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ABSTRACT

Previous work in our group focused on the development and refinement of po-
larizable charge equilibration (CHEQ) force fields for use in molecular dynamics (MD)
simulations of phospholipid bilayers. We present results to further validate these force
fields by extending to simulations of a model DPPC-water monolayer. Several physical
and electrostatic properties have been calculated for comparison with previously re-
ported experimental and computational studies including component density profiles,
deuterium order parameters, surface pressure and tension, and the monolayer-water
potential difference relative to a pure water-air interface. Having validated the CHEQ
force field for use with both lipid bilayer and monolayer systems, as well as having
identified areas where improvement is needed, we apply an intermediate, revised ver-
sion of the force field to study the energetics of an arginine side-chain analog, methyl
guanidinium, as it crosses a DPPC lipid bilayer. Combining umbrella sampling MD
simulations with the Weighted Histogram Analysis Method (WHAM) for unbiasing
probabilities, we compute a potential of mean force (PMF) for the reversible trans-
fer of methyl guanidinium from bulk solution to bilayer center. Decomposition of the
PMF in component contributions allows us to investigate the role of lipid and solvent to
the energetics of permeation. Finally, through a series of simulations in which water is
first prevented from entering the bilayer center where methyl guanidinium is restrained
and then, after equilibration, allowed to enter the bilayer, we find that water perme-
ation into the bilayer is required for the deformation of individual lipid molecules and

permeation of ions into the membrane.

1l



TABLE OF CONTENTS

ABSTRACT . . .
LIST OF TABLES . . . . . . . . . .
LIST OF FIGURES . . . . . . . . . . ..

Chapter
1 INTRODUCTION . . . . . . . e

1.1 Background . . . . .. .. ..
1.2 Charge Equilibration Model . . . . . . . ... ... ... ... ....

2 MOLECULAR DYNAMICS SIMULATION OF HYDRATED
DPPC MONOLAYERS USING CHARGE EQUILIBRATION
FORCE FIELDS . . . . . ... . o

2.1 Simulation Protocol . . . . . . . . . ...,
2.2 Results and Discussion . . . . . . . . . .o

2.2.1 Atomic and Electron Density Profiles . . . . . . . ... .. ..
2.2.2  Lipid Orientation and Ordering . . . . . ... ... ... ...
2.2.3 Dielectric Permittivity and Water Dipole Moment Variation

2.2.4  Surface Tension and Pressure . . . . ... ... ... .. ....
2.2.5  Monolayer Dipole Potential . . . . . ... ... ... .. ...

3 FREE ENERGETICS AND THE ROLE OF WATER IN THE
PERMEATION OF METHYL GUANIDINIUM ACROSS THE
BILAYER-WATER INTERFACE . . . .. ... ... ... ......
3.1 Simulation Setup . . . . . ... o

3.1.1 Methyl Guanidinium Hydration Free Energy via
Thermodynamic Integration . . . . . ... .. .. ... ... ..

v

10

10
11

11
17
20

25
26

36

37

39



3.2

3.1.2 Potential of Mean Force . . . .. ... ..
Results and Discussion . . . . . . . . . . . . ...

3.2.1 Hydration Free Energies . . . . . .. ...
322 Salt PMF . . ... ... ... ... ...
3.23 NoSalt PMF . ... ... .........
3.2.4 Water Excluded PMF . . ... ... ...
3.2.5  Water Contribution to Total PMFs . . . .

3.2.5.1 Asymmetric Water Solvation . .
3.2.5.2  Position Dependent Forces . . . .

3.2.5.3 Density and Density-Weighted Force Differences

between Salt and No Salt Systems

3.2.6  Core Lipid and Water Contributions . . .
3.2.7  Water Defect Mediated Lipid Deformation

4 CONCLUSION . . .. ... ... . ...

BIBLIOGRAPHY . . . .. .. ... .. ... .....

Appendix

Lipid Force Field Reparameterization . . . . . . .
Unrestrained Methyl Guanidinium . . . . . . ..
Lipid Structure . . . . . . ... .. ... ... ..
Chloride Ion Position and Forces . . . . .. ...
Asymmetric Water Solvation: Forces and Densities

42

44

44
45
47
50
o1

51
o4

o7

61
64

69

73

88
89

89
93
93
96
96



2.1

2.2

3.1

LIST OF TABLES

Component and total interfacial potential values (in Volts) of
monolayer-water and water-air systems, including results reported for
nonpolarizable (CHARMM2T7), polarizable Drude oscillator, and
polarizable CHEQ force field. Results obtained using the CHEQ force
field with TIP3P charge substitution are also shown. . . . .. . ..

