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ABSTRACT: Inverted/reverse hexagonal,Hohases are of

special interest in severalds of research, including nanoj e teto o Shoeepeimens do
medicine. We used molecular dynamics (MD) simulation to Stydy- — - - -/
H, systems composed of dioleoylphosphatidylethanolamine 7;  Experimental data
(DOPE) and palmitoyloleoylphosphatidylethanolamine (PGP[E)
at several hydration levels and temperatures. &beoé the
hydration level on severaj, Wtructural parameters, includigg
deuterium order parameters, was investigated. We furtheg lse
MD simulations to estimate the maximum hydrations of DOPE
and POPE |l lattices at several given temperatures. Finally,
e ect of acyl chain unsaturation degree on fhstrdcture was
studied via comparing the DOPE with POREs¥bstems. In
addition to MD simulations, we used deuterium nuclear magnetic

resonance’l NMR) and small-angle X-ray scattering (SAXS) experiments to measure the DOPE acyl chain order parameters
lattice plane distances, and the water core radiypliast DOPE samples at several temperatures in the presence of excess water.
Structural parameters calculated from MD simulations are in excellent agreement with the experimental data. Dehydration decrez
the radius of the water core. An increase in hydration level slightly increased the deuterium order parameter of lipids acyl chail
whereas an increase in temperature decreased it. Lipid cylinders undulated along the cylinder axis as a function of hydration le
The maximum hydration levels of REpHases at dérent temperatures were successfully predicted by MD simulations based on a
single experimental measurement for the lattice plane distance in the presence of excess water. An increase in temperature dect
the maximum hydration and consequently the radius of the water core and lattice plane distances. Finally, DQPE formed F
structures with a higher curvature compared to POPE, as expected. We propose a general protocol for constructing computatic
H, systems that correspond to the experimental systems. This protocol could be useg systeing ilomposed of molecules

other than the PE systems used here and to improve and validagddfpax@meters by using the target data in,theh&be.

] Estimated
: : Maximum hydrations
0-6 >

Hydration Level

INTRODUCTION level, temperature, lipid type, and mixing rafio.Exper-
imental studies on structural characterizations, oréd

The inverted hexagonal (Hphase is a nonlamellar " d 4 in th : h
mesophase formed by the self-assembly of amphiphiles (&/gta"y con ucted In the excess water regime, where two

lipids, peptides, and copolymers) dispersed in polar solve ases.coexist. ThE.St phase i§ the Hattice formed from
(e.g., water). The lipid tubules aled with water and ions lipid cylinderslled with a certain number of water molecules

and are arranged in a hexagonal gedriBigyre ). Given (referred as the maximum hydration) allowed. The excess

its special geometry, the phase has been of special interestVater forms thE_’ second phase, bulk water outside q_f the H
lattice. Estimation of the volume fraction of water in each

for its potential use in several applicatidriscluding drug/ , . . S )
gene delivery systéd and drug release mechanism phase IS not ea§|ly acNe’\feHlowgver, it is required to
etermine the internal dimensions of thg phase.

studies! ** For instance, cationic lipids used for transfectiorg _ o . -
were shown to adopt the Hhase structure upon mixing with xperimentally determining the full hydration level of lipids

anionic lipids, thereby disrupting the bilayer and allowing larg=

molecules such as RNA and DNA to enter'telfs. Received: March 3, 2020
Structural properties of the, idhase including the lattice Revised: May 17, 2020

plane distancel(,,), radius of the water corR,j, area per ~ Published:May 21, 2020

lipid (APL), deuterium order paramet8&), and shape of

the water core have been studied experiméntéligeveral

factors aect the H structure signcantly, including hydration
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parameters, including the maximum hydration at a given
temperature, predicted by this protocol and the experimental
values from primarily small-angle X-ray scattering (SAXS) and
deuterium NMR 3H NMR). We compare the properties of
POPE and DOPE Hphases. Inverted hexagonal systems
composed of DOPE and POPE have been extensively studied
experimentally, ?° and these data were used for both
validation of our protocol and comparing the structural
parameters with simulations.

METHODS

Sample Preparation. 1,2-Dioleoybknglycero-3-phospho-
ethanolamine (DOPE) for SAXS was obtained in powder from
Avanti Polar Lipids Inc. (Alabaster, AL). The DOPE was transferred
from the sealed glass ampule into a scintillation vial using 80/20 (v/v)
benzene/methanol. The lipid/solvent mixture was frozen in liquid
nitrogen for 10 min, and then the solvent was removed by
lyophilization over a period of about 12 h (until the weight had
stabilized). The result was a condensed, powdered lipid that could be
weighed for sample preparation. When not in use, lipids were stored
. . . . at 20 °C. To prepare the sample for SAXS analysis,[ 100
Figure l'l."P'd arrangement in the”I-phase. The Hphase ISa  gdeuterium deplgteg water (ddw)p(Sigma-AIdrich anada (Oakuville,
group of lipid cylinders arranged in a hexagonal geometrXiA the ON)) was added to 10 mg of dry, powdered DOPE. A series of
plane. Each lipid tubule is perpendicular to this plane ded isith reeze (in liquid iy thaw (room témperatureyortex cycles were
water and ions which are not shown for clarity. Lipids are radiallyo tormeq to ensure full hydration of the hexagonal phase. The
distributed on the cylinders surfaces with their headgroups pointig myje was carefully transferred into a disposable thin-walled quartz
toward the water cores. In simulations, asystem could be capillary tube (80 mm long, 1.5 mm (outer diameter), 0.01 mm
approximated by a single lipid tubule in the original simulation bo,icxness) which was then sealed with wax and analyzed immediately.
(shown in pink) and its periodic copies. The radius of water core rq; the2H NMR experiments, partially deuterated DOR&as
(Ry), lattice plane distance,f), and lattice spacing)(parameters  ,chased in chloroform from Avanti Polar Lipids Inc. (Alabaster,
are shown. The red and blue arrows point in the intesgxeaid AL). In DOPEd, g, the protons on the last four carbons of each chain
interstitial ) directions and represent tK¥plane. (carbons 1518) were replaced with deuterons. The DGFE-
chloroform mixture was transferred to a preweighed scintillation vial,
in the H, phase requires either measuring the lattice plan@nd the bulk of the solvent was evaporated by using a gentle
distances of multiple samples of varying hydrationlevels nitrogen gas. Any residual solvent was then removed under vacuum

measuring the intensities of theratition peaks and making over the course of 6 h (until the weight had stabilized). The resulting
an electron density reconstructon lipid Im was used in its entirety to preparéithdMR sample. The

