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1 Detailed description of the protocol

1.1 Sample Preparation

Samples of multilamellar vesicles were prepared from a stock solution of 10 mg mL™' POPC
in methanol. The relevant quantity of stock solution was placed under high vacuum overnight
to remove the solvent resulting in the formation of a thin film of lipid. To this stock solutions of
the compound under study were added in water and the final volume adjusted to obtain the
correct level of hydration. Typically, samples contained 8 mg of lipid. The samples were
subjected to five cycles of freeze, thaw and mixing resulting in a homogeneous emulsion of
multilamellar vesicles. The samples were stored at -20 °C and measured within 1 week of
preparation. Typically, about 20 uL of sample were loaded into a 2.5 mm Bruker MAS rotor by

centrifugation.

1.2 'F Magic Angle Spinning (MAS) Solid-State NMR

All NMR studies were conducted on a Bruker Avance Ill or Neo 850 MHz spectrometer
equipped with a 2.5 mm HFX probe. The samples were maintained at 25 °C using a Bruker
VT unit, which applies a temperature controlled stream of N2 gas (~750 L/h) to regulate the
sample temperature. This ensured that the lipid vesicles remained in their fluid liquid crystalline
phase (Tm of pure POPC ~-3°C!"l). All spectra were recorded using a '°F n/2 pulse of 3 ps
and 10 kHz SPINAL proton decoupling®® during acquisition at a spinning speed of 10 kHz.
Data were acquired with 4096 points with a 50 kHz spectra width centred on the resonances
of interest. Due to the extreme sensitivity of 'F chemical shift to variations in temperature,
care must be taken to avoid sample heating. Experimentally it was found that further increases
in proton decoupling led to no further improvements in linewidth, whilst significantly higher
decoupling fields led to asymmetric broadening of the lineshapes due to rf induced heating.
Heating from MAS was minimised through the use of smaller diameter rotors (2.5 mm), which
induce much smaller frictional heating compared to large rotors (eg 7 mm), as well as lower
speed spinning which also minimises frictional heating. In this regime changes in sample
temperature due to MAS are likely to be <3 °CPL All "°F spectra have been referenced
externally to the deuterium signal of deuterated acetone.

The determination of the logKr is dependent on the acquisition and analysis of quantitative "°F
spectra, with care taken to ensure that two populations are excited evenly and allowed to fully
recover between experiments. The perturbation of the chemical shifts arising from the
partitioning of the substrate into the membrane is typically small (typically <8 kHz/10 ppm in
the samples studied) compared to the radiofrequency field strengeth (65 kHz/81 ppm at this
magnetic field) and thus aligning the transmitter with the signals of interest ensures that both
membrane-partitioned and free substrate are excited equally. When studying mixtures where
chemical shift differences between the two compounds could be significantly larger than the
3



perturbations observed from partitionining of a coupound into the membrane and comparable
to the r.f. field strength then care should be taken to ensure that the two compounds are
similarly excitated. Quantitative data also requires the complete relaxation of the nuclei
between scans. For the studies reported here, saturation recovery measurements were
performed on each system, with spectra then acquired with a recycle delay of five times T1. It
was noted that for the systems studied, the membrane bound substrate typically exhibited
shorter T1 values than that of the substrate in aqueous solution, mirroring the observation
made in octanol.®

In addition to more general NMR considerations, care must also be exercised to ensure that
the signal intensity, particularly that of the membrane bound state, is not influenced by
anisotropic interactions that may be present. Due to the molecular dynamics within the lipid
bilayer, many of these interactions are already motionally averaged facilitating their removal.
The application of low-power (10 kHz) SPINAL-64 decoupling? is sufficient to remove the
weak scalar and dipolar couplings that are present within the fluid lipid bilayer. Care was taken
to minimise heating effects during decoupling which at higher powers resulted in significant
linebroadening due to temperature dependent changes in chemical shift. Similarly, data was
acquired with both 5 and 10 kHz MAS and no change in isotropic chemical shift was observed
suggesting frictional heating from the MAS was minimal. However, increasing the spinning
speed from 5 to 10 kHz ensured complete averaging the residual chemical shielding
anisotropy and other anisotropic contrbutions to the spectra and the presence of a single
isotropic resonance for each population. The absence of any discernable sidebands in spectra
acquired at 10 kHz allows the accurate integration of the signal intensity without the need to
integrate the entire family of sidebands which would be required for a quantitative analysis.
Care should be taken when extending this to other compounds where the anisotropy may
larger, either due to a larger chemical shielding anisotropy at the fluorine site studied or the

application of higher magnetic as this would complicate the signal integration.

