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On the hydration of DOPE in solution

Natasha H. Rhys,22®) Imogen B. Duffy,! Christopher L. Sowden,® Christian D.
Lorenz,® ) and Sylvia E. McLain® ©

Y Department of Biochemistry, University of Ozford, Ozford OX1 3QU UK
2)Depart‘memf of Physics, King’s College London, London,

WC2R 2LS UK /
(Dated: 27 February 2019) \
C a chloro-

The atomic-scale hydration structure around the DOPE eaﬁ? up 1

form/water solution has been investigated using neutro raction enhanced by
isotopic substitution and NMR, coupled with Empirica ial Structure Re-
finement and Molecular Dynamics simulations. obtained show the
preferential binding sites for water molecules on t groups, with the
most predominant interactions being with the ammonigim and phosphate groups.
ion of DOPE molecules,
varies according to the simulation method used.§The reSults here suggest the pres-
ence of a tight water network around thefﬁh.pid adgroups that could affect the

permeability of the membrane for lipid-médiated %ffusmn.
\\ :
\

adgroup is one of four primary headgroups for
the phospholipids found in euka ic branes. PE lipids comprise 75-80% of the total
quantity of lipids in the inner membrame E. coli,! 15-25% of the total quantity of lipids
in eukaryotic membranes? a! w of the total phospholipids in mammalian brains
making them one of the major cempornents of the brain endothelium cells and subsequently
of the blood-brain barrier (BBB).*In vivo, PE lipids also serve as a precursor for the
biosynthesis of PC lipids by a methyltransferase enzyme, where up to 30% of the PC lipids
found in mammali rs is thought to be produced via this process.

Similar to the £C headgrodp, PE lipids are zwitterionic. However, as opposed to the
PC headgroup isOnly zwitterionic when its terminal amine head group becomes proto-
nated in sohzzo’n. T reSence of the —NH;‘ ammonium group makes PE highly capable of
hydrogen bond nationr and adopting many different conformations relative to the mem-
brane supfacesgiven ¥ small size.> Within a membrane environment, PE lipids have been

C;f)jn a conical shape - with the headgroup having a larger diameter towards the
te portion of the phospholipid.? Since similar average conical structures are
ed for many different types of lipids,® a more complete understanding of PE requires
the detailed iy(restigation of its underlying molecular interactions.

The interaction of water with the DOPE headgroup is of interest as the hydration of the

PACS numbers: 61.20.-p

I. INTRODUCTION

The phosphatidylethanolamine (P

these interactions occur in vivo. Importantly, understanding the hydration of DOPE also
has 1mplications for drug delivery, particularly delivering drugs across the BBB where PE-
opholipids are found in a relatively high proportion. Drugs have to be able to cross
“from an aqueous environment into and then through the hydrophobic interior of cellular
membranes in order to function. A large proportion of BBB crossing drugs are thought to
do so wia lipid-mediated diffusion.”® Understanding the hydration of the lipid head groups

a)natasha.rhys@kcl.ac.uk
b) chris.lorenz@kel.ac.uk
)sylvia.mclain@bioch.ox.ac.uk
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FIG. 1: o/lxqqtructure of DOPE water with the atomic labels used in the EPSR
-) simulation.

of th B'é cay ald in the understanding of how molecules interact with these lipid moieties
ddimp arzy how water contributes to these interactions.

The present study aims to provide a site-specific atomic-scale description of the solva-
of the DOPE lipid using a combination of neutron diffraction, NMR and computa-
" “tiona hniques. In particular, the present investigation aims to determine how DOPE
is preferentially hydrated in chloroform/water. While chloroform and water are generally
ot<miscible, small quantities of water can be solubilized in chloroform®, with the use of
S chloroform allowing for an understanding of the hydration of the head group without the

})mplications of extensive lipid aggregation.'® Importantly, it has been recently shown that
hydration studies of headgroups in such solutions serve as a good predictor of the hydra-
tion behavior within a membrane.!! This combination of experimental and computational
techniques have also been used to characterize the hydration of other prominent lipid head-
groups which are present within biological membranes - including the PC headgroup,? 14
and the sphingolipid ceramide'®. This multidisciplinary approach is ideal for determining
the atomic scale interactions between lipids and the surrounding aqueous solvents.
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TABLE I: Isotopomers of DOPE and water in chloroform solution measured by neutron

diffraction
Sample DOPE Chloroform Water
I H 100% CDCl3 H>O
I H 25% CHCIl; : 75% CDCls H2O
11 H 36% CHCIl; : 64% CDCl; H2O /
v H 50% CHCls : 50% CDCls H20
A% H 75% CHCIl; : 25% CDCls H2O
VI H 100% CHCl; H20< 3