E . tal h ft. limited in t f41 mg of DOPIHhg lipid was mixed with 70 of ddw, and a
Xperimental approaches are often limited In 1erms Qujag ofye freeze (in liquid ) thaw (room temperatureyortex

resolution. With respect to probing the structural features @{cles were performed. The hydrated lipid mixture was transferred
the H, phase, conducting experiments at low hydration level&o an NMR tube for analysis.

is quite challenging. The main challenge is to equilibrate thesmall-Angle X-ray Scattering (SAXS)A SAXSLAB Ganesha

amount of water in the experimental setup which deman@®0XL (Skoviunde, Denmark) setup with a Linkam variable

making assumptions on the water changebmetry and temperature sample stage was used to obtain the SAXS scattering

hydration level in the Hattice. It is also dicult to study the ~ curves. The Ganesha 300XL system has a Rua¢ source with a

e ect of several factors independently. For instance, dffvelength = 154 A. The sample-to-detector distance for the

increase in temperature results in a decrease in maximifkam stlage setup was Ca"bratl.eg u5|ggb3|lvgr beﬂenate (AgBeh), andd

hydration of H phase and, consequently, a decrease in th&e sample temperature was calibrated by using the pretransition an
ya IF ¢ 7 = ’ ain melting transition of both DPPC and DMPC multilamellar

lattice plane distante. Therefore, to what extent the \egjcles. At each temperature, two sets of data were collected: one

structure of an fisystem and its constituting molecules areafter 30 min and a second 60 min after the set point temperature was

a ected by the hydration level or temperature alonecsldi  reached. Each data collection run was 600 s. Both the initizland

to assess experimentally. runs were collected at the same temperature to monitor sample
Molecular dynamics simidats have been previously stability across the experiment. _

employed to study the structural and dynamical properties of The lattice plane distanakd) can be measured directly from the

the H, phasg' **and lamellar-to,Hphase transition process SAXS scattering curves via

as a function of hydration, temperature, and mixing*fatio. 2n
Additionally, computational studies of thekhse have been Ghex = a_
used to calculate the bending free energies, spontaneous peak @)

curvatures of lipid monolayers, and bending maGius. whereg,.4is the position of the peak in the scattering curveiand

Simulations have also been used to determinpivittal )

- . _jts order number. For,thhase peakgh, K = v+ hk K=1,
plane the plane at which the area per molecule at the glvef'?& 2 7.3, 12, .2 whereh andk are Miler indices.

curvature is the same as thebilayer for lipid molecule€ Deuterium NMR H NMR).2H NMR experiments on DORE;

In this paper, we develop a general protocol for th¢ere performed using an Oxford 300 MHz magnet with a
construction and simulation of, Hystems composed of frequency of 46.8 MHz and a TecMag Scout (TecMag, Inc.
amphiphilic molecules using a minimum amount of expe{Houston, TX)) spectrometer. The standard quadrupolar echo
imental data. We evaluate the agreement between structynalbe sequence was used, with two out-of-plfapal€s of 3.95
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s, an interpulse delay of 46, and a recycle delay of 2 s. To system witm, = 4 tends to deform from its cylindrical geometry and
eliminate artifacts, data were collected with eight-cycle CYCLOPSght not be stable in the, ldhase. For these conditions, therefore, a
phase cycling. Thés&€NMR experiments were performed at a serieslarger system composed of four lipid cylinders in a rectangtflar box
of temperatures ranging from 20 t6@@vhere DOPE is in the;H was simulated instead to allow any possible phase transition to happen
phase. Between eaclG temperature increment the sample was if energetically favorable.
allowed to equilibrate for 45 min. A total of 20000 scans provided a Molecular Dynamics Simulation. GROMACS version 2018'3
su cient signal-to-noise ratio in the resulting de-Paked spectra for theas used for all the simulations. The foelk parameters for the
order parameters to be determined. De-Pake-ing was performedrbglecules in the system were taken from CHARMM36 FF version
using the iterative method as described by Stern%‘f Smwothed  Nov.20162 and the standard TIP3P water modéiwas used for
order parameter pries for the CD bonds were obtained with the these simulations. Each energy-minimized systemstveasulated

method outlined by Laur et af* The order paramet&, can be in the NPT ensemble. An anisotropic pressure coupling was applied
calculated via the relationship to control the pressure in each direction independently by using the
Berendséli weak coupling algorithm. Next, the output structures
1So] = 4 h 6 (99 ) were used for the longer equilibration and production runs of either
3e2qQ Q 2) 300 or 500 ns time lengthBaple S). For the production runs, a