Parameters from altering dipole moment variation and influence on
AV. Potentials in Volts, dipole moments in Debye. Drude scaling
from 2.05-2.45 (monolayer-water) and 1.95-2.45 (water-air) as in
Harder et al[47] . . . . . . . . ... oo

Hydrogen bond distances and interaction energies between methyl
guanidinium and lipid head group analog molecules dimethyl
phosphate (DMP) and tetramethyl ammonium (TMA), water, and
chloride calculated using the CHARMM CHEQ force field (FF).
Quantum mechanical (M) interaction energies were calculated at
the MP2/aug-cc-pvtz level of theory using counterpoise correction.
All QM calculations were carried out using the Gaussian 03
package[41]. The H-Bond type indicates the specific atoms involved
to differentiate between methyl guanidinium hydrogens belonging to
NH;3, NH, and CH3 groups. The range in values given for the
mguan/TMA FF interaction energy represent the variation in the
interactions found given distance separations (measured between the
central carbon of mguanH™ and the central nitrogen of TMA) from
5.7 to 22.7 A between the two like-charged species while the QM
interaction is for an analogous structure with a separation of 6.1 A.
The three values given for the interaction energies between mguanH™
and both water and chloride represent three unique and stable
geometries around methyl guanidinium. . . . . ... ... ... ..

vi

29

33



B.1

Non-bonded (Lennard-Jones) parameters, geometric separation, and

interaction energy between lipid head group analogs DMP and TMA.

Rp_n denotes the geometric separation between the two molecules
measured as the distance between the phosphorus of DMP and the
nitrogen of TMA. The first generation CHEQ force field parameters
and interaction energy are labeled as FQ.. . . . . . . ... ... ..

vii



2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

LIST OF FIGURES

Coordinate snapshot of the monolayer-water system, generated using
Visual Molecular Dynamics[56], with the z-axis normal to the surface
of the monolayers. Oxygens are shown in red, hydrogens in white,
carbons in light blue, nitrogens in dark blue, and phosphorus in

Heavy atom number density profiles for selected components (water
oxygens, aliphatic lipid tail group carbons, lipid ester oxygens, lipid
head group nitrogen and phosphorus) as a function of distance along
the monolayer normal. . . . . . . . ... ... L.

Free volume profile as a function of distance along the monolayer
normal. . ...

Total and component electron density profiles. Components were
grouped for comparison with the fitting models of Kucerka et al[70]

Distribution of the angle between the PN dipole vector and the
monolayer normal. . . . . .. ..o L

Distribution of the angles between sn-1 and sn-2 carbonyl vectors
and the monolayer normal. . . . . . . . .. ... o000

Magnitude of the deuterium order parameters for sn-1 and sn-2 tail
groups as a function of position along the hydrocarbon chain. The
experimental order parameters for the sn-2 tail group are shown for
comparison[34]. The stereoscopically different carbons at carbon
number 2 are shown with the 2S value denoted as an x. . . . . . . .

Profiles of the parallel component of the dielectric permittivity as a
function of distance along the monolayer normal. Profiles are given
for water (top), DPPC, and the total system (bottom). The lipid tail
region is shown in greater detail due to scale (inset) with an average
value of 1.3, shown as a dotted line, calculated from z = 30 to 40. .

viil

11

13

15

16

17

19

21



2.9

2.10

2.11

2.12

3.1

3.2

Average molecular dipole moment profile of water as a function of
distance along the monolayer normal, from the center of the water

layer (bulk phase) through the lipid monolayer and into the vacuum
region (gas phase). Dashed line denotes the constant dipole moment

of the TIP3P water model while the dotted line denotes the

experimental dipole moment of water in the gas phase. . . . . . .. 24

Interfacial potential profiles of the total system and of selected
components as a function of distance along the monolayer normal.
The potential in the vacuum region is referenced to a value of 0 V. 28

Comparison of the quadrupole (top) and dipole (bottom)

contributions to the interfacial potential of water as a function of

distance along the interface normal for both the monolayer-water and
water-air systems. . . . . . ... 31

Orientation of water at the monolayer-water and water-air interfaces.

The average orientation of water (top) and the average orientation

scaled by the z-dependent density relative to bulk density of water
(bottom). Dotted horizontal line denoting (cos#) = 0 is included as a
visual guide. . . . . ... 35