Il. METHODS \
DA
—

A. Sample preparation

£

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine ( E)was p)[chased from Avanti Polar
lipids and was used without any further purification, and stored in a freezer (-20°C) in a
N, filled glove box. Chloroform (CHCl3) and deuterated ghloroform (CDCl3) were both
purchased from Sigma Aldrich and dried by reflu ovér CaHs at ~50°C for 24-48 hours,
then cryogenically distilled in vacuo and storved overwnolecular sieves. Both CHCl3; and
CDCl3 were verified as anhydrous by 'H R, with no water peaks present in the spectra

for each dried solvent.!?
\

i

/

B. NMR ~

A

NMR measurements were, comple ing a Bruker 500 MHz instrument, from the
biomolecular NMR facility niversity of Oxford. 'H, COSY and NOESY NMR
spectra were collected for DO in amhydrous CDCl3 as well as for DOPE/CDCl;3 solu-
tions with water added in stoichiomegrically under a No-flow, with final stoichiometric ratios
of 1:2:300, and 1:5:300 D :water:CDClj3.

C. Neutron ?ra

Neutro diffkﬂ&q{wi h isotopic substitution experiments were performed on six iso-
topomeri¢ samples of“\DOPE in water/chloroform solutions using the SANDALS diffrac-

7/

were transferred by weight in gas-tight vials, within a Ns-filled glove box.
‘ater en added, by volume to obtain the solutions listed in Table I. The samples
e sJiSequently transferred for the experiments to Ti/Zr alloy, flat-plate cans with a
hickness of 1 mm, to minimize multiple scattering for the protiated samples. All
experiments were performed at standard temperature and pressure.
firaction data were collected for each solution for an average of ~8 hours (~ 1000 uA).
Using the Gudrun software'%, each dataset was corrected for background, multiple scattering
“and absorption effects, and normalized using a vanadium standard.
The diffraction experiment yields the total static structure factor for each sample, F(Q),
which measures every individual pair correlation in the solution in reciprocal space:

F(Q) = Z (2 - 5045)004 Cp ba bﬁ (SaB(Q) - 1) (1)

a,f>a
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Here, c is concentration of atoms a and 3, b is the coherent neutron scattering length of,'”
while S(Q) equates to the elastic scattering vector @ = 47 sin(6)/A. Each of the individual
pair correlation functions, So5(Q) form a Fourier pair with their specific radial distribution
functions (RDF; gap(r)) which yields real-space atomic distances:

505(Q) = 14 25 [ rl(gaslr) = 1) sin(@r) dr A @)

As the diffraction patterns are normalized and the density of the Selutign known, integra-

tion of the individual g,s(r)s within a given distance range ™ a&%\vides the average
lution:

coordination for the interactions between the atom pairs in the so
T2 )ﬁ‘h
n? = 47rpcﬁ/ 72 gop (r)fdr™ (3)
T1 3

D. Empirical Potential Structure Refinement ‘)

solutions,'® for solutions containing a large n distinct atoms this is not possible or
practical. As a result, Empirical Potenti ure Refinement (EPSR) simulations were
employed, where this Monte Carlo-based simulation technique has been specifically designed
to generate a computational model disordered system which fits a set of measured
diffraction data in order to extract a et of correlations for any given system.'?0 This

analysis method has been used to,éxplore,a range of chemical and biological solutions,?! 3°
10,12-14,31

as well as specifically for theshydrationwef lipid molecules.