time step of 2 fs was employed, and atom coordinates were saved
where €qQ/h 167 kHz and v,(90°) is the quadrupolar  every 100 ps. The van der Waals interactions were swit@met o
splitting. The 4(90°) values for the 12 methylene deuterons from cut o at 0.8 and 1.2 nm by using a force-switch function. The short-
carbons 1517 were organized from largest to smallest and assignegnge electrostatic interactions were cat 4.2 nm, and PME*®
pairwise to theni andsn2 chains. was used for treatment of the long-range electrostatic interactions.
Electron Density Reconstruction and Water Core Radius  Lipid cylinders and solvent were coupled to the heat bath separately.
Estimation. Di raction data were used to build electron densityTemperature was controlled by using Nesever couplirfg*®
reg:%r;strgctlons by established techniques, as detailed in Harperwgth a time constant of 1.0 ps. Parrinélahman extended-
al-"""Briey, X-ray diraction patterns were radially integrated, andensemble pressure couffiigwith a time constant of 5.0 ps was
the peaks werdted to Gaussians. After the Lorentz and multiplicity used to control the pressure. For most of the simulations in this study,
corrections were applied to the peak intensities, the peak amplitudgs anisotropic pressure coupling was used, which requires six values
were extracted. To complete the electron density reconstructions, ¢ each compressibility and reference pressure for triclinic boxes. A
proper phasing or sign for each of the peak amplitudes must bgmpressibility of 4510 ° bar * and a reference pressure of 1.0 bar
obtained. FQI’ DOPE in excess Waltelr% it is well establlsh_ed that th@re used for all the diagonal componentsXXgY,Y, andZ2) of
proper phasing fs, , , +, +, +, *%7 As further commation,  compressibility and reference pressure matrices, respectively, whereas
this phasing has also been shown to be the corrgct phasing for simiiithe o -diagonal components (XY YX XZ/ ZX, andYZ ZY) in
lipids in the K phase, including POPEnd SOPE: The electron  these matrices were set to zero. This combination of pararesters
density can then be succinctly written as the box angles while still allowing the box sizes to scale in each
direction independently. Several systems were also simulated using
(1 = L FriCOS ) the S?mi-isrc])éropi_c couplin‘_ga@le S)_. Assur?ing t|t|1e “g% cylipders
are along th&-axis, a semi-isotropic coupling allowZ-tfieection
(K ©.0 ®) and XY—ng]ane to be scaled indepgndentf;/. Igerein again, alkthe o
where (1) is the electron density relative to the mean electrondiagonal components in both compressibility and pressure matrices
density as a function of position ., and Fy, are respectively the ~ Were set to zero, whereas a compressibility>ofl@.8 bar * and a
phase and amplitude for each set of Miller indices,aad the referenge pressure of 1.0 bar were used for the diagonal components.
reciprocal lattice vectors. LINCS' was employed to constrain all the bonds involving hydrogen
The electron density piles along the (1,0) and (1,1) directions as atoms. \/9|sua| Molecular Dynamics (VMD) was used for molecular
well as the 3-D electron density frdn the unit cell were then  graphics: _ _ _ o
reconstructed. It has been shown that the peak maxima fortuitouslyEach system was relaxed during the simulation to adjust its lipid
correspond to DOPE phosphate groups and location of the Luzafiylinder radius and length. Based on temperature, lipid typg, and
interfacé’ which is the boundary between lipid and water when theylPid cylinders were either stretched or shrunk along the cylinder axis
are modeled as separate, nonoverlapping components. Hence, 3Heng the equilibration step as a direct result of simulations. The
average radial distance of the peak maxima of the electron den§H)VtCtura| pgrameters (\1Ner'teh thenlcalculated_fron; t|h§Ste equilibrated
- - systems and compared with available experimental data.
reggﬁﬂ;ﬁggn ;v:tlsj; s?:?r:ts’ t?ﬁoweg;rg&fé%d#%dwes, gmx Simulation Analyses. Analyses were performed on the last 100
editconf and gmx genconf, were used to build a single lipid cylind@? of €ach simulation. Error bars were calculated by assuming 100 ps
for each lipid typ&. Each lipid tubule was composed of 360 lipid intervals.
molecules distributed on 15 rings (with a radius of ca. 2.5 nm). The Deuterium Order Paramete&p parameters were calculated
distance between the adjacent rings was 1.2 nm to prevent bagrording to
contacts in the initial structures. This lipid cylinder was oriented along -
the Z-direction. Next, the CHARMM-GUI Solvator motubeas ISeol = ‘ 3co$ S 1

h,k max

used to build a cylindrical water column with the same dimensions 2 4
and orientation. The atomic coordinates from these two systems were

subsequently merged to build a water channel covered by lipidghere is the angle between the @ bond in the methylene group
Water molecules were gradually deleted to create the system with &mel theZ-axis (i.e., the cylinder axis which is an axis of symmetry for
desired hydration level. The excess water in the experimental setlipisl reorientation in the Hphase). The angular brackets represent
was not modeled in simulations. Therefore, any water exchanie ensemble average. A script provided by Dr. Thoma®’Riggot
between the excess water and waters inside, tiettice was used to calculate tig, from simulations. This script is based on the
prohibited in simulations. A triclinic box was employed for theactual angle between the OC bond and theZ-axis. Because the
simulations and periodic boundary conditions (PBC) were applied ieylinder axis is aligned with thaxis, this angle will be the angle

all the three directions. A few lipid and water molecules were deletedtween the CD bond and the cylinder axis. Experimentall§:the