1.3 Data processing

Prior to Fourier Transform, data was processed with 1Hz exponential line broadening and zero
filled with 16384 points. The resulting spectra was phased and base line corrected. All
processing was performed in Matlab using matNMRP!. The subsequent resonances where

fitted to Lorentzian peaks using custom scripts in Matlab which are available from the authors.

1.4 Calculation of the molar membrane partition coefficients
In the slow exchange limit the molar partition coefficient can then be calculated as:

ns,M/nM _ Cs,M/total Ny _ Is,M Ny

KP = = . .
Nsw/Mw Cswyitotar v Isw Ny



Where C;; and Cs,, are the concentrations of the substrate in the membrane and aqueous
phases respectively and ng, n, and ny, are the number of substrate, lipid and water molecules
respectively. The ratio Csu/totai/Csw/torar C@N be determined directly from the ratio of the
integrals from the signals arising from the lipidic and aqueous phases (See Figure 2, main
paper), whilst the ratio of ny /ny represents the ratio of water to lipid molecules in the
membrane, the degree of hydration.

2 Influence of exchange between the membrane and aqueous phase on '°F MAS-

NMR Lineshape (Figure S1)

The influence of chemical exchange is well characterised in the liquid state’®, however
exchange processes could potentially interfere with the MAS averaging required to detect the
membrane bound substrate in these experiments. To assess the effect of chemical exchange
between the free and membrane bound populations of substrate on the MAS lineshapes the
exchange processes has been modelled using Spinach!” and the spectral features studies
over a range of spinning speeds and exchange rates. To simulate the lineshape two equal
populations were defined with isotropic chemical shifts differing by 10 ppm. Chemical shielding
anisotropy (CSA) was included as an axially symmetric tensor whose anisotropy is 12.5 ppm.
Although this does not accurately reflect the size of the static tensor, which can be in the order
of 200 ppm in the molecules studied, molecular motion in both the aqueous phase, and to a
lesser extent the membrane bound phase, results in a significant dynamic averaging of the
CSA. Simulations were conducted at 20 T with 1600 powder points summed for each FID.
Analysis of the lineshapes over a range of routinely accessible spinning speeds (5 to 20 kHz)
(Supplementary Figure S1.) revealed that over a range of exchange rates from spanning 0 to
128000 s™, exchange between the free and bound pool did not interfere with the averaging of
the CSA by MAS, with changes in the lineshape reflecting those one would expect from
chemical exchange on a timescale comparable to or exceeding the frequency separation

between the resonances of the two populations.!
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Figure S1. Influence of chemical exchange on MAS lineshapes at 5 (A), 10 (B) and 20 kHz
(C) magic angle spinning. Details of simulation parameters are given in the text.
3 Influence of hydration and concentration on partitioning (Figure S2, Table S1),
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Figure S2. Effect of hydration and substrate/lipid ration on the '*F proton decoupled MAS
spectra of compound 10. Blue points represent experimental data, with Lorentzian fits plotted
in red.



Table S1. Influence of hydration and substrate concentration on partition coefficients
measured. *Mean value reported (n=3). Values derived from spectra plotted in Figure S3.