Here EPSR simulations Wed on a box containing 10 DOPE, 50 H,O and
3000 CHCl3 molecules at the temperature and atomic number density of the measurement
(298 K and 0.0374 ato 3). The'reference potentials used for DOPE (listed in Table
I of the SI) are fromdthe CHARMMS36 forcefield®? with its intramolecular geometry taken
from the CHARMM-G Ulonling resource.33* The SPC/E potentials were used for the water
molecules®®, whilét chloro was modeled using the OPLS potentials®®. It should be noted
that EPSR dog§ ni goxii}e a unique solution for the system in question but does provide
a model thatds consisbent/with a set of measured data and will be somewhat dependent on
the seed p tenMs, especially when these correlations are not well represented in any

set. e fits to the measured F(Q) data and the difference between data

measure da?é}
and fityareghdwn in Fig. 2, with the real-space version, G(r), shown in Figure 1 (b) of the
SI.
%
- 4
Molec

<—*Su Dynamics

While it is possible in cases, where there ate a small number of atoms, to extract the in-
dividual site-site Sop(Q) by combining diff¥acti atterns from several isotopically-labeled
Ebe

lar Dynamics (MD) simulations were also performed for DOPE in solution at
thesame composition and ratio of molecules (10 DOPE molecules, 50 water molecules
and<3000 chloroform molecules) as for the EPSR simulations of the neutron diffraction
data. The DOPE molecules were modeled using the CHARMMS36 forcefield®? and the
“Water molecules were modeled with the TIP3P model3” which has been modified for the
CHARMM force field.?® While this differs from the potentials used for EPSR, no major
discrepancies between simulation results have been reported in previous studies on lipids
from this, including when water is the bulk solvent.'>'* The chloroform molecules were
modeling using a model originally parameterised for the OPLS/AA forcefield®?, which have
been used in previous simulations of ceramide lipids in water and chloroform.'® All of the
bonds and angles for the water molecules were constrained using the SHAKE algorithm*°.
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FIG. 2: The F(Q) fits for EPSPS%]; line) and MD (right, red line) to the measured
S

diffraction data (gray circle the difference between the fit for each simulation
and the data (pale blue line) of the measured DOPE /water/chloroform solutions.
Each dataset has been offset by 1 for clarity.

The volume of t stem ‘wasequilibrated at 300 K and 1 atm using the NPT ensemble for
approximately I(eesu equent production simulations were performed using the NPT
ensemble at‘\% K and 1 atm and run for 100 ns. All simulations were conducted using the
LAMMPS MD el and a 2.0fs timestep with the velocity Verlet integrator was used.
The Nosé ver thermostat and barostat, as they are implemented in LAMMPS, were

MD4simulétion empared to the measured NDIS data are shown in Figure 2(b), whilst the
F B_I;Ee ansf}ﬁmation of the simulated F(Q) are shown in Fig. SI.1(b) of the Supplementary
nformatio

to investigate the binding of water to different parts of the DOPE lipid head
e survival probability of water molecules were measured that are within the first
neighbor distance as determined from the RDF of the oxygen atom in a water molecule
around the different headgroups. Such analyses have been used previously to understand
hydration of cocaine in aqueous and chloroform solutions.*? In doing so, the time that
“each water molecule within the hydration shell stays within the hydration shell before
leaving is measured. From this, it possible to calculate the probability that a hydrating
water molecule stays within the hydration shell for a given time 7.

Also, this study has investigated the role that water plays in bridging different parts of the
lipid head groups within the same molecule and between two different lipid molecules. In
doing so, a graph-theoretic (GT) approach is used to investigate the topological structure
of interactions between the amine, phosphate and ester groups within the headgroup of
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FIG. 3: 'H NMR spectra for DOPE in CDCl3 ugm'rs, in the absence of water, and with
2 and 5 parts water per DOPE. Labeling for, the PBElprotons is shown in the inset and

the spectra have &

apprmased upon an in-house code that takes
'D&%]e workX Python library.** Using this code,
d Ao an ensemble of unweighted, undirected graphs

the MD trajectory dynamics aregqmapp

G(V,E). At each timestep, a h is\formed consisting of a number of vertices (V),
which each represent a singl H2O)DEQQ1 or one of the groups within a lipid headgroup.
Hydrogen bonds, as define }'pi;.j\al:r}:, form the edges (E) of the graph. The graph
structure is contained in an adjaeency matrix A, where:

;\ 1, if i and j are connected

0, if ¢ and j are not connected.

