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The atomic-scale structure of the phosphocholine (PC) headgroup in 30 mol% propylene glycol (PG) in
aqueous solution has been investigated using a combination of neutron diffraction with isotopic substitution
experiments and computer simulation techniques - Molecular Dynamics and Empirical Potential Structure
Refinement. Here, the hydration of the PC headgroup remains largely intact compared with the hydration
of this group in a bilayer and in a bulk water solution, with the PG molecules showing limited interactions
with the headgroup. When direct PG interactions with PC do occur, they are most likely to coordinate to
the N(CH3); motifs. Further, PG does not affect the bulk water structure and the addition of PC does
not perturb the PG-solvent interactions. This suggests that the reason why PG is able to penetrate into
membranes easily is that it does not form strong-hydrogen bonding or electrostatic interactions with the

headgroup allowing it to easily move across the membrane barrier.

PACS numbers: 61.20.-p

I. INTRODUCTION

Although water is the most commonly used pharma-
ceutical solvent, it can be beneficial to either partially or
completely replace it with a water miscible polar solvent.
1,2 propandiol or propylene glycol (PG) is the most fre-
quently used co-solvent or replacement solvent, where it
has been widely for over 50 years as a pharmaceutical
excipient, most often in oral solutions, aerosols and par-
enteral and topical preparations but also as a humectant
and as a preservative.! Because of its low toxicity, PG
is included in the US Food and Drug Agency (FDA) In-
active Ingredients Database, and its use as an excipient
is documented in the three main Pharmacopeias, namely
that of the United States, Europe and Japan. Further
to its pharmaceutical use, PG is also extensively used
as a food additive, for example, in Europe it is E1520,
while in the US, it is generally regarded as safe (GRAS)
by the FDA. Furthermore, the Centre for the Evalua-
tion of Risks to Human Reproduction (NTP-CERHR
Monograph, 2004), in its National Toxicology Program
reported negligible concern for adverse effects from PG
on development and reproduction.

Despite its widespread use, relatively little is known
about the interaction of PG with biological molecules,
where importantly PG must interact with cellular mem-
branes in order to aid in effective drug delivery in
vivo. The interaction between PG and the lipids which
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comprise a significant component of biological mem-
branes is not well understood. Reports in the liter-
ature suggest that PG preferentially solvates the lipid
headgroup,? and in vitro PG destabilizes the lamellar
structure in bilayers where it promotes the formation
of an isotropic phase at temperatures above that of the
gel-to-liquid phase transition temperature.? The use of
a PG in some liposomal preparations yields propylene
glycol-embodying liposomes which show increased drug
entrapment and greater skin permeability.* Further, in-
vestigations on cholesterol-containing lamellar phases of
distearoylphophatidylcholine show an increased stability
in water /PG solutions.® Conversely, variable aggregation
of surfactant molecules has been observed in aqueous PG
solutions, with the degree of aggregation observed at-
tributable to the dielectric constant of both the surfac-
tant head group and to the solvent environment.® The
ability of PG to promote permeability and stabilization
is undeniably connected to the interactions of the solvent
environment with functional groups on the lipid, partic-
ularly the headgroup.

Although it is known that PG can alter the behavior
of lipids in witro, it is still not understood how this oc-
curs in solution, particularly with respect to the atomic-
scale interactions which necessarily occur between the
atoms on the lipids and both the surrounding water and
PG molecules in the solution. Uncovering the details of
these interactions can help aid in a better understand-
ing of the interplay between water and PG, as well as
how PG affects the hydration of lipid headgroups and
vice versa. In the current work, the atomic scale struc-
ture of the phosphatidylcholine (PC) lipid headgroup of
1,2-dipropionyl-sn-glycero-3-phosphocholine (C3-PC) in



TABLE I: Isotopomers of C3-PC/PG/water solutions
measured by neutron diffraction

Sample Number PG Water
I PG-Hg H20O
11 PG-Dg H>0O
II1 PG-Dg HDO
1A% PG-Hs D20
\Y% 50% PG-Hsg : 50% PG-Dg D20
VI PG-Dg D20

aqueous (30mol%) PG solutions has been investigated
in order to elucidate the fundamental interactions be-
tween water, PG and the PC headgroup. This work
was performed using a combination of neutron diffrac-
tion enhanced by isotopic substitution (NDIS) and com-
putational techniques, namely Empirical Potential Struc-
ture Refinement (EPSR)7 and Molecular Dynamics (MD)
where these techniques used in conjunction can provide
detailed information concerning the hydration structure
and the disruption thereof around biological molecules in
solution.?15

