean logKe of 1.85+0.06 across the range of
compound concentrations studied. Similarly, variation of
compound concentration from 1 to 10 mol% (with respect to total
lipid) showed similar reproducibility with a mean logKe of
1.85+0.02 across all levels of hydration. On the basis of the
reproducibility of these figures, all subsequent experiments were
conducted at 20% (w/v) hydration with a compound/lipid ratio of
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Figure 3. The structures of the compounds used
are shown in blue.
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Figure 4. logKp / logPow correlation for each series of compounds. The labelling
and the structures of each compound is the same as for Figure 3.

0.033. In addition to providing excellent reproducibility, these
concentrations afforded good signal to noise ratios with sensible
spectral acquisition times.

The structures of the studied compounds and the obtained
logK; values are shown in Figure 3. The corresponding logPow
values are provided in purple, with a range of 0.36 logP units for
the cyclopropyl derivatives,!"® and 0.54 and 0.81 logP units for the
carbohydrate and 1,5-pentanedioll'”! derivatives. Overall, the
correlation between the logKp, and logPow values (Figure S3) is
only moderate, with a correlation coefficient of 0.59. However,
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, with their log(Kp) values (values reported are a mean of 3 independent experiments). Octanol-water lipophilicities

when each series is considered individually, excellent logK, —
logPow correlations are obtained (Figure 4).

For the cyclopropylmethyl derivatives 1 — 4, the logK, —
logPow correlation (r? = 0.97) includes comparisons between
substrates having different relative fluorine stereochemistries (2
vs 4), fluorination position (2,4 vs 3), and number of fluorines on
a given carbon atom (2,4 vs 1). For the glycosides 5 — 8, which
also involve changes at a non-fluorine containing stereocentre,
logP changes between epimers are reproduced in the
corresponding logK, values (5 vs 6; 7 vs 8; 5 vs 7; 6 vs 8), but this
is not the case when two stereocentres are inverted
simultaneously:  the  methyl-p-4,6-difluorinated  glucoside
derivative 6 has a lower logP value compared to methyl-a-4,6-
difluorinated galactoside derivative 7, but a higher logK, value.
This results in a moderate logK; — logP correlation (r2 = 0.72). For
the more flexible pentane-1,5-diol derivatives, excellent logKp —
logPow correlations were also obtained when two separate series
were considered: compounds 9 — 12 with fluorination at a single
position (r>=0.97), and compounds 13 — 16 with a skipped

fluorination motif (r?=0.95). For both series, lipophilicity
differences arising from positional, fluorination number and
diastereochemical changes are nicely reflected in their

corresponding logK, values. An interesting case concerns the
enantiomers 15/ent-15. A fundamental difference between 1-
octanol and POPC vesicles (or membranes) is that the former is
achiral, while the latter are composed of enantiomerically pure
constituents. By definition, enantiomers have identical logP
values, but could be expected to have different logK; values. The
measured logK, values for 15 and ent-15 however, are virtually
identical, and within error of each other.

It is interesting to note that there is an apparent difference in
the ability of octanol/water and liposome systems to discriminate
between the lipophilicity, as captured by the slope of the



correlations (Figures 4 and S4). For the glycosides 5 — 8, logPow
provides greater discrimination with a slope of 0.56, whilst the
lipophilicity of cyclopropyl derivatives are best discriminated by
the liposome based model, with a slope of 1.47. Surprisingly, even
the two very similar series of pentane-1,5-diols 9 — 12 with a
fluorination and a single site and compounds 13 — 16 with a
skipped fluorination motif exhibited differing lipophilicity
dependencies with slopes of 1.20 and 0.74 respectively. Such
variations have been explained by the relative ability of the two
hydrophobic phases to accommodate incoming molecules, with
the ‘malleable’ octanol environment and the more structured
bilayer environment responding differently to molecular shape
and range of interactions.!