the DOPE lipid molecules. This G
advantage of some of the functionali

L/
In a similar ‘(}M\geji s work'#4%_ the GT framework is used to calculate the probability
shor

distribution t through-water paths from each group in a lipid headgroup to any
in a lipid headgroup. Then the probability distributions of the measured
s connecting two groups in the PE headgroup on the same or different lipid

ermined.

molégulesfare

4

—F. NG}ILA

X

B}ch the EPSR modeling box and the MD trajectories were further analyzed using the
software ANGULA.%647 Here, a set of orthonormal coordinates were assigned to both the
“Water molecules, chloroform and different portions of the DOPE molecules (see SI Figure 2)
to assess the 3-dimensional hydration structure around the DOPE headgroup by virtue of
Spatial Density Maps (SDMs) vide infra. For EPSR, 5312 configuration files were collected
for the subsequent analysis and 4005 snapshots of the MD trajectory were used as a compar-
ison, comparable to number of frames used in ANGULA analyses on other lipids'*!4. The
maps show the location of molecules around a central group, with the scale bar representing
the density of atoms per A® for a specified distance range and percentage.
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I1l. RESULTS AND DISCUSSION

A. NMR of DOPE

with 2 and 5 molar equivalents of water added with the molecular labeling added as a
reference. The water resonance appears as a singlet peak at 2.95 ppm in $he %2 DOPE:water
sample, which shifts further downfield to 3.40 ppm in the 1:5 samples As a“eomparison,
the water resonance in CDCls appears at 1.56 ppm in the abse of [IDOPE,* and in
the present solution shows a much larger downfield shift than #as observed for water in
ceramide/chloroform solutions.!® This significant downfield shift waterdn this solution
is likely due to the formal charge on the —NH; motif for and gests that water
is relatively tightly bound to the DOPE lipid rather than beipgdselated from the lipid in
solution.

Figure 3 shows the 'H NMR for DOPE in anhydrous CDClz and f(gve same solution

shift of the -NHj resonance (H;; Fig.1) from 8.56_to 8%l ppmJwith 2 molar equivalents
of water and to 8.23 ppm upon the addition of 5fmolar equivalents of water. While the
broadening of this peak is a result of exchange ween}nater and the -NH7 hydrogen
atoms, the upfield shift suggests that these hydr s become more shielded due
to the -NH7 -water coordination diminishing the

While hydrogen bonding typically results in a
%vf\t
)i}

deshielded, the reduction in electronegativi itrogen atom could likely counter the
effects of this resulting in only a small fed in the chemical shift.

For the other DOPE resonances, there age only very slight shifts upon the addition of

water. The H2 resonance shows a ‘mﬁdo field shift, and the H4’ and H3 peaks at

ateéd as the concentration of water increases. These

ange in the polarity of the DOPE molecule. This

inding to the phosphate group as it is relatively

peak shifts are likely a result of
change in polarity is probably due
atoms.

In addition to the 1D experimeunts sliown in Fig. 3, 2D 'H-'H NOESY correlation spectra
were recorded for the same solutions, to ascertain the connectivity between water and the
ws the 'H-'H NOESY spectrum for DOPE in CDCl; with
the addition of 5 quivalents of water. For reference, the comparable spectrum for
DOPE in CDCI

and water, corresponding to the -CH3;CHs- hydrogens directly below the
ig. 1). Similar NOESY experiments show the presence of comparable alkene
endvater bonding in ceramide'®, which through diffraction and computational stud-
S béen shown to occur for the PC headgroup in solution'?> '* and in a bilayer
ent,'! This 2D spectrum taken together with the 'H spectra shown in Fig. 3 sug-
5t th;tsthe water molecules are bound rather tightly to the —NH;)r headgroup and are not
rom the DOPE molecule in the solutions. Additionally, it shows that the water
molécules are tightly bound to DOPE, exchanging relatively little with one another as the
water-DOPE correlation in NOESY spectra is visible, where in the case of fast exchange
een two molecules there would be an absence of cross peaks between the Hw and H;
“protons in the solution.