from several DOPE,Hystems due to bad contacts. This resulted inparameters are calculated from the quadrupolar splittings of the de-
slightly higher hydration for DOPE; Bystems than POPEzple Paked®H NMR spectrd®*! These de-Paked spectra correspond to
SJ. Each system was subsequently energy minimized by using the sample orientations in which the lipid symmetry axis is parallel to
steepest descent algorithm. Preliminary simulations suggested thttteaexternal magnetield. For the lamellar phaseis the angle
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between the CD bond vector and the bilayer normal which is 30 : : :
aligned with the magnetield after de-Pake-ing. For the pthase, LA ]
there is an additional lipid symmetry axis, the cylinder axis, which Br ]
oriented parallel to the magnetield direction after de-Pake- 0k -
ing?%°%2 Therefore, if the same formulasda 2and4 are going to P 1
be used for the Hphase, the anglewill represent the angle between 5 7]
the C D bond vector and the cylinder axis. ok : pimulation | _|
Structural Dimensions of HSystemsAssuming a cylindrical L | J | | | | | ‘I" — ]
geometry for the lipid tubules in thg Phase, lipids are often 1 1 1 | | 1 | 1 1 |
assumed to be distributed radially around the cylinder axis, and th 50 ®
long axis lies on a plane approximately perpendicular to the cylinc.,~ 451 B .
surfacé® This cylinder is covered By, lipid molecules andled < a0 -
with N, ze;water molecules. This molecular composition results ina 2 35— _
H) system withN,.f Nipigs Water per lipid inside the cylinder < ;L _
(referred to as,, in this study), a radius Bf, and a length @& along 55k i
the cylinder axis. Each lipid with the headgroup pointing toward tr - | | | | | | | | L
water core takes an average area per lipid, APL, at thedipid L1 ! | ! ! ‘ ! ' ' b
interface which is dirent from thepivotalarea per lipicf 5 C 7
By use of the X-ray @iraction technique, th&/otalrea per lipid —~ 20F ]
for DOPE (at 275 K) and POPE (at 348 K) is estimated to be ca°< 15k ]
0.65 nM**>* from which its square root@.806 nm) can be taken o f 1
as the approximate average length of the projection of a PE lipid or 10 N
the lipid cylindet® Given the average length of the simulation box in 5 =
theZ direction, Z , the number of lipids per slice of lerigth0.806 1 | | | | | | | | [
nm along the lipid cylinden was obtained by using 0L ll) ' ] ' ' ‘ ' ' ' .
(Nj4ia3(0.806) ~ oF ]
z ®) if,g ssk- -
whereNj,qsis the number of lipids forming the lipid cylinderZaisd = Z:_ N
the instantaneous length of lipid cylinder measured in nanomete w0k 1
The n%parameter measured from experimental data by Rand ai L | ! ! ! L J ! | I [
Fuller® will be used to comparBigure }. o 2 4 6 8 10 12 MK 16 B 20 22
The lattice plane distanak) for each system was calculated by .
using simulation box sizes in handY directions €q 9. n,, (water molecules per lipid)
(J3I12)X+ Y Figure 2.Structural parameters for DOP[Esystem as a function of
Chex = 5 (6) hydration. Data represent the aver&ggu(e A) number of PE

lipids per 0.806 nm slice along the cylinder Bidsy ¢ B) the area

This was done for each time frame, and the average was reporteghén lipid, Eigure £) the radius of the water core, aR@j(re D)

this study. The standard deviation of the mean was calculated frdhe lattice plane distance. Numbers orXtheis are the number of

this data and shown as the error bars in the correspogudiiag. water molecules inside the lipid cylinder per lipid. The maximum
For the rest of the structural parameters, the volume fractions bjdration for DOPE at 303 K is about, 6 Black circles and green

lipids (| = Viipiad Vi) @and waters (,=1 ) were required, with  diamonds represent data calculated from MD simulafien3(3

Viotal the total volume of the simulation box &g the volume K) and the experimental daff £ 295 K) taken from Rand and

occupied by the lipids. To calculatend , the following approach  Fuller*® respectively. Lines are linear (parts A, C, and D) or

was taken. First, a pure water system composed of 15000 wdtgyarithmic (part B)ts to each data set. Error bars are the standard

molecules was simulated at four temperatures (288, 303, 313, and @é8iation of means for simulation data, and their size is comparable

K), and the volume for a single water molecule at each temperatwth the symbol sizes. $égure For POPE and DOPE, tsystems

was calculated. From a lineathe volume at all temperatures of at 323 K.

interest was extracted. Given the total number of water molecules

inside the lipid cylinder, the volume taken by the water molecules ap| = (/3 R,\)/( d,,2 )

inside a cylinder was calculated. Thereiice between the total W X

volume and volume taken by the water molecules was tdfgn as

Based on these numbersand |, were calculated for each system

and used to calculaR®, and APL at the lipidvater interface as

follows. Assuming the water cores are cylindrical, the radius of

water cord, is given by’

®)

whereV, is the volume of a single lipid.

In both simulations and experimd®fsnd APL parameters were
tﬁ@lculated based on the geometrical assumption that the lipid tubules
are cylindrical in shape and have an approximate uniform circular
cross section along tfe direction'®*® The R, could also be

R = W 7 calculated directly from the DOPE phosphorus (P) atom locations

W w @) and be compared with the corresponding SAXS data. We calculated
wherea is the lattice spacing (spacing between adjacent cylinderd)is parameter for the DOPE HIl system at 303 K for comparison
(Figure Jand is equal to (2/ 3)dhe, In this calculation, the volume ~because the maximum hydration for DOPE at 303 K is abgut 16
per water molecule was assumed to be approximately the same @h@ matches a simulation in this studyigure S)L Considering
equal to the averaged value for bulk water at each temperatuifegt the lipid tubules in simulations are not perfectly cylindrical and
regardless of weather they were free or bound to thewtéd straight along the direction, the radius for 1 nm segments vgas
interface. The component volume analysis conducted on lipid bilayegculated, and the distribution of radii of these segments was used to
did not nd any statistically sigeant changes in the averaged water estimate th&,,.
volume as a function of water position along the lipid meribrane. Estimation of the Maximum Hydration in#?PhaseThe method

Finally, the APL at the lipigdvater interface (correspondingRjp used to estimate the maximum hydrations inside the lipid cylinders
was calculated fa was adapted from the experimental method described in Tate and
6671 https://dx.doi.org/10.1021/acs.langmuir.0c00600
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Gruner:® In our hybrid approach, the experimeftalalues in the 28 , I

presence of excess water were taken from Tate and“GRDEE) BE A -
and Rappolt et &l. (POPE), whereas the,, values for low ul ]
hydration levels were measured from MD simulations. The hydratic »l ]

level @,) at which d,., estimated from simulations meets the =" _
experimental,.,is reported as the maximum hydration leveltie r

1. F ® DOPE

B POPE
| | | | | |

Table 1. Maximum Number of Water Molecules per Lipid in

sl ]

DOPE and POPE [ Systems at Several Temperatures —~ ok B 1

DOPE POPE e .