Decomposition of the potential of mean force for the Salt, No Salt,

and Water Excluded systems. (a, d, g) The PMFs calculated via

umbrella sampling with WHAM analysis as well as through

integration of forces. The integrated force profiles have been offset by

-5 A for clarity. (b, e, h) Decomposition of the total PMF into solvent
(red, dashed curves) and lipid contributions (solid, black curves). (c,

f, i) Decomposition of the solvent contributions into constituent water
(solid, blue curves), chloride ion (red, dashed curves), and potassium

ion (black, dotted curves) contributions. Dotted lines at 0 were added

to clarify positive and negative PMF contributions. . . . . . . . .. 46

Number of coordinating lipid phosphate (black) and water (red)

molecules surrounding methyl guanidinium (within 5 A of the

mguanH™ center of mass) at the center of the lipid membrane as a
function of simulation time (top) and as a distribution over all data
(bottom) for the Salt system. The number of coordinating water
molecules (top, red profile) has been offset by 4 for clarity with the

dashed red line indicating zero. . . . . . . . ... ... 48

X



3.3

3.4

3.5

3.6

Comparison of the water contributions to the total PMF profiles of
the Salt, No Salt, and Water Excluded systems. Number density
profiles for select lipid and salt atoms, taken from the Salt system in
which methyl guanidinium is in the bulk (z = -35 A), are shown to
give a sense of the lipid environment. Vertical dotted lines were
added to distance values of -30, -27.5, and -25 A to guide the reader
during the discussion in the main text. . . . . . . . ... ... ...

Example of the density weighting of force from water molecules on
methyl guanidinium for the Salt system. a), d), and g) Magnitude
and direction of the z-component of the force of water molecules
(within 10 A) acting on methyl guanidinium for mguanH*-lipid
center of mass separations of -35, -27.5, and 0 A, respectively.
Positive force values, directed in the positive z-direction, serve to
stabilize methyl guanidinium in the membrane while negative force
values, directed in the negative z-direction, are destabilizing. White
space indicates areas in which no water molecules were sampled. b),
e), and h) Density of water molecules within 10 A of methyl
guanidinium with each position relative to the total number of water
molecules sampled within the 10 A cutoff. ¢), f) and i) Force of water
molecules weighted by the relative water densities. The lack of
sampling for the window in the bulk (panels a, b, and ¢) past
approximately -7 A is due to the fact that this position corresponds
to the edge of the central simulation cell. . . . . . . . ... .. ...

Difference in the water densities between the No Salt and Salt
systems for mguan™-lipid center of mass separations a) -35, b) 30, c)
-27.5,d) -25, and e) 0 A. Positive values indicate that there is an
increased density of water in the No Salt system at that position
around methyl guanidinium relative to the Salt system while negative
values indicate a decreased density in the No Salt system relative to
the Salt system. Black circles have added to b) to draw attention to
areas in the data discussed in the main text. . . . . . . . . .. ...

Difference in the density weighted forces between the No Salt and
Salt systems for mguan-membrane center of mass separations a) -35,
b) 30, ¢) -27.5,d) -25,and e) O A. . . . . ... ...

52

55

58



3.7

3.8

3.9

Al

Decomposition of the potential of mean force into “core” lipid and

water contributions for the Salt (black, solid curve), No Salt (red,

dashed curve), and Water Excluded (blue, dotted curve) systems.

Water or lipid molecules are defined as being in the membrane “core”

if the water oxygen or lipid phosphorus has a |z|-position < 13 A.

Scaled number density profiles for select lipid and salt atoms, taken

from the Salt system in which methyl guanidinium is in the bulk (z =
-35), are included to give a sense of the lipid environment, similar to

those in Figure 3.3. . . . . . . . . ... 63

(Top) Heavy atom number density profiles for selected components
(water oxygen, lipid head group phosphorus and nitrogen, lipid
carbonyl oxygen, and aliphatic lipid tail carbon) of the systems with
a water constraint. The membrane-centered methyl guanidinium
(with unperturbed lipid) profiles are shown as solid curves while the
profiles for the system with methyl guanidinium located in bulk water
(z = -35 A) are shown as dotted curves. The black dashed line
represents the center of the bilayer (z = 0 A). (Bottom) Distribution
of the head group orientation measured as the angle between the PN
dipole vector and the bilayer normal (z-axis) for membrane centered
(red curve) and bulk (black, dotted curve) mguanH*. . . . . . . .. 65

Distance profiles of chloride and lipid phosphate atoms closest to
methyl guanidinium for four replicate systems in which mguanH™ is
at the center of an initially unperturbed bilayer in which the water
constraint has been removed at the beginning of the simulation (time
= 0 ns). Profiles are measured as the distance from the mguanH"
center of mass to the chloride and phosphorus atoms. Histograms of
the number of associating species are shown below the graphs to
indicate when a chloride (black) or lipid phosphorus (red) atom is
within 5 A of the mguanH* center of mass. Chloride distance profiles
and histograms have been offset by 30 A for clarity. Replicate (2)
shows two chloride atoms (the second of which is shown in brown)
which are able to move toward the center of the bilayer and associate
with mguanH™ at different times during the simulation. . . . . . . . 68

Experimentally determined surface potential shifts for various
phosphacholine lipid monolayer systems at the argon-water interface,

as reported by Smaby and Brockman [Smaby, J. M.; Brockman, H. L.
Biophys. J. 1990, 58, 195 - 204.] The lipidic system number

designation corresponds to the row in which the lipid is presented in

Table 1 of Smaby and Brockman with the experimentally comparable
DPPC system explicitly labeled. . . . . . . . . ... ... ... ... 88

x1



B.1

B.2

B.3

B4

B.5

B.6

B.7

Area per lipid as a function of simulation time for different parameter
set modifications as well as the unmodified first generation (FQ) force
field. The profiles are offset by 5 A2 for clarity with the horizontal
dashed lines corresponding to the experimental area per lipid value of
63 A2[69]. . . . ...