B. Association of DOPE

Figure 5 shows the inter-molecular interactions of the ammonium hydrogen with phos-
phate and ester oxygens on neighboring DOPE molecules. In all cases, DOPE-DOPE asso-
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FIG. 4: i{\ correlation spectra for DOPE in CHCl3 (red) and with the

addition of 5 parts water (blue).

predominates in MD compared to EPSR. With the exception of H1-O5 interactions,
hé coordination numbers (Table II) for each simulation are both 0.04, the coordi-

alue of ghose from EPSR. The total number of hydrogen bonds between DOPE lipids has
been pre§i0usly reported by Sodt and Pastor,*®4? which was reported as 0.75 for planar
ases upon inducing curvature.

~an
"Ij understand the DOPE-DOPE interactions present in the MD simulation, Figure 6
rst'shows the probability distributions of two different parts of the DOPE headgroup being
i

inked either directly or by a hydrogen-bonded chain of water molecules of a certain length.
“Tn Fig. 6(a), the probability distributions are shown for NHF-NHJ , phosphate-phosphate,
and ester-ester groups on two different DOPE molecules. The ammonium and phosphate
groups are most commonly bonded by a single water molecule, whereas the ester groups
are most commonly connected through 3 water molecules where this distribution is much
broader.
Figs. 6 (b)-(d) show the MD probability distributions of direct interactions and hydrogen-
bonded water molecule chains connecting intramolecular and intermolecular NH:J{—phosphate,
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FIG. 5: The g(r)s for the DOPE-DOPE headgroup int rmolecularinteractions in solution
for the EPSR (blue) and MD (red ‘imulaﬁons.

-

I'min/A EPSR M
HI1-O1 240 €Q1 05
H1-02 2.40
H1-04

H1-05 20
Q\

Tt PE-DOPE intermolecular g(r)s in Figure 5.

TABLE II: Coordination numbers

NH;'—ester, and phosphate-ester paigs, régpectively. For the NH;F—phosphate pairs, when
these groups are on different DO lecules, they interact most commonly via direct
interactions, whereas these t \m%on the same molecule are more commonly linked by
one water molecule. Conversely, while there are a significant number of direct intermolecular
interactions between t monium“and ester groups, the intermolecular ammonium-ester
groups are most corunonly found to be linked via one water molecule. There is very
on network connecting the ammonium and ester groups on the same
it 1s equally likely to contain between 1 and 3 water molecules.
The phosph:?ﬂes pai?are the only ones where the most probable hydrogen-bonded

path connec tra;
To investi: aN)tential causes of the aggregation observed in MD, simulations have
also bee cc%leted understand the inter- and intramolecular interactions between the
f the DOPE headgroup in a system with a ratio of 1:2 DOPE molecules
les, as opposed to 1:5. The probability distributions for the interactions

‘elusters ingrease to a comparable size for each simulation (see SI Figures 8 & 9), there
an ingreased preference for the lipid headgroups to interact, whether it be via direct or
ter-megdiated interactions, in the 1:2 system as compared to the results shown in Fig. 6.
this association of the lipid molecules observed in simulations seems to be quite
senS)'tive to the number of water molecules present in the system.

\ €. Hydration of DOPE

The distribution of water survival probabilities around the NH;{, phosphate and ester
groups of the DOPE lipid headgroup are shown in Figure 7. The results show that the
water molecules are more likely to remain bound to the ammonium and phosphate groups
for longer times than the water molecules bound to the ester groups. While there is a
slight difference in the half-life of a water molecule around the phosphate and ammonium
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FIG. 6: Probability distributions of various parts of the DOPE headgroup being linked
through hydrogen-bonded chains containing a given.numhber of water molecules. The four
graphs show the probability distributions of the nfimber o r molecules that link (a)

the same part of the headgroup on two different molecules, (b) the intra- and
intermolecular interactions of the -NHZ & ‘phosphatedsroups, (c) the intra- and

intermolecular interactions of the -NH4 & esteg_eroups, and (d) the intra- and
intermolecular interactions K hosphate & ester groups.

groups (~70ps) and the ester grou 50 ps)y, the more significant difference is observed

in the longer time scales, where less“than 4% of the water molecules remain bound to

the ester groups for more than N{%ereas ~9% of the water molecules bound to the
in

—NH;)r and phosphate groups rem r the same timescale. For the ammonium group,
"bsgg;io of a NOESY signal as is shown in Fig.4. The
ue to the water molecules being bound to more than one

PE headgroup or morethan one part of the same PE headgroup.