. ]

T (K) 283 303 323 348 358 B d6r 1

44 - ]

experiment 18.0 16.2 14.9 16 17 4: L h

hybrid 19.7 16.6 15.1 16.8 16.2 “t | | | | | | 1
I I I [ I I

s C i

< . 1

RESULTS L |

H, Structural Parameters as a Function of Hydration. 15 —

Structural parameters calculated from simulations are
excellent agreement with experimental dagaré 2. In i ' ‘ ‘ ' ' ' 1
both simulations and experiments, there is a linear increase i )) §
Ohey Ry @ndn, parameters with hydration levéb(ire 3. For 2 o a
the APL, a logarithmic described the observed trend in =, (L ]
Figure B better according to thévalues for thetted lines. o el ]
APL increases as the hydration increase and reaches a pla

at approximately 8f) where the APL is estimated to be about

50 K. Among these four parameters, Rhavas the most 8 10 12 14 16 18 2
a ected by the hydration level. An increasemf(f#®m 2,

to 2M,) in the hydration level caused an increase of abot

400%, 75%, 100%, and 100%Rin thex N and APL, Figure 3.Structural parameters of DOPE and POP&yktems as a

respectively. function of h ; ;
ydration. Data represent the averaged 2) number
The R, values for DOPE Hsystems were also calculated ot pg |ipids per 0.806 nm slice along the cylinderragisie(B) the
from the electron density pkes reconstructed from SAXS garea per lipid,Higure €) the radius of the water core, aRdy(re

scattering curves. The electron densitylggrdor DOPE  3D) the lattice plane distance calculated from simulated DOPE and
system at 303 K are showrFigure S1The peaks in these POPE H systems. Numbers on texis are the number of water
pro les correspond to the phosphate groups of DOPE. Theolecules inside the lipid cylinder normalized per lipid. Black circles
radial distance of these peaks from the center of water core ané red squares represent data for DOPE and POPE, respectively.
19.91 and 20.22 A in (1,0) and (1,1) directions, respectivelsines are linear (parts A, C, and D) or logarithmic (partsBjo
The average, 20.07 A, was taken as the aRerfigethis egch df'ita sets. Error bgrs are the standard deymnon of means for

. simulation data, and their size is comparable with the symbol sizes.
system at this temperature. Data correspond to the temperature of 323 K for both DOPE and

The R, for the corresponding system was also calculat PEH s P P
- . - ; - L | systems.
from MD simulations via calculating the probability distribu-
tion of DOPE P atoms with respect to the lipid cylinder axis.
System with 16, at 303 K was chosen for this analydike
distribution reaches its maximum around 20.01 A, in an The overall trends for all the structural properties are similar
excellent agreement with the experim@ptallue of ( 20 A) for both DOPE and POPE. POPE $ystems have a slightly
determined from both electron density lg® and calcu- highern., R,, andd,., but lower APL than DOPE at each
lations based on geometrical assumptieigsiré £ and hydration level. POPE,Bystems contain approximately one
Figure S|L more lipid per slice than DOPE for low hydration levels. As the
Structural Di erences between DOPE and POPE;H hydration level increases, thigdince increases from one to

Systems.DOPE has a lower bilayer t§ phase transition two molecules.
temperature than POPE? which is due to structural E ect of Hydration Level on Shape of Lipid
di erences between the two lipid types. While DOPE haBylinders. Figure 4shows snapshots from DOPESistems
two oleoyl chains, POPE has one oleoyl and one palmitowith ca. &, (A, B), 10, (C, D), and 1@, (E, F) simulated at
chain. Therefore, at a given temperature {e®.323 K), 303 K. Among the low hydration systems (i.e., upni 16
DOPE is expected to form ktructures with higher curvature studied, systems witim,4deviated most from a cylindrical
and smalleR, compared to POPE. To see whether or notgeometry and were highly curved/undulated along the cylinder
these structural dirences and expectations in thephse  axis. In addition, the water cores in these systems had a
can be reproduced by MD simulations and the protocol usedkctangular strip shape rather than a cylindrical geometry.
simulations for DOPE and POPE ¢ystems were compared Nevertheless, the water channels maintained their hexagonal
at 323 K Figure 3. packing in the systenfifure 4). As the hydration level

n

7

n_ (water molecules per lipid)
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Figure 4.E ect of hydration level on lipid tubules shape in DOP&y$tems. Snapshots are shown corresponding to the last frame of each
simulation for DOPE Hsystems with derent hydration levels at 303 K in bothXieplane Figure 4left) and along th&-direction Figure 4

right). Systems with cay4A, B), 1(, (C, D), and 16, (E, F) are shown. Yellow and red spheres represent the DOPE phosphorus atoms and

the methyl group carbon atoms in acyl chains, respectively. Orange lines represent the lipid acyl chains, and water is shown as the cyan surface
blue box is the simulation box containing four lipid cylinders in a rectangular box for the sysjemdiatiedipid cylinder in a triclinic box for

systems with H) and 1®,,. The red spheres are not shown in the right column for clarity.