Il. METHODS
A. Neutron diffraction

Neutron diffraction using isotopic substitution (NDIS)
enhanced by computer simulation is one of the pre-
mier techniques by which to understand the hydration
of molecules on the atomic scale in solution.® 2?3 Neu-
tron diffraction experiments have been used to study
an aqueous solution of 30 mol% PG, containing 200 mM
of 1,2-dipropionyl-sn-glycero-3-phosphocholine (Cs-PC).
The neutron diffraction experiments were performed on
the SANDALS diffractometer at the ISIS neutron facil-
ity, UK. As the signal for hydrogen and deuterium differ,
with a coherent scattering length of -3.76 fm and 6.67 fm
respectively,?* isotopic substitution experiments can be
used to differentiate groups within the system, where the
scattering signal arising from any given correlation will
differ as a function of the isotopic labelling. A total
of 6 isotopomers of the solution were measured (Table
I), where both the water and and the PG solvent had
variable levels of deuteration. To prepare the samples,
1,2-propanediol-hg (PG-Hg) and 1,2-propandiol-dg (PG-
Dg), each 98% purity and as a racemic mixture of R-
and S- isomers, were purchased from Sigma Aldrich and
used without any further purification. C3-PC was ob-
tained from Avanti Polar Lipids, Inc., and sample were
prepared by weight using 99.9% deuterium oxide from
Sigma Aldrich, and milliQ water for the samples con-
taining HyO.

All samples were placed in containers constructed of
Ti/Zr alloy, holding a liquid volume of 1.5ml and were
measured for ~ 8hours ( ~1000 4A) each, in addition to

measuring the empty cans, background and a vanadium
standard for background correction and normalization of
the diffraction data. All of the data were corrected for
multiple and inelastic scattering, and absorption effects
using the software Gudrun.??

A neutron diffraction experiment gives, after the ap-
propriate corrections, the total static structure factor,
F(Q), which is the sum of all pairwise correlations S(Q)
in reciprocal space:

FQ) = Y (2=6ap)cacsbabs(Sap(@Q) —1) (1)

a,fza

For atoms o and 8 where b is the coherent scatter-
ing length and ¢ the concentration of each and S,3(Q)
is related to this real space distances through Fourier
Transformation wviz:

505(@) = 1+ 252 [ 1l(gastr) = D) sin(@ryar(2)

where p is the atomic density of the solution in
atoms/A® and ¢(r) the radial distribution function,
which describes how the density of 8 changes around «
with respect to distance,  (in A). Integration of the g(r)
function over a distance range of r; to ro gives the co-
ordination number, n(r); the number of 8 atoms around
a:

T2
ng = 47rpc/3/ Tanﬁ(r) dr (3)

T1

B. Empirical Potential Structure Refinement

Unlike simple systems with few atomic components
where the nearest neighbor g(r)s can be extracted solely
from the experimental data,?® more complex systems
such as those measured here require computational mod-
elling to extract all of the pairwise interactions in the sys-
tem. Empirical Potential Structure Refinement (EPSR)
modeling” can be used to create a model which ‘fits’ the
measured diffraction data and has been used for a variety
of systems to gain a better understanding of the structure
of molecules in solution.!"1419-22 EPSR is Monte Carlo-
based simulation which begins with a set of established
potentials and then refines these potentials iteratively un-
til a good fit between the measured data and the model
is achieved. The EPSR simulation box here contained
10 C3-PC lipids, 750 PG molecules (375 R- and 375 S-)
and 1750 water molecules (Fig.1). Parameters from the
CHARMM force field?”?® were used as seed potentials for
the lipids and PG molecules and SPC/E potentials®® for
the water molecules. The final F(Q) fit of the EPSR
simulation to the neutron diffraction data is presented in
Figure 2(a). A Fourier transform, G(r), of this data por-
trays this information in real-space, which is presented
in Fig. SI.1(a) of the Supplementary Information.



FIG. 1: Molecular structures of (a) C3-PC, (b) R-PG, (c) S- PG and (d) water with the atomic labels used in the
EPSR simulation.