this is complimentary to th

o—oNH,"
@- -@ Phosphate
@ @ Ester I

Time (ns)

FIG. 7: Residence time distribution of water molecules around the ammonium (black),
\ phosphate (red) and ester (blue) groups in the DOPE headgroup.
-

Figure 8 shows the hydration g(r)s for salient motifs within the DOPE head group from
the EPSR fits to the neutron diffraction data and the MD simulations. The corresponding
coordination numbers are shown in Table III. In all cases, the height of the g(r) peaks and
the coordination numbers are consistently higher for MD than EPSR. This is attributable
to the aggregation of headgroups and the increased headgroup-water interactions observed
for MD simulations, encouraging not only greater coordination but also enhanced excluded
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FIG. 8: The g(r)s for the DOPE eadgmration interactions in solution for the
EPSR (blui ﬁnﬁM red) simulations.

EPSR MD
09 26
0.3 04
02 04
1.2 34
04 1.0

‘\ . 01 04
O3-Ow 2.40 0.06 0.04
y. / O4-Hw 240 0.1 0.7

O5-Hw 2.40 0.2 0.7

TABLEAIL: mion numbers for the DOPE headgroup hydration g(r)s in Figure 8.

e‘ffects bservable in the g(r)s.’® In turn, the increase in DOPE-water interactions

ée in chloroform interactions with both DOPE and water in the MD simu-
compared to that from EPSR. SDMs and ¢(r)s for chloroform-water and -DOPE
ractigns can be found in Section V of the Supplementary Information.

i
o risingly, the -NH7 moiety shows characteristic hydrogen bonding peaks with wa-
tergt 2.82 and 1.83 A in the gn10w(r) and gH10w(r) functions respectively from EPSR.
h

e distances are marginally longer than the 2.79 and 1.77 A distances found from the

S simulation. That water is strongly bound to this group in DOPE is consistent with
“the upfield shift and broadening of the H; peak in the 'H NMR spectra in Fig. 3. The co-
ordination numbers in Table ITI show that with respect to the H1-Ow hydrogen bonds that

MD and EPSR are similarly coordinated. However, there is more water around this portion

of the head group, over a larger distance range, with respect to the N-Ow coordination

in MD compared with EPSR. This is linked with increased clustering of water around the
headgroup in the MD simulations, a result also observed for the headgroup of ceramide'°.
Figure 9(a) & (b) show the SDMs for the location of the water oxygen atoms found
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(g) O5 Ester EPSR 0 - 4.5 A (h) O5 Ester MD 0 - 4.5 A

TNF : SDMs for hydration through the ammonium, phosphate and ester groups. The

scale bar represents the density of 40% water oxygens found in the first coordination shell

per A3,
<

between 0 and 4 A from the ammonium nitrogen in the EPSR and MD simulations, respec-
tively. For the EPSR simulation, the water coordination is directly through the H1 atoms,
with the coordination number of Ow around the N1 (0.9) being accounted for by the 0.3
Ow atoms bonding through the three H1 atoms, as listed in Table ITI. However, the 0.4
coordination number for the HI-Ow in the MD simulations does not account for the 2.6
Ow atoms surrounding the -NHZ group, with the SDM showing that water molecules may
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be interacting directly with the nitrogen atoms, in between and underneath the hydrogen
atoms. This is potentially a consequence of the aggregation observed in the MD simulation.

The -CHs- protons (Hg) directly below the —NH;,r group also exhibit hydration with a
direct interaction peak at 2.76 A for EPSR and 2.79 A for MD. The H,-Ow coordination
found from EPSR suggests that on average 20% of these -CHs- protons are bonding with
water, similar to what occurs for the PC head group in solution.!'''? Indéed, the SDMs in
Figure 9 (c) & (d) suggest that water oxygens may pack on the undef side of the -NHZ
moiety, in close proximity to the adjacent -CHs- group. \

Figure 8 also shows similar peaks for the hydration of the phosphate %}p. The gp, 0w (r)
function has a first peak at 3.69 A and 3.78 A for the EPSR a simulations respec-
tively, with interactions predominantly occurring through the 1. Despite the
decrease in peak intensity, the distances formed between th
gen atom is consistently shorter with direct interactions witheHw atoms occurring at 1.59 A
for EPSR and 1.71A for MD. For EPSR, the O1-Hw QrC io.rhumber is 0.4, whilst
for MD it increases to 1. SDMs for the nearest neighboting oxygens around the phosphate
group show that water oxygen atoms form a ‘halo’ around each'O1 atom. The O2 oxygen
atoms on the P-O-C linkage are less hydrated as then served for the phosphocholine

headgroup in solution'2.