Cellular membranes exhibit significant variations in lipid
composition, a property that is also not reflected in octanol/water
partition experiments. A major advantage of the method
presented here compared to logP determination is that it can be
applied to membranes of arbitrary complexity, enabling the
analysis of the influence of such properties as headgroup
size/charge and chain length/saturation. As naturally occurring
lipids are devoid of fluorine and do not contribute to spectral
complexity, our solid state 'F NMR MAS methodology is readily
extended to natural lipid extracts, and in principle, with
appropriate attention paid to data interpretation, to intact cells. As
an example of this kind of investigation, a mixed lipid system was
employed. In particular, we investigated how increasing
concentrations of cholesterol, a commonly found sterol in
eukaryotic cell membranes, influenced the membrane partitioning
of 9 and 10 (Figure 5, Table S3). In contrast to pure POPC
membranes, increasing levels of cholesterol up to 50 mol%, a
level found in native membranes,'® resulted in a reduction in the
partitioning of the compound into the membrane, with the logKe of
9 and 10 falling by 0.24 and 0.17 respectively. The fall in logKp
mirrors earlier studies where a reduction in membrane partitioning
for small molecules has been observed.!'® This reduction has
been attributed to the disruption of the acyl chain packing and
their favourable interactions with the cholesterol.l2%
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Figure 5. Influence of membrane cholesterol concentration on the partitioning
of compounds A and B into POPC bilayers.
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Where the '°F chemical shifts of multiple compounds are
spectrally resolved, it is also possible to investigate the relative
partitioning of compounds in a mixture. Such measurements allow
the determination of AlogKp between the compounds studied and
are potentially useful if complex lipid mixtures are being studied
and the partial molecular volume of the lipid is unknown. To
demonstrate this, equimolar mixtures of two pairs of compounds
(9/10 and 10/13) were added to multilamellar POPC vesicles. As
the compounds in each pair are spectrally well resolved, it is
possible to integrate the free and the bound species as described
for the individual components and determine the logK; directly.
Overall, excellent agreement was found between the the logKp
measured for each compound alone and that measured in
equimolar mixtures (Table 1); with both the absolute logKp, and
AlogKp, maintained when the compounds were studied in
combination. The largest deviation was found for a mixture of
compounds 9 and 10 which at 3.3 mol% resulted in a increase in
logKp of 0.2 units for both species. Interestingly, a reduction in the
concentration to 1.65 mol%, such that the overall concentration
mirrored those used to obtain logKp in isolation, resulted in closer
agreement.

Table 1. Summary of molar partition coefficients determined from studies
containing mixtures of fluorinated substrates. Partitioning studied in POPC
bilayers hydrated at 20% w/v for a given compound to lipid ratio.

logKp
Measured as equimole mixture

logKp
Measured as single
compound(3.30 mol%)

1.65 mol% each 1.99 +0.09 (9)

1.84 £ 0.01 (10)

2010020
3.30 mol% each  2.18 £ 0.07 (9) o=t
2.01 £ 0.04 (10)
10+13 3.30 mol% each  1.88+0.11(10)  1.83+0.11(10)

2.50£0.10 (13)  2.40 +0.07 (13)

In conclusion, it has been demonstrated that for different sets
of fluorinated aliphatics, the changes in logPow arising from
variation in fluorination motif are also observed in their respective
water-membrane partition coefficients (logKp). However, excellent
correlations were only obtained if each series is considered
separately, which is attributed to steric effects arising from
molecules entering the lipid environment. It was interesting to note
that for some families of isomers which exhibited little variation in
logP, greater discrimination was observed in logKp. An efficient
and convenient experimental solid state MAS '°F NMR protocol
was developed that permits the accurate determination of the
molar partition coefficient of fluorinated compounds in
membranes of arbitrary complexity was described. This technique
exploits the exquisite sensitivity of the '®F chemical shift to the
local electrostatic environment, far greater than that experienced
by protons or deuterons, to allow the resolution of the free and
membrane bound fluorinated compounds. Given the sensitivity of
current spectrometers, this provides access to the study of logKp
across approx. 5 units. Our results will be of interest in drug
discovery optimisation programmes, as our results clearly
indicate that logPow modulation via fluorination is translated in
concomitant membrane permeability changes. Furthermore, from
the perspective of membrane biophysics, these methods enable
us to ascertain how the composition and physicochemical



properties of the membrane modulate the partitioning of
fluorinated compounds, providing opportunities to tailor
fluorination motifs that favour partitioning into particular classes of
membranes.
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A novel solid-state 'F MAS-NMR method was developed to accurately and easily measure water-membrane partitioning values (Kp).
Given the very different octanol and membrane environments, a remarkable correlation between K, and logP was found, but only for
a given compound series. This work indicates that even minor lipophilicity modulations by aliphatic fluorination can have true

relevance for the drug discovery optimization process.
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