Hydration (% w/v) (Snquto)Iset /rr?qtoel/(le_)i pid Kp logKp
10 0.100 64.48 1.81
10 0.033 81.76 1.91
10 0.010 53.43 1.73
20 0.100 89.41 1.95
20 0.033 67.61 1.83*
20 0.010 93.92 1.97
30 0.100 70.72 1.85
30 0.033 49.23 1.69
30 0.010 65.28 1.81
Mean 71.57 1.85
STD 14.37 0.09




4 Summary of molar partition coefficients (Table S2).

Molar Partition

Free chemical shift

Bound chemical shift

Coefficient (logKp) (linewidth) /ppm (linewidth) /ppm
1 F.C—~ oH -113.75 (0.045) ]
VA 2.54 +0.08 11355 (0.058) 112.88 (0.576)
F...
2 o 2.17 £ 0.05 -208.95 (0.055) -209.76 (0.089)
3 VAt 2.08 £ 0.01 -173.96 (0.035) -173.60 (0.251)
N
4 \VARRG 2.02 +0.04 -226.36 (0.057) -226.58 (0.167)
F O .OMe
5 ?Q_I,OH 1.98 +0.02 -198.454 (0.030) 1198.016 (0.078)
OH 1.98 £ 0.03 -216.893 (0.034) -216.069 (0.072)
E 0. _OMe
6 w 1.93£0.16 -189.22 (0.050) -188.28 (0.117)
L 1.95 +0.15 -224.24 (0.050) -222.83 (0.112)
E O ..OMe
. ;Q,,,OH 1.80 + 0.05 -208.67 (0.031) -208.92 (0.126)
I 1.87 £0.14 -214.50 (0.031) -214.27 (0.094)
E O. _OMe
8 p/ 1.69 +£0.00 -207.67 (0.029) -207.77 (0.063)
Lo 1.64 + 0.06 -214.57 (0.029) -214.46 (0.073)
9 HO™ Ko 201£002| -111.823(0.052)]  -110.806 (0.137)
F. F
10 o~ o 1.83 + 0.04 -95.56 (0.044) -94.01 (0.105)
F
" Ho o 1.68 + 0.08 -172.19 (0.058) -172.70 (0.119)
12 HOYV\OH 1.45° -175.73 (0.045) -175.672 (0.046)
13 o L Lo 2.40 + 0.07 -108.80 (0.050) -108.43 (0.111)
14 T R o 2.01+0.01 15315 (0.031)|  -152.943 (0.058)
15 S 1.85 £ 0.10 -190.26 (0.035) 1190.23 (0.117)
Ent1s| "L Lo 1.82 +0.06 -190.35 (0.041) -190.21 (0.128)
16 HO™ " > 0H
- 1.71£0.10 -187.90 (-0.032) -197.42 (0.057)




All samples hydrated at 20% (w/v) with a molar ratio of substrate/lipid of 3.3%. The values
reported are the mean and standard deviations measured on three independent samples. a)
Where multiple resonances are present, the molar partition coefficient is reported for each
site. b) the bound and free resonances could only be resolved in one sample, and the molar
partition coefficient is reported for this single measurement.

5 Overall correlation between logPow and logKr (Figure S3)
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Figure S3. Overall correlation between logPow and logKe for all compounds studied,

cyclopropyl derivatives. Numbering and logKp values reported as for Table S2.



6 Correlation between logPow and logKp (Figure S4)
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Figure S4.

Correlation between logPow and logKp for four series of compounds studied,

cyclopropyl derivatives (A), glycosides (B), pentane-1,5-diols (single site fluorination, C) and

pentane-1,5-diols (skipped fluorination motif, D). Numbering and logKr values reported as for

Table S4.
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7 Influence of the presence of cholesterol on substrate partitioning (Table S3)

Molar Partition Coefficient (logKp)
Membrane Cholesterol Concentration (mol %)

Sample 0 25 50

9 Ho/v?fOH 2.01+0.02 1.87 £ 0.03 1.77 £ 0.02

F. F
10 W 1.85+0.09 1.74 £ 0.02 1.68 £ 0.05
HO OH

Table S3. Samples prepared with POPC with the appropriate mol % of cholesterol and
hydrated at 20% (w/v) with ddH20 containing the substrate at a 3.3 mol% with respect to the

POPC concentration.

effected by the presence of cholesterol in the lipid bilayer®®!.

11

The logKp values are reported as the volume per lipid is known to be




8 Synthesis and octanol-water logP of the compounds

The synthesis and lipophilicity of the cyclopropylmethyl and the pentane-1,5-diol compounds
has been reported.” The synthesis of methyl 4,6-dideoxy-4,6-difluoro-a-D-glucopyranoside

(5)" and methyl 4,6-dideoxy-4,6-difluoro-a-D-galactopyranoside (7)!'>'" has been described.