The least hydrated moieties of the headgroup, are he‘ater/ glycerol groups. Water is

coordinated through the C=0 oxygens (04 and O5)yitHweak coordination through the O3

oxygen of the C-O-C linkage. Interactions Rﬁn theyC=0 oxygens and water hydrogens
lat

occur at 1.71 A for EPSR simulations and W7 r-MD, for which the variation is likely
due to the difference in packing in thesedi ns. In the EPSR simulation, there is slight
variation in the hydration of each ester group, with the O4-Hw interaction coordination
number being 0.1 and the O5-Hw value being*Q.2. For the MD simulation, the hydration is
higher for both esters, with each grou%ing a coordination number of 0.7. Interestingly,
SDMs from MD clearly show afdifferenge in the arrangement of water molecules around
each ester group, likely linked wit specific packing of water with respect to the rest of
the chain.

Previous studies on the PC Mp in solution have suggested that the onium group
is the most hydrated, with an N-Ow coordination number of 18.6 for studies in water.'?
The extent of hydrati n‘ls\Sibutable to the size of this group, providing more sites for

hydration interactigon existithrough. Given the smaller size of the ammonium group for
‘ation interactions is comparatively less, to the degree of being

arQund the headgroup indicates that water remains attached to the ammonium and phos-

ups longer than the ester groups and in membranes potentially would allow for
a aSsurface of interfacial water to be present. With increasing DOPE-water interactions
comes a decrease in chloroform interactions both with water and the headgroup, seen more
notably in the MD simulation.

" DOPE molecules show some level of association in MD simulations, which is almost absent
in EPSR simulations. The excluded volume incurred from this aggregation is apparent in the
g(r)s for MD. Between aggregated lipids, the headgroups align so the —NH\%F groups interact
directly with the -PO;, group particularly, though other combinations for instance involving
the ester groups are possible. Water molecules may bridge other interactions, with 1-3
molecules between each moiety. Water molecules in these clusters are embedded within the

aggregated headgroups found in the MD simulations. In chloroform, the headgroup of single


http://dx.doi.org/10.1063/1.5085736

AllP

Publishing

| This manuscript was accepted by J. Chem. Phys. Click here to see the version of record.

14

DOPE lipids can be seen to form intramolecular interactions between polar moieties. In both
simulations, lipids that are not in clusters still have readily hydrated headgroups, with the
residual lifetime suggesting that there is increased retention of water through interactions
with the ammonium and phosphate groups. This may suggest that association of these
molecules could initially be water-mediated, though upon association DOPE molecules will
most predominantly interact through direct, intermolecular -NH;—phosp ate contacts.

In studies comparing PC and ceramide lipids in solution and m anes,'! solution
studies provided a good description of the hydration of lipids for regi Mthe outer
face, with deviations appearing for moieties that would be found n"% interiors of lipid
membranes. The permeability of water has previously been reporte lower in PE-lipid
bilayers®! due to a correlation between permeability and the surface aréa per lipid.>? The
presence of increased hydration around the phosphate group 1 dy may mean that
water could possibly embed itself further into a bilayer o 11'(;$>rane ructure with PE
lipids, depending on the lipids that neighbor them. In DOPE-ri h?ﬁas, it is likely that a
structural water surface forms as a result of the increaséd interacti
groups are making with water. The presence of a denser Wateé surface could potentially
inhibit the diffusion of drugs through interfaces sugh-as the«BBB, particularly those drugs

=

that are highly lipophilic and cannot dissolve in these<PE-richer regions. However those
drug molecules with hydrogen bonding groups that dissolve in PE-rich regions and then

displace the water bound to the PE headgro% finally diffusing into the membrane.

V. SUPPLEMENTARY INFORMATIO \

Supplementary material, which h ‘B’e? reférred to in the main text, can be found via

the following link. -
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