C. Molecular Dynamics

Molecular Dynamics (MD) simulations using the
CHARMMS36 force field?"2® were performed, providing
an independent assessment of the lipid-PG-water so-
lution at the same concentration as the NDIS experi-
ments. Specifically, the MD simulation contained 10 Cs-
PC molecules, 750 PG molecules (375 R- and 375 S-) and
1750 water molecules. The water molecules were mod-
eled using TIP3P3Y and all of the hydrogen-containing
bonds and the water molecule angles were constrained
using the SHAKE algorithm.?! The volume of the sys-
tem was equilibrated at 300 K and 1 atm using the NPT
ensemble for approximately 1 ns, the subsequent produc-
tion simulations were performed using the NPT ensem-
ble at 300 K and 1 atm and run for 100 ns. All simu-
lations were conducted using the LAMMPS MD code??
and a 2.0 fs timestep with the velocity Verlet integrator
was used and the Nosé-Hoover thermostat and barostat
as they are implemented in LAMMPS were used. The
van der Waals interactions were cut-off at 12 A, and the
PPPM algorithm?®? was used to compute the long-range
Coulombic interactions. The F(Q)s calculated from the
MD simulation compared to the measured NDIS data are
shown in Figure 2(b), whilst the Fourier transformation
of the simulated F(Q) are shown in Fig.SI.1(b) of the
Supplementary Information.

D. Topological analysis

In order to define the topology of the solvents around
the various regions of the lipids, a graph-theoretic ap-
proach has been used, which represents the structure
of a network as a set of nodes V' connected by a cor-
responding set of edges F. Here, nodes represent indi-

vidual molecules in the simulated system and edges are
assigned by an empirical hydrogen bonding measure as
defined by Luzar and Chandler.?* An ensemble of undi-
rected graphs are considered to represent the resulting
hydrogen bonding network. Through this formalism, the
network structure can be conveniently described by an
adjacency matrix A where A;; = 1 if nodes ¢ and j are
connected and A;; = 0 if nodes ¢ and j are not connected,
and A = 0 Vi since intramolecular hydrogen bonds are
not considered. An algorithm developed in-house, using
some functionality of the NetworkX python library®
was used to determine the shortest through-water hydro-
gen bond chains that connect lipid onium, phosphate and
ester groups to each PG molecule.

E. ANGULA

To compliment the g(r) representations of the interac-
tions in this system, the arrangement of PG and water
molecules around the functional groups of C3-PC were
obtained from the EPSR and MD simulations using the
software ANGULA.36:37 For this analysis, orthonormal co-
ordinates have been assigned to specific functional groups
on C3-PC, water and PG. For C3-PC, coordinate sys-
tems were centered on the -N(CHjz)4 nitrogen, the adja-
cent -CHy- carbon (Ct), the phosphate (P) and the ester
group carbon (Cb) atoms, while the coordinate systems
were centered on the hydroxyl oxygen atoms for PG and
water molecules (see Figure 2 of the Supplementary In-
formation) in order to assess the nearest neighboring sol-
vent molecules to specific sites on C3-PC. By accumulat-
ing ~5000 different snapshots of the simulation box for
EPSR and trajectories for MD the distribution of nearest
neighbor contacts, for each group in C3-PC, have been
plotted as a Spatial Density Map (SDM). The density
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FIG. 2: The F(Q) fits to the measured neutron
diffraction data (grey circles) for each isotopomer
solution of C3-PC/PG /water, for (a) EPSR (blue line)
and (b) MD (red line) simulations. The pale blue lines
show the difference between the fit and the experimental
data. Each dataset has been separated by 0.5 for clarity.

in such SDMs depicts the positions where molecules can
be found around a given group,?”® where the scale bar
represents the local number density of nearest neighbor
contacts, normalized to the number of simulated lipid
molecules.

11l. RESULTS AND DISCUSSION
A. Solvent structure

Figure 3 shows the water-water and PG-water interac-
tions (for the R-isomers of PG) in the C3-PC/PG/water
system for both EPSR fits to the neutron data and the
MD simulation in the form of radial distribution func-
tions and Table IT shows the nearest neighbor coordi-
nation numbers for these functions. The corresponding
functions for the S-isomers, which are virtually identi-
cal, for each simulations are presented in the SI. The
hydrogen-bonding interactions between the PG hydroxyl
groups with water molecules and water molecules with
themselves suggest that the the hydrogen bonds have
similar strength to one another as they all show a sharp
first peak peak at 1.86A. The relative intensity of the
peaks observed in these functions can be attributed to
local density effects, or excluded volume effects where
this has been previously observed for aqueous PG in
the absence of C3-PC at the same concentration,'® and
for acetone and DMSO in aqueous solutions.?® The co-
ordination numbers in Table 3 indicate that EPSR fits
to the neutron data show slightly increased water-water

TABLE II: Coordination numbers for the water-water
and PG-water g(r)s shown in Fig.3.