increased, both the deviations from a cylindrical geometry ataino plateau area and decreases almost linearly along the acyl
the undulations along the cylinder axis decreased. chain toward the methyl terminus. T8ig pattern is a

Spas a Function of Hydration and Temperature. The distinctive characteristic of thg phase. In lipid bilayers, the
Sp values for the last carbon atoms (carbon atom numbers §hoothedsp, pro le has a clear plateau at the beginning and
15 17) of DOPE irsnd andsn2 chains were obtained from sjowly decreases with carbon nurtfb&he computational
H NMR at 303 K Figure 3). The same parameters were g is always higher than experimental values, and the
calculated from MD simulations of the DOPE system witlyi erence between the two data sets is highest for the middle
i% at the samg tfemperature_for c%mparlsonihSystem_s WiRgment ofnd. Overall, the computatiorly for both

were used for comparison because the maximu - -

hydration for DOPE lipids at 303 K (and for POPE at 348?0?;;0?%%;;5;rﬁéﬁta'lnva?feosd agreement with the
K) has been experimentally estimated to be 0a."16 We further investigated and éompared thecteof
Simulations and experiments agree on the general treHd

: N dration onS& in sn2 chain of DOPE and POPE, H
observed in th&, pro les. Thesni chain is found to be y o :
more disordered tham2, andS;p decreases along the acyl systems at 323 Kigure &,B). In DOPE systems, a change of

chains from carbon number 15 to 17. How&gryalues =~ M from 4 to 10 increased tg, signicantly Eigure &),

from simulations are higher than experimental dat.@y. and the segment containing the unsaturated bond was the least
The &, results fosnd of POPE I system with 1§, at a ected segment upon hydration. iphigher than 10, the

348 K were also calculated from simulations, sorted faydration level had little to noeet on&, of DOPE and

descending order, and compared with experimental da$OPE, although dehydration tends to decreasgghEor

from Laeur et af’ (Figure B). In both simulations and example, in both DOPE and POPE, systems wij{tn@9the

experiments, & pro le for POPE palmitoyl chain has little highesiSp values.

6673 https://dx.doi.org/10.1021/acs.langmuir.0c00600
Langmuir2020, 36, 66686680


https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00600?ref=pdf

Langmuir pubs.acs.org/Langmuir

corresponding experimental data. For the lower temperature of
283 K, the hybrid model gave higher hydration than
experiment. Although no simulation was conducted at 295
K, interpolation of simulation data suggests that the maximum
hydration of DOPE [Hsystems at 295 K should be between
19.7 (for 283 K) and 16.6 (303 K). This agrees with the
reported values of 18, ¥81, and 19 for DOPE at 295
K.'3995% Finally, in both simulations and experiments, an
increase in the temperature resulted in lower maximum
hydration Table ), as expected.

For POPE Figure B andTable ), the experimental,.,
values in the excess water regime are taken from Rappolt et
al’® As for DOPE, the maximum hydration levels estimated
computationally are in a good agreement with experimental
values. In experiments, increasing temperature from 348 to 358
K increased the maximum hydration hy However, in
simulations, the same increase in temperature caused a slight
decrease in maximuipfrom 16.8 to 16.2, which is more in
line with experimental expectations upon rising the temper-
ature'®

Table 1compares the maximum hydration of DOPE and
POPE H systems at 348 K. At 348 K, POPE ha&n,
(experimerﬁg) or 16.8,, (simulation). The maximum
hydration for DOPE Hsystems at 348 K is not known but
can be extrapolated to be less tham,]5cbnsistent with
DOPE H; structures with higher curvature and thus siRgller
andn, compared to POPE.

Temperature E ect on DOPE K Lattice Plane
Distance and Maximum Hydration. Lattice plane distances
for DOPE H systems with dérent hydration levelg,(= 10,

14, 16, and 20) were calculated for three temperatures (
283, 303, and 323 K) from simulations and are shown in
Figure 5.Computational vs experimesig for DOPE and POPE in  Figure &ogether with SAXS data and data from Harpet'et al.
H, phase. (AR for the last carbon atoms in both DGE and Experimentally, the 42 K increase in temperature from 281 to
sn2 acyl chains calculated from system with) 46303 K and 323 K resulted in an8 A decrease id, (Figure 3. In
compared with data measured udh§IMR technique at 303 K.  simulations, for axed hydration level increasing temperature
(B) &p for POPEsn4 chain calculated from system with), 26348 has little eect ond,., However, increasing hydration levels at
K, sorted deiscendlng, and compared with the experimental data fr%”@iven temperature increakgs
La eur et al’ conducted aT = 348 K. FromFigure 8we can estimate the hydration leyes a
function of temperature in excess water by combining the
The e ects of temperature &g in sn2 chain of DOPE ~ experimentat,., measurements with simulations aerent
and POPE were also studied from simulatiogsré €,D). hydration levels. The experimental data intersect the
The results for three temperatures for each lipid type (28§imulations af, = 16 at 303 K. This agrees with @g.2
303, and 323 K for DOPE and 323, 348, and 358 K for POPEfPOrted by Tate and GrufigfTable ). By extrapolating to
are shown for comparison. Increasing the temperature induc@fier temperatures, the experimental data intersect simulations
disorder in both DOPE and POPE systems. Finalftfoe atn, = 14 at 333 K, whereas interpolating to other hydration
sn2 is similar for DOPE (shown in green) and POPE (showr€Vels suggests timgtis 15 at 323 K.
in black) at 323 K, although the terminal segment (i.e., carbon
numbers 1217) of POPE is more ordered than DOPE. This DISCUSSION
may be due to an increase in van der Waals interactions of theMD Predicts the H, Structural Parameters as a
sn2 chain with a fully saturated and more ordered palmitoyfunction of Hydration. Rand and Full&t used X-ray
chain in POPE than with the unsaturated oleoyl chain idi raction to study the structural dimensions of DOPE
DOPE®? dispersions in H phase as a function of hydration.
Maximum Hydration Levels in H;, Phase.The hybrid Dehydration was shown to reducedfg R,, and APL and
model described in théethodssection was used to estimate to cause the formation of longer lipid cylinders with fewer lipid
the maximum hydration for simulatedsistemsKigure 7. molecules per nanometer slice along the cylind&t Bixés.
The estimated values are reported and compared with tlsame parameters calculated from MD simulations using both
experimentally measured vafliasTable 1 Assuming a 0.5 A anisotropic and semi-isotropic pressure coupling were in
uncertainty in experimentdl., measurements,the un- excellent agreement with experimental &éagaré 2Figure
certainty in maximum hydration calculated by using th&1 and Figure SR These structural parameters were
current hybrid approach is ca. 0.3 water molecules per lipiccalculated by using the formulas and geometrical assumptions
For DOPE Figure A andTable ), the predicted values for described in Rand and Fulféfhe R, calculated from DOPE
T = 303 and 323 K are in good agreement with theP atom locations in MD simulations was also consistent with
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Figure 6.E ect of hydration and temperatureSgg in H,, phase. Th&, calculated from simulations of DOPE (left) and POPE (right) H
systems. (A, B}, for DOPE and POP#&n2 acyl chains calculated from simulations withedit levels of hydrations at 323 K. (CSE)for
DOPE and POPER2 acyl chains calculated from simulations withat@hree dierent temperatures.