Dihedral profiles based on model compounds propylmethylphosphate
(PMP) and an esterified glycerol analog ((M)EGLY) and fit to ab
initio data used in the most recent parameterization of the
CHARMM nonpolarizable lipid force field[66]. . . . . . .. .. . ..

Distance between the centers of mass of an unrestrained methyl
guanidinium and the lipid membrane as a function of simulation time.
The first 2.5 ns of simulation are not shown due to methyl
guanidinium crossing the periodic boundary conditions and appearing
in the bulk solution on either side of the membrane. . . . . . . . ..

Heavy atom number density profiles for select species (water oxygen,
lipid head group phosphorus and nitrogen, carbonyl oxygens, and
aliphatic tail carbons) in the Salt (solid curves) and No Salt (dotted
curves) systems at mguanH™-lipid center of mass separations of -35 A
(top) and 0 A (bottom). . . . . . ... ... ... ...

Force (in the z-direction) of the chloride ion on methyl guanidinium
for the No Salt system as a function of the z-position of the chloride
ion. Results are shown for several PMF windows in which the
mguanH™-lipid center of mass difference is -35, -25, -20, -15, -5, and 0
A. The vertical dashed line signifies the constrained position of
mguanH™ in the membrane system while the horizontal dashed line
represents a force value of 0. . . . . . . . ... ... L.

Force in the z-direction from individual local water molecules (all
atoms within 10 A of the center of mass of mguanH") acting on
methyl guanidinium for the Salt system. Forces are calculated for
mguanHT-lipid center of mass separations of a) -35, b) -30, ¢) -27.5,
d)-25,ande) OA. ... ...

Force in the z-direction from individual local water molecules (all
atoms within 10 A of the center of mass of mguanH") acting on
methyl guanidinium for the No Salt system. Forces are calculated for
mguanHT-lipid center of mass separations of a) -35, b) -30, ¢) -27.5,
d)-25,ande) OA. . .. ...

xii

91

92

94

95

97

98

99



B.8

B.9

Density of water molecules surrounding methyl guanidinium (all
atoms within 10 A of the center of mass of mguanH™) calculated for
the Salt system. Densities are calculated for mguanH"-lipid center of
mass separations of a) -35, b) -30, ¢) -27.5, d) -25, and ) 0 A. . . .

Density of water molecules surrounding methyl guanidinium (all
atoms within 10 A of the center of mass of mguanH™) calculated for
the No Salt system. Densities are calculated for mguanH*-lipid center
of mass separations of a) -35, b) -30, ¢) -27.5, d) -25, and ¢) 0 A.

xiil

100

101



Chapter 1

INTRODUCTION

1.1 Background

Membranes and membrane-bound proteins are a vital part of biological sys-
tems. Cellular lipid bilayer membranes, a complex milieu of biomacromolecular com-
ponents, are fundamentally composed of a wide variety of amphiphilic molecules con-
sisting of polar and hydrophobic regions. Cellular membranes have many impor-
tant physiological roles apart from simply being a permeability barrier between the
“inside” and “outside” of cells. Bilayer membranes are involved with cell-signaling
mechanisms, supply complex environments to support a wide variety of proteins, and
are capable of mechanical deformation in order to accommodate a variety of chem-
ical functionalities within the special region between the cytosol and extra-cellular
surroundings[114, 33]. Recent studies have explored structural properties of mem-
branes as well as electrostatic properties such as the dielectric variation within a
bilayer[151], the interfacial potential[163], and the interactions of polar or charged
amino acid side chains with hydrocarbon tails[89]. Experimental studies have also
probed these properties in recent years. For example, structural properties of bilay-
ers have been determined by x-ray and neutron scattering[71, 69] and nuclear mag-
netic resonance (NMR) spectroscopy[121], while the water penetration into the bilayer
interior has been investigated via electron spin spectroscopy[97, 37] and x-ray scat-
tering techniques[98|. However, even current state-of-the-art experimental measure-
ments are not always able to provide the type of detailed atomic level resolution that
would provide significant insights into the mechanisms of membrane systems. To this

end, computational methods such as molecular dynamics and Monte Carlo simulations



have been employed to study properties and processes in such systems at the atomic
level[131, 5, 11, 4, 89, 33, 1, 154, 168, 39, 91, 110, 10, 145].

Molecular dynamics simulations require