G () EPSR (nf?) MD (nf) r2 /A
Ow — Ow 2.7 2.5 3.30
Ow — Hw 1.3 1.1 2.40
Hw— Huw 3.2 3.0 3.00
Orl — Ow 0.6 0.8 2.50
Hrl — Ow 0.4 0.6 2.50
Or2 — Ow 0.6 0.8 2.50
Hr2 — Ow 0.4 0.6 2.50

coordination and slightly reduced PG-water interactions
compared to the MD simulation. In addition, the PG-
water coordination numbers are comparable to the de-
gree of hydrogen bonding in aqueous PG at the same
concentration.'® Overall, there are only minor changes
to the structure of this solution, suggesting PC does not
perturb the solution, in either simulation.

B. Solvation of the onium group

Figure 4 (a) shows the g(r)s for water and PG hy-
droxyl solvation (from the R-isomer, the S-isomer-PC
interations are shown in the SI) around the -N(CHs)§
(onium group) on Cs3-PC for both EPSR and MD and
Table III shows the coordination numbers for these func-
tions. The appearance of the curves and the coordina-
tion numbers are virtually identical for both simulations.
Overwhelmingly, the coordination of water to the onium
group is much higher than that of the hydroxyl groups.
Further, the gnow(r) shows a broad hydration peak at
~ 4.2 A in both simulations, similar to what is observed
for the hydration of this motif in & pure water selvent.'?
Similar to C3-PC in DMSO/water solutions,'! the nitro-
gen is closer to the water oxygens than the PG-hydroxyl
oxygens, indicating a comparatively stronger interaction
with the water molecules. Compared to C3-PC in pure
water,'? the coordination number for the N-Ow interac-
tion for EPSR has decreased around 50% from 18.6 to
10.1, which is somewhat expected given that there are
two hydroxyl groups for every PG molecule and at a 30
mol% concentration this level of substitution might be
expected.

A comparison of the coordination numbers in Table
IIT for the g(r)s in Fig.4 (a) shows that PG has a
lower propensity to form hydrogen bonds with the onium
group, for instance the coordination number in EPSR for
N-Ow is 10.1 and is only 1.2 for the N-Orl interaction.
This is likely attributable to the fact that as PG is a
larger molecule it cannot easily be packed around this
group. Further, the onium-PG coordination numbers in
Table III suggests that there are a similar number of Orl
and Or2 atoms surrounding the onium within the first
coordination shell. Unlike the R-isomer, which shows a
similar coordination the onium group in the EPSR and
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TABLE III: Coordination numbers for the onium-water
g(r)s shown in Fig.4.

gap(r) EPSR (nf) MD (nz) r2/A
N — Ow 10.1 104 5.6
N — Hw 23.0 24.4 6.0
N —Orl 1.2 1.1 5.5
N — Hrl 1.5 1.3 5.7
N — Or2 1.1 1.1 5.5
N — Hr2 1.3 1.4 5.7
N — Ox1 1.4 1.1 5.5
N — Hsl 1.6 1.3 5.7
N — Ox2 1.2 1.1 5.5
N — Hs2 1.4 1.3 5.7

MD simulations, there is slightly more discrepancy found
between the simulations for the S-isomer (these g(r)s
in Fig.SI.3 of the SI). Here, the EPSR simulation pre-
dicts that there is enhanced interaction of S-PG with the
onium group, suggesting this isomer shows more favor-
able packing around this group. However, this preference
is small, with a coordination number increase of 0.3 for
the EPSR simulation.

Figs. 4 (b) & (c¢) show the hydration SDMs around the
N(CH3)3 group from the EPSR fits to the neutron data
and from the MD simulation. In both of these figures,
this group is oriented such that one of the methyl car-
bon atoms is along the z-axis with the nitrogen at the
origin. For both simulations, the nearest neighbor water
molecules are predominately located between the -CHjg
group, with a higher density underneath this group, be-

TABLE IV: Coordination numbers for the Hy-water
and H;-R-PG g(r)s shown in Fig.5.

Gap () EPSR (n})| MD (nf)| 2 (A)
HL - Ow 0.6 0.7 2.8
HL — Orl 0.07 0.08 2.8
HL—Or2 0.1 0.09 2.8
HL — Ozl 0.08 0.08 2.8
HL — Ozx2 0.04 0.09 2.8

low the nitrogen - most clearly seen on the cut through
projected onto the back panels in Figs.4 (b) & (c¢). This
hydration pattern is similar similar to what has pre-
viously been observed for C3-PC in pure water,'? wa-
ter/DMSO solutions''4? and in a hydrated bilayer*!' as
well as for the neurotransmitter acetylcholine in aque-
ous solution,*? which gives rise to nearest neighbor water
molecules which are oriented such that they are coordi-
nated to the onium group via NT - .- Ow solvation inter-
actions.