8.1 Synthesis of novel compounds

8.1.1 Synthesis of methyl 4,6-dideoxy-4,6-difluoro--D-glucopyranoside (6)

A solution of acetyl chloride (0.3 mL, 4.20 mmol) in anhydrous MeOH (2.5 mL) was stirred at
room temperature for 15 min, followed by addition of methyl 4,6-dideoxy-4,6-difluoro-a-D-
glucopyranoside 5 (120 mg, 0.61 mmol). The reaction mixture was stirred at 65 °C for 16 h,
and then concentrated under reduced pressure. The crude mixture was purified by flash
chromatography (acetone/petroleum ether 30/70 — 40/60) to afford a mixture of desired
product 6 (calculated yield: 13%) and the starting material 5. Selected '"H NMR data (500
MHz, CDCl3) 6 4.63 - 4.75 (2H, m, H6 + HE’, a coupling constant of 47.1 Hz (doublet) for H6
and H6’ was observed), 4.41 (1H, ddd, J 50.9, 10.1, 8.7 Hz, H-4), 4.28 (1H, d, J 7.8 Hz, H-1),
3.82 - 3.86 (1H, m, H-3), 3.63 - 3.71 (1H, m, H-5), 3.59 (3H, s, OCHs), 3.44 (1H, t, J 8.8 Hz,
H-2) ppm; Selected 'H(**F) NMR data (500 MHz, CDCl3)  4.62 - 4.73 (2H, m, H6 + H6’), 4.41
(1H, dd, J10.0, 8.7 Hz, H-4), 4.28 (1H, d, J 7.7 Hz, H-1), 3.86 (1H, t, J 9.1 Hz, H-3), 3.66 (1H,
ddd, J 9.9, 4.5, 1.9 Hz, H-5), 3.59 (3H, s, OCHs), 3.44 (1H, dd, J 9.3, 7.7 Hz, H-2) ppm; °F
NMR (376 MHz, CDCls) 6 -200.6 (1F, br. dd, J 52.0, 15.6 Hz, F-4), -234.6 (1F, td, J 46.8, 24.3
Hz, F-6) ppm; "F(*H) NMR (376 MHz, CDCl;) § -200.6 (1F, s, F-4), -234.6 (1F, s, F-6) ppm;
3C NMR (101 MHz, CDCl3) & 103.4 (d, J 1.5 Hz, C-1), 87.9 (dd, J 183.0, 7.3 Hz, C-4), 81.0
(d, J 175.3 Hz, C-6), 74.3 (d, J 18.7 Hz, C-3), 73.2 (d, J 8.4 Hz, C-2), 72.3 (dd, J 24.2, 18.7
Hz, C-5), 57.3 (s, OCH3) ppm; HRMS (ESI+) for C;H12F2NaO. (M + Na)* calcd 221.0596, found
221.0598 (-1.0 ppm error).

8.1.2 Synthesis of methyl 4,6-dideoxy-4,6-difluoro-B-D-galactopyranoside (8)

To a solution of methyl 4,6-dideoxy-4,6-difluoro-a-D-galactopyranoside (7) (0.10 g, 0.51 mmol,
1.00 equiv) in MeOH (1.05 mL) was added acetyl chloride (0.16 mL, 2.27 mmol, 4.50 equiv)
dropwise at 0 °C under an inert atmosphere. The solution was heated to 65 °C for 16 h. The
reaction was cooled, NaHCO3 (0.18 g, 2.52 mmol, 5.00 equiv) was added portionwise and the
reaction mixture concentrated. The crude product was purified by via flash column
chromatography (SiO2, CH2Clo/MeOH 0/100 to 5/95). Fractions containing desired product