the R, measured from reconstructed electron densitie pro and Mark? thed,.,values for DOPE bystems predicted by
(Figure SIL In both MD simulations and experiments, the simulations were larger than experimental values by ca. 10%.
APL reaches a plateau at high6n,) hydrations, while the  This increase was originated from using coarser models and
R, continues to increase lineafyg(re ¥. This observed consequently an increase in the length of DOPE acyl chains.
increased in th®, is associated with an increase in the H, Water Channels Are Not Straight and Cylindrical
number of lipids per cylinder slicg.( at Low Hydrations. The assumption of circular cross section
S in simulations were consistent but slightly higher thafor the water core might not be necessarily true for all
2H NMR data Figure A,B). This dierence might be either hydration levels. Systems with hydration levels corresponding
because of the slight eiences in the hydration level and to the d,,of 65 A and higher are known to deviate from
actual temperature in two setups, using C36 FF in GROMAGSrcularity signcantly;*** whereas for systems with lower
packag&®® or imperfect FF parameters for DOPE simulationhydration levels the water core was circular within B°of
in H, phase. However, DOPE parameters in C36 FF havEhe systems studied in i€&fwere all in the presence of excess
been shown to be transferable to the simulation,of Hwater, and changes in the hydration were due to the changes in
system$’ It may also be a result of the algorithm used totemperature and lipid shapes. Therefore, these experimental
calculate th&.p (see theMethodssection). This algorithm ndings might not be applicable to very low hydration levels
works upon the assumption that the water cores are straightch as @, simulated at a given temperature and in the
and cylindrical in geometry. Therefore, lipid cylinder@bsence of excess water.
undulations along the cylinder axis and deviation of the The water core inng systems deviated from circularity and
water core from a cylindrical geometry in computationdtad a rectangular strip shapigre A,B). However, coarse-
systems could cause sucleminces irg values between grained simulations using the MARTINI model suggested that
simulations and experiments. However, systems wjth 16this system had a circular water Toféis discrepancy with
were almost cylindrical and straight in shiapere £&,F). the coarse-grained simulation might be due to the coarser
At a given temperature, DOPE was shown to foqrm Hmodels for DOPE and water molecules @reint number of
systems with higher curvature than POREtI(e 3. Because  water channels simulated in two studies. It might also be due
of the two oleoyl acyl chains in DOPE, the lipid tails splajo using the fully anisotropic pressure coupling in the study by
apart more than they do in POPE. This makes DOPE leddarrink and Mark} which allowed the simulation box to
ordered and more cone-shaped which supppdtudtures  deform. In our simulations, although an anisotropic pressure
with higher curvatures than POPE. coupling was employed, the box shape xeasduring the
Altogether, these results validate the methods used simulation course while the box sizes could vary. Other factors,
simulate kK systems and to calculate $ggfrom simulations  including the I construction method, the equilibration
in H, phase. The all-atom nature of the simulations in thiprocedure, and dirent simulation time scales used in two
study could be one of the reasons for the excellent agreemstudies, might also explain for such ereince in water core
between simulations and experiments. In a study by Marriskapes. Regardless of water core shapdthed other

6675 https://dx.doi.org/10.1021/acs.langmuir.0c00600
Langmuir2020, 36, 66686680


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00600/suppl_file/la0c00600_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00600?ref=pdf

Langmuir pubs.acs.org/Langmuir

structural properties of system wit)) #bllowed the overall
trend observed for higher hydratidrgfre }.