Figs. 4 (d) & (e) show the SDMs for the nearest neigh-
bor hydroxyl groups from the PG R-isomer for both sim-
ulations. For these, the heat-map scale bar has been
adjusted for visibility (limited to 0.45) and to account
for the reduced number of PG molecules. The diffuse
solvation patterns in these SDMs suggest that PG inter-
actions with the N(CH3)d group are highly diffuse, where
EPSR fits to the neutron data show a slightly higher den-
sity of nearest neighbor PG molecules compared to MD.
For EPSR, there is a slightly increased localized density
in the +xz-direction below the NT atom, similar to the
hydration seen in Figs.4 (b) & (c). Interestingly, the
g(r)s in Fig. 4 (a) and their respective coordination num-
bers in Table III suggest that the solvation of this group
would be virtually identical between the two simulations,
yet the SDMs show a more highly localized coordination
of the surrounding solvent, emphasizing the need for 3-
dimensional analysis.

Previous hydration studies of the PC headgroup in so-
lution, suggested a unique hydrogen-bonding interaction
between the methylene group hydrogens (HL; Fig. 1) ad-
jacent to the onium group and the surrounding water
solvent.!1:12:41 This hydrogen bonding from water to this
portion of the PC molecule is present in the current so-
lutions, as the gnrow(r) in Figure 5 (a) in both MD and
EPSR fits to the diffraction data show a first peak at
around 2.1 A with a coordination number of ~0.6 hydro-
gen bonds (Table IV). This value is comparable to that
observed in DMSO, where the coordination number was
0.5 for the EPSR simulation,'! but still exhibits lower co-
ordination of water compared to the 1 bond seen for pure
water simulations.!? Furthermore, the HL-PG-hydroxyl
coordination is much lower than the water-HL coordi-
nation where there is only around 10% coordination for
each hydroxyl group from either isomer.

Figs.5 (b) & (c¢) show the SDMs for the nearest neigh-
bor water molecules and Figs. 5 (d) & (e) show the SDMs
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for the PG R-isomers around -CHj below the N(CH3);
in C3-PC for both EPSR and MD. It is clear from this fig-
ure that there are highly localized water molecules which
hydrogen bond with the HL atoms on the methylene
groups in both simulations. In contrast, the PG near-
est neighbors show a diffuse distribution around this -
CHs- portion of the lipid molecule, with the SDM from
the MD simulation showing almost no localization of the
PG molecules surrounding this methylene group. Inter-
estingly, the Or2 (the central hydroxyl on R-PG; Fig.1)
g(r) (Fig.5 (a)) shows more interactions with this car-
bon compared to the S-PG isomer in the EPSR fits to
the neutron data, concomitant with the highly localized
density in the positive z-direction directly above one of
the methylene hydrogen sites, which indicates a prefer-
ence for the R-isomer rather than the S-isomer to be lo-
cated and receive a hydrogen bond from these methylene
hydrogens.

C. Solvation of the phosphate group

Figure 6 shows the g(r)s for both water and PG R-
isomer hydroxyl solvation of the phosphate group from
both simulations (the g(r)s for the S-isomer are in the SI)
with the coordination numbers for these functions in Ta-

bles V. Both EPSR and MD simulations show that water
molecules can form direct hydrogen bonds with the phos-
phate group, through the P=0 02 oxygens, with a hydro-
gen bonding distance of O2-Hw is 1.65 A for the EPSR
simulation and 1.71 A for the MD simulation, with each
02 oxygen coordinating approximately 2 Hw atoms. The
g(r)s for the P-O-C oxygens (Osl; Fig. 1) which show rel-
atively little hydrogen bonding interaction, as expected
for these groups,'!*'? are provided in the SI.

In contrast to the g(r)s for the onium group (Fig. 4 and
the hydration of the PO, group, the g(r)s for phosphate-
PG interactions from MD simulations in Fig. 4 indicate
much more prevalent hydrogen-bonding interaction be-
tween O2 and the hydroxyl hydrogens from the PG
molecules. The coordination numbers (Table V) show
a 2-fold increase in PG-phosphate interactions compared
with EPSR fits to the neutron data. The prevalence for
hydrogen bonding is still not as strong compared to hy-
dration interactions of this group, but they are marked
relative to the EPSR fits to the neutron data.