were combined to afford title compound 8 as a white powder (38.0 mg, 0.19 mmol, 62%) as
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an inseparable 1.0:0.7 mixture of a: anomers. Rf 0.22 (MeOH/CHCI, 5/95); IR (neat) 3350
(br), 2954 (m), 1056 (s), 1026 (s) cm™; '"H NMR (500 MHz, MeOD) § 4.76 (1H, d, J = 3.4 Hz,
H-14), 4.76 (1H, dd, J = 51.7, 2.3 Hz, H-4,), 4.64 (1H, m, H-4g overlapped with H-4, and H-64
or H-6'q), 4.59 (1H, dddd, J = 47.6, 9.4, 7.6, 1.1 Hz, H-6g or H-6’g), 4.58 (1H, ddd, J = 46.0,
10.1, 5.5 Hz, H-64 or H-6'¢), 4.54 (1H, ddd, J = 46.2, 9.6, 5.3 Hz, H-63 or H-6'g), 4.46 (1H,
dddd, J =46.7, 9.6, 7.1, 1.1 Hz, H-64 or H-6'4), 4.22 (1H, dd, J = 7.7, 1.0 Hz, H-1g), 4.08 (1H,
dddd, J = 31.1, 13.7, 7.6, 5.0 Hz, H-5,), 3.92 (1H, ddddd, J = 27.5, 12.1, 6.9, 5.5, 0.5 Hz, H-
5g), 3.83 (1H, ddd, J = 28.4, 10.5, 2.1 Hz, H-3,), 3.76 (1H, ddd, J = 10.3, 3.7, 1.8 Hz, H-2,),
3.60 (1H, ddd, J = 30.2, 10.3, 2.5 Hz, H-3p), 3.53 (3H, s, H-7;), 3.48 (1H, ddd, J/=9.8,7.8, 1.6
Hz, H-2g), 3.42 (3H, s, H-7,) ppm; *C NMR (101 MHz, MeOD) & 105.8 (s, C-1g), 101.7 (s, C-
14), 91.3 (dd, J = 179.7, 5.9 Hz, C-4,), 90.1 (dd, J = 181.2, 6.6 Hz, C-4g), 82.9 (dd, J = 168.0,
6.6 Hz, C-6,), 82.6 (dd, J = 169.4, 5.1 Hz, C-6g), 73.4 (d, J = 18.3 Hz, C-3g), 73.2 (dd, J =
22.7,17.6, Hz, C-5g), 72.5 (d, J = 1.5 Hz, C-2g), 70.2 (d, J = 2.9 Hz, C-2,), 70.0 (d, J = 18.3
Hz, C-3a4), 69.5 (dd, J = 22.0, 17.6 Hz, C-54), 57.5 (s, C-75), 56.1 (s, C-7.) ppm;'*F NMR (376
MHz, MeOD) $ -232.8 (td, J = 46.8, 12.1 Hz, F-6g), -232.4 (id, J = 46.8, 13.8 Hz, F-6.), -221.5
(dt, J =51.2, 29.0 Hz, F-4), - 219.1 (dt, J = 57.2, 27.7 Hz, F-4g) ppm;"°F(*"H) NMR (376 MHz,
MeOD) $ -232.4 (s, F-6p), -232.8 (s, F-64), -221.5 (s, F-44), - 219.1 (s, F-4) ppm; HRMS (ESI+)
for C7H12F2NaO4 (M + Na)* calcd 221.0597, found 221.0596. (-0.6 ppm error).

8.2 Lipophilicity determination of the glycosides

8.2.1 Methodology

Lipophilicities were determined using a previously published protocol:*! to a 10 mL pear-
shaped flask was added the compound (1.0 - 10 mg) for logP determination, the reference
compound (1.0 - 10 mg, with known logP’ value, e.g., 2,2,2-trifluoroethanol, logP: +0.36), water
(2 mL) and n-octanol (2 mL). The resulting biphasic mixture was stirred (at 600 rpm) for 2 h at
25 °C, and then left without stirring for 16 h at 25 °C to allow phase separation. An aliquot of
0.5 mL was taken from each phase using 1 mL syringes with long needles and added to two
separate NMR tubes. A deuterated NMR solvent (0.1 mL, e.g., acetone-ds), or a capillary tube
containing deuterated NMR solvent, was added to the NMR tubes to enable signal locking.
Because of the volatility of the used compounds, the NMR tubes were sealed using a
blowtorch. For NMR samples with directly added deuterated solvent, the tubes were inverted
20 times for mixing. For "F("H) NMR experiments, NMR parameters were set as follows: D1
30 sec for the octanol sample, D1 60 sec for the water sample; and O1P centered between
two diagnostic fluorine peaks. If needed, an increased number of transients (NS) and/or
narrower spectral window (SW) for a good S/N ratio (typically >300) was applied. After NMR