H, structures were also shown to be curved/undulated
along the cylinder axisigure 3, which is consistent with the
experimental nding that kK cylinders are not perfectly
straight®®* The level of curvature/undulation was further a
function of hydration level. Systems with lower hydration
experienced higher levels of undulations. This might be
because of the change in mechanical properties and bending
modulus of lipid tubules as a function of hydration level.
Alternatively, it could be because of the larger size of the
equilibrated systems with lower hydrations along the cylinder
axis. Undulations have been previously reported for lipid
bilayer$® and could be suppressed by using small simulation
boxe§®

Both Dehydration and Raising Temperature Reduces
Sp in Hy. Increasing temperature is known to decrease the
acyl chain order in both lipid bilayét8and H, phases-®°
In H,, experiments, increasing temperature is associated with a
decrease in the number of water molecules inside the lipid
cylinderS’ (Table ). Thus, the observed decreas&in
pro les™®? in the H, phase is indeed a sum of tweats:
temperature and dehydration. Ea@ttewas investigated by
simulations independently. Increasing temperature had similar
e ects to dehydration on tisgp pro les in H, phase; both
resulted in small& (Figure §. The reduction o0& by an
increase in temperature was expected due to the entropic
e ects)’ but the decrease §fp, with dehydration was not.

Experimentally, it has been observed that the H
dehydration decreases the average length of DOPE lipid
hydrocarbons in both interstitial and interaxial directions

) o ) o (Figure ).*® These shorter hydrocarbon lengths might mean
Figure 7 Estimation of maximum hydration ip$ystems at several = that the lipid tails are more splayed in lower hydration levels or
temperatures. Lattice plane distahgeas a function of hydration are tilted more toward the regions formed by three
level for (A) DOPE and (B) POPE. Lines are lin¢arto the. Peeighboring lipid cylindefs’° This observed shortening in

calculated from simulations. Dotted lines represent the sing id hvd b hai lain the ob dd .
experimental measurementsdgf in excess water by Tate and Ipid hydrocarbon chains can explain the observed decrease in

Grunel® (for DOPE) and Rappolt et Hl.(for POPE) at each ~ Scp Upon dehydration, or vice versa. In bilayers, also, such a
temperature. The intersection with the simulated values gives tRerrelation between the bilayer hydrophobic thickneSs,and
maximum hydration levels in the presence of excess water. pro les exists. Lipid tails with smalle®. are less ordered
and are more splayed, which results in a shorter length for the
projection of acyl chains along the bilayer normal, and
consequently reduced hydrophobic thickness.

Temperature A ects the Maximum Hydration and
Lattice Plane Distances in H. Increasing temperature
caused a decrease in the maximum hydration phase
which consequently reduced dhg (Figure 7Figure 8and
Table ). An increase in temperatureects the eective
molecular shapes and consequently decreases the lipid
monolayer spontaneous radius of curvat®gs®(In the
presence of excess waterRf}is neaR, so that the system is
in its minimum free energy state. Therefgresyistems with
smallelR, and fewer water molecules inside the lipid cylinder
are more energetically favorable systems at higher temper-
atures. Th&®, andd,,are also directly correlatédgure 2,
meaning that a decrease Ry decreases)., as well.
Furthermore, temperature has littlece ( 1 A for an 80 K
increase in temperature) on the hydrophobic length of DOPE
tails in H, phase? These suggest that the change in maximum

Figure 8.Lattice plane distance as a function of temperature fot1ydrati0n is the main factor contributing t_o theliﬁlx})erimenta”y
DOPE H, systems. Lattice plane distances for DQR§stems asa ~ 0Pserved temperature-dependent reductiais,

function of temperature for drent hydration levels (MD Protocol for Construction of Equivalent H; Systems

simulations) and in excess water. Experimental uncertaidfigs in t0 Experiments. The hybrid protocol Kigure Y used to

measurements are ca. 03 A, estimate the maximum hydration and to construct molecular
6676 https://dx.doi.org/10.1021/acs.langmuir.0c00600

Langmuir2020, 36, 66686680


https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00600?fig=fig8&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00600?ref=pdf

Langmuir pubs.acs.org/Langmuir

systems equivalent to experiments should be applicabletémget data such &p are available, an iterative approach
other amphiphilic molecules, e.g., polymers, in,tippdde.  could be used to improve and validate the FF parameters
However, the forceeld parameters are critical for obtaining (Figure 9. Brie y, the initially assigned FF parameters (set 1)
correct structural parameters. Imprecise parameters cowdl be used to simulate two hydration levels (e.g.pwith
result in inaccurate APW,., and maximum hydrations. 10 and 22) and to estimate the maximum hydration level (e.g.,
Moreover, a minimum of two hydration levels need to b&n,) (Figure @) Next, the K system with (), is simulated,
simulated. and Sp parameters are calculated and compared with the
This protocol could also be used for parametrizing newarget S data Eigure 8).This provides insights for
molecules, e.g., synthetic lipids, by using the target data in thproving the FF parameters and results in parameter set 2.
H, phase Figure 9. Validation of FF parameters usually The new parameter set is then used to simulate the game H
systems and make new estimation for the maximum hydration
(e.g., 18,). As we iterate through this process, the
computationaf-p data are expected to approach the target
data. This method may require several iterations for estimated
n, or the Sy values to converge.

CONCLUSIONS

MD simulations of DOPE and POPE phase successfully
reproduced,., R, APL,Sp, andn, for the H, phase at

di erent hydration levels, including low hydration levels where
conducting experiments is usually challenging. Dehydration
results in longer lipid cylinders with sm&|eAPL,n,, and

S Lipid tubules in [Hphase were shown to undulate along
the cylinder axis, which was further shown to be a function of
hydration level. We obtained reasonable estimates of the
maximum hydration for PE, Ktructures at several temper-
atures using only a single experimeitalialue measured
from a single sample in the excess water regime. Increasing the
temperature decreased the maximum hydratignsiystéms,
accounting for the experimentally observed temperature-
dependent reductions dig., The POPE Kl systems studied
followed the same trends as DOPE, although DOPE formed
H,, structures with a higher curvature than POPE. We propose
a general hybrid protocol for constructing $ystems
equivalent to the experimentgl $ystems and for molecular
parametrization using the target data,irphse using MD
simulations’H NMR, and SAXS experiments.
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