Figure 7 shows the related SDMs for the hydration for
both MD and EPSR fits to the neutron data, where the
P=0 02 oxygens are located along the +z and in the —x
direction, slightly below the zy-plane. These maps show
the nearest waters have a preference to form a ‘halo’ of
density around each P=0 (02) oxygen on C3-PC and the
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neighbor water molecules and 20% of PG nearest neighbor molecules.

4.0 TABLE V: Coordination numbers for the

3.0 8rulr) 8onrw(r) phosphate-water g(r)s shown in Fig.6

2.0

1.0/ 9as (1) EPSR (ng) MD (ng) rg/A

0 0" P —Ow 5.2 4.4 4.5

’ P — Hw 4.9 4.2 3.5

4.0 02 — Ow 2.0 1.6 3.3
r 02 — Hw 1.8 1.5 2.4

3.0: 8pHn (1) gonhn (1) PO 03 56 1t

2.0 P—Hrl 0.3 0.6 3.9

1.0l P —0Or2 0.1 0.5 4.5
b P—Hr2 0.1 0.5 3.9

0.0 02 - Orl 0.07 0.2 3.2

40 02 — Hrl 0.07 0.2 2.6
H 02— 0r2 0.03 0.2 3.2

3.0/ 8eri(r) gozhn(r) 02 — Hr2 0.03 0.2 2.6

2.0

1.0}

00— & 100 > 4 6 & 1o localized density of cut-throughs on the back panels show
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FIG. 6: The g(r)s for the water hydrogen (Hw) and the
PG hydroxyl hydrogens with the phosphate atom of
C3-PC, from EPSR (blue line) and MD (red line)
simulations. Interactions are shown for the first (Hrl)
and second (Hr2) hydroxyl groups of the R-isomer
(g(r)s for the S-isomer are provided in the SI.

localized hydrogen bonding from the surrounding water
solvent to the lone-pairs of electrons on these oxygens.
This density is similar for both simulation types with
the EPSR-derived SDM showing slightly more localized
water positions.

Fig. 7 also shows the SDMs for the solvation of the
PO, group by both hydroxyl groups on the R-isomer of
PG (the S-isomer SDMs are provided in the SI), again
for both simulations, where the percentage of molecules
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FIG. 7: SDMs for the hydration of the phosphate group
from a) EPSR and b) MD simulations. The isopycnic
surface represents the location of 40% of the nearest
neighbor water molecules. SDMs for the PG solvation of
the phosphate group through the c) & d) first hydroxyl
and (e) & f) second hydroxyl groups from EPSR and
MD, respectively. The isopycnic surface represents the
location of 20% of the nearest neighbor PG molecules.

shown in these SDMs has been decreased to 20% for clar-
ity. These SDMs account for the difference in EPSR and
MD simulations as while the hydroxyl groups bond in
the ‘halo’ arrangement for the MD simulation, as seen
for the phosphate hydration, the nearest neighbor con-
tacts are diffusely arranged around the phosphate group.
This pattern, for each simulation, is observed for both R-
and S-enantiomers (see SI).

D. Solvation of the ester groups

Figure 8 shows the g(r)s for the hydration of both the
first and second ester group carbonyl oxygens (Ob; Fig. 1)
for MD and EPSR fits to the neutron data and the co-
ordination numbers for these are shown in Table VI (the
C-O-C oxygen hydration, which is limited, is shown in
the SI). It is clear that the MD simulations show a much
higher level of hydrogen bonding to this C=0 oxygen.

gobow(T)

A

b) E1 Ow EPSR
/\\\
/-

c) E1 Ow MD

FIG. 8: a) g(r)s for the hydration of the C=0 oxygen
from the ester groups on C3-PC from EPSR (blue line)
and MD (red line) SDMs for the hydration of the first
(b & ¢) and second (d & e) ester groups, where in each
case the isopycnic surface represents the location of 40%
of the nearest neighbor water molecules.

TABLE VI: Coordination numbers for the Ob-water
and Ob-PG g¢(r)s shown in Figs.9,10 & 11.

gas(r) | EPSR (n3)| MD (nf)| 2 (A)
Ob — Ow 0.8 1.1 3.3
Ob — Orl 0.1 0.1 3.3
Ob — Or2 0.1 0.1 3.3
Ob — Ox1 0.06 0.1 3.3
Ob — Oz2 0.06 0.1 3.3

This corroborated by the SDMs for the nearest neighbor
hydration shown in Figs.8 (b-d) where there is a much
higher density of localized hydration around this group
in the MD simulation, for both ester groups compared
with EPSR; most notable for the first ester group where
there is a highly diffuse hydration cloud in Fig.8 (b).
Interestingly, the two ester groups show different hydra-
tion patterns relative to one another in both simulations
where EPSR shows less hydrogen bonding in the +z di-
rection compared with MD for the second ester group
and there is a further band of high density around the
C-0-C oxygen for the MD simulation in Fig.8 (d) that
is not as prominent for EPSR. These hydration patterns
for both E1 and E2 in C3-PC is similar to the hydration
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FIG. 9: The g(r)s for interactions of the water oxygen
(Ow) and PG hydroxyl oxygens with the ester group
C=0 oxygen (Ob), from the EPSR (blue line) and MD
(red line) simulations. Interactions for PG are shown
for the first (Orl) and second (Or2) hydroxyl groups of
the R-isomer, as well as the first (Ox1) and second
(Ox2) hydroxyl groups of the S-isomer.

pattern observed for DOPC in bilayer simulations, where
the E2 group shows slightly higher hydration and some
density below the C-O-C oxygen atom.*!

Figure 9 shows the g(r)s between the PG hydroxyl oxy-
gens (from both enantiomers) and the ester C=0 oxygens
(Ob) on the C3-PC lipid and Table VI shows the coor-
dination numbers for these functions from both EPSR
fits to the neutron data and MD simulation. The lipid
C-O-C oxygen-PG g(r)s, which show limited hydrogen
bonding, are provided in the SI. Similar to the hydration
behavior in Fig. 8, MD shows a higher level of hydration
around these groups with sharp hydrogen bonding peaks
at around 3 A.

Figure 10 shows the SDMs for the first hydroxyl near-
est neighbor PG molecules (for both enantiomers; Orl
and Ox1 in Fig.1) around the C=0 oxygen of the first
ester group in C3-PC. The first ester group (E1) is the
ester connected to the Ct atom on C3-PC and the second
ester group (E2) is the ester connected to the Cg atom
on C3-PC in Fig.1. In EPSR even though both pro-
vide relatively diffuse solvation clouds, the PG R- and
S- solvation around C=0 look somewhat different to one
another. For Orl (Fig.10 (a)) the PG molecules have
some localized density around the Ob atom in pattern
which is somewhat reminiscent of the ‘halo’ hydration
present around this group in Fig.8 (b) where the R-PG
molecules can hydrogen bond to this oxygen. Conversely,
for the S-isomers the solvation density around this C3-PC
E1 group shows the highest localized density below the
C=0 in the -z direction. It should be emphasized that in
both cases the density is highly delocalized and as such
small increases in the density may just be due to ran-
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FIG. 10: SDMs for the PG solvation of the first ester
group through the R- (a & b) and S-isomers(c & d),
where in each case the isopycnic surface represents the
location of 20% of the nearest neighbor water molecules.

dom packing effects. Figs.10(b) & (c) show the same
functions for MD where in this case there is only solva-
tion density for each of the PG enantiomers where they
can hydrogen bond to this E1 Ob atom. In MD, both
enantiomers show the same solvation patter around E1
on C3-PC and more highly localized density compared
to EPSR, consistent with the g(r)s in Fig.9. The other
-OH group on the PG molecules show similar hydration
patterns to those shown in Fig. 10 for E1. Interestingly,
the SDMs for the PG solvation of the second ester group
(E2) show a similar solvation pattern for both MD and
EPSR, shown in Figure 11. While MD shows consistent
solvation patterns independent of the ester or PG isomer,
EPSR shows consistently different solvation of the C3-PC
ester groups which is dependent upon the solvating iso-
mer of PG. Specifically the R-isomer shows a solvation
pattern similar to that of MD, and to the hydration of
this group while the S-isomer shows a somewhat different
and more diffuse distribution of PG molecules.

E. Topological analysis

In order to determine how the water molecules and PG
molecules interact with one another around various por-
tions of the PC headgroup, the solvation ‘topology’ in
the MD simulations has been assessed (see Section IID).
This provides an assessment of how water molecules me-
diate the interactions between the PG molecules and the
C3-PC molecules in the MD system. Figure 12 shows the
resultant distributions which give the probability that a
PG molecule is connected to the onium, phosphate and
ester groups of the C3-PC lipids via a certain number of
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FIG. 11: SDMs for the PG solvation of the second ester
group through the R~ (a & b) and S-isomers(c & d),
where in each case the isopycnic surface represents the
location of 20% of the nearest neighbor water molecules.

hydrogen bonded water molecules (N, ). For instance, if
a PG molecule is hydrogen bound to a water molecule
which in turn is bound to another water molecule which
is a first neighbor of the C3-PC N atom then N,, = 2.

The solvation distributions for the N(CH3)3 group are
consistent with the both the g(r)s and the SDMs in
Fig. 4, in that there are relatively few direct interactions
(N, = 0) between the PG molecules and the onium head-
group. Even though these interactions are few in number,
in Fig.12 (a) direct-PG interactions are more probable
for the N(CH3)d group than the phosphate or either of
the ester groups on C3-PC. Specifically for direct PC-PG
contacts onium > phosphate > E2 ~ E1, consistent with
the coordination numbers reported in Tables IIT & V.

Given the relatively few PC-PG direct interactions,
this graph theoretic approach allows the solvent net-
work to be efficiently mapped within the systems in or-
der to more accurately describe the location of the PG
molecules around the headgroup. Further, from Fig.
12, the most probable locations of PG molecules show
that they are closer to the onium headgroup (removed
by two hydrogen-bonded water molecules) than either
the phosphate (removed by three hydrogen-bonded wa-
ter molecules) or the E1 and E2 ester group (removed by
4 hydrogen bonded water molecules) groups. In fact, the
distributions show that the probability that a propylene
glycol is directly bound, or interacting with the onium
headgroup through one or two mediating water molecules
is larger than the same scenarios with the phosphate or
ester groups.
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FIG. 12: Distributions of the minimum number of
hydrogen bonded water molecules (V,,) that connect
the (a) onium, (b) phosphate & (c) E1 ester and (d) E2
ester groups on the C3-PC lipid molecules to a
propylene glycol molecule



IV. CONCLUSIONS

In the solutions investigated here (30 mol% PG in
aqueous solution), the PG molecules seem to have a very
limited effect on the hydration around different portions
of the lipid headgroup. Interestingly, for each polar group
in C3-PC, water is preferred over PG despite the addition
of this relatively large molecule to the mixture. While
there is a reduction of the number of coordinated water
molecules around each group compared to the hydration
of the C3-PC lipid in pure water,'? there are relatively
few PG interactions around each of the various parts of
the lipid headgroup. Compared with the hydration of
this lipid in DMSO/water mixtures (at the same mol%
as for PG here), there is a slightly lower reduction in the
hydration interactions for the present solutions.!! Fur-
ther, the unique water hydrogen-bonding interaction to
the -CHa- group directly below the N(CHjz)3 motif is
maintained even in the presence of the PG molecules.
Whilst PG hydrogen bonds to this group and the PO,
group, the coordination numbers for these interactions
are surprisingly low (Tables IV & V) given that there are
2 -OH groups on each PG molecule. While the EPSR
fits to the neutron data show less PG-phosphate bond-
ing compared with the MD simulations, in both simula-
tions the primary hydrogen bonding interaction is with
water rather than the PG molecules. When PG does di-
rectly bind to C3-PC it seems to have a preference to bind
onium > phosphate > E2 & E1, suggesting that the PG
molecules will have a larger effect on the onium region of
the headgroup than anywhere else on PC molecules. In
a lipid bilayer arrangement it has been shown that that
there is a network of hydrogen bonds between the phos-
phate group and the onium group, sometimes mediated
by a bridging water molecule.*® In this environment, a
competing solvation of the onium group may be enough
to disrupt this network and enhance the permeability at
the interfacial region.

The relative lack of PG interactions with other parts
of the PC headgroup and largely unperturbed PC-water
interactions may be due to the relative size of water
molecules which are likely able to pack more closely to the
onium and phosphate groups. The increased size of PG
would naturally make it more difficult for this molecule
to pack tightly around the groups and form strong bonds.
By having no group that PG preferentially binds to on
the PC headgroup could be an attributing factor that al-
lows PG to more easily penetrate through a membrane
environment as they would not become ’stuck’ to the
polar parts of the lipid headgroups. Observation of the
solvent structure suggests that PG does not perturb wa-
ter structure,” and that the PG-solvent interactions are
not affected by the addition of C3-PC to the solution.
This differs to DMSO that in the presence of Cs-PC
showed slight increased DMSO-water interactions'! and
it is properties such as these that could be indicative of
PG having a less perturbing effect as a solvent on lipid
structures compared to DMSO.%* That the hydration ob-
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served here is highly consistent with that observed for the
DOPC headgroup in a bilayer,*! which in turn is highly
similar to the solvation of C3-PC in solution,'? suggests
that the current measurements are significantly useful in
determining the behavior of PG in membranes.
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