data processing, integration ratios poct and paq (Poct is defined as the integration ratio between
13



the compound and the reference compound in the octanol sample; likewise for pa.q) were
obtained, and used in the equation (logP* = logP™" + log(poct/Paq)) to obtain the logP value of
the compound. The logP measurement of each compound was run in triplicate. LogP values

of non-fluorinated compounds were taken from the literature.

The standard deviation (o) was calculated using the formula:

Where x; are the individual estimated logP values and x is the mean average

8.2.2 Standard NMR settings
Standard NMR parameter setting: SW, 300 ppm; centered O1P; NS 64; D1 30 sec (octanol
sample), D1 60 sec (water sample). Any change from standard setting was described for each

compound.

8.2.3 LogP measurement data

8.2.3.1 LogP measurement of methyl 4,6-dideoxy-4,6-difluoro-a-p-glucopyranoside (5)
Compound Experiments Poct/ Average
Nr logP Error
(Ref: ZW8456-15) (octanol/water) | pwat logP
fe0118zw1/ 0.4082/
-0.698
F fe0118zw2 0.3618
o fe0118zw4/ 0.4022/ -0.707
Flio 5 -0.708 | -0.71
N fe0118zw5 0.3649 (£0.008)
oMe fe0118zw6/ | 0.3911/
-0.717
fe0118zw7 0.3626
*Reference compound: 2-fluoroethanol (-0.75).
**Change from standard in NMR parameter setting: SW (120 ppm).
8.2.3.2 LogP measurement of methyl 4,6-dideoxy-4,6-difluoro-6-D-glucopyranoside (6)
Compound Experiments Poct/ Average
Nr logP Error
(Ref: ZW8456-20) (octanol/water) | pwat logP
fe0818zw1/ 0.0777/
-1.036
- fe0818zw2 0.1646
fe0818zw3/ 0.0742/ -1.048
E 0O 6 -1.054 |-1.05
HO OMe fe0818zw4 0.1638 (£0.008)
HO
fe0818zw5/ 0.0750/
-1.053
fe0818zw6 0.1652

14



*Reference compound: methyl 4,6-dideoxy-4,6-difluoro-a-D-glucopyranoside (logP: -0.71).

**Change from standard in NMR parameter setting: SW (120 ppm).

8.2.3.3 LogP measurement of methyl 4,6-dideoxy-4,6-difluoro-a-p-galactopyranoside (7)
Compound Experiments Poct/ Average
Nr logP Error
(Ref: ZW8456-60) (octanol/water) | pwat logP
ju0718zw1/ 0.2820/
_ -0.905
E ju0718zw2 0.4027
F
o ju0718zw3/ 0.2830/ -0.902
HO 7 _ -0.898 | -0.90
% ju0718zw4 0.3980 (x£0.003)
OMe ju0718zw5/ | 0.2808/
-0.902
ju0718zw6 0.3982

*Reference compound: 2-fluoroethanol (-0.75).

**Change from standard in NMR parameter setting: SW (120 ppm).

8.2.3.4  LogP measurement of methyl 4,6-dideoxy-4,6-difluoro-6-D-galactopyranoside (8)
Compound Experiments Poct/ Average
Nr logP Error
(Ref: ZW8456-61) (octanol/water) | pwat logP
ju0818zw3/ 0.3561/
-1.257
. ju0818zw4 0.8108
" juos18zw11/ | 0.3728/ -1.251
o) 8 _ -1.242 | -1.25
HO OMe ju0818zw12 0.8196 (£0.006)
HO
ju0818zw13/ 0.3647/
-1.253
ju0818zw14 0.8219

*Reference compound: methyl 4,6-dideoxy-4,6-difluoro-a-D-galactopyranoside (logP: -0.90).

**Change from standard in NMR parameter setting: SW (120 ppm); octanol sample, NS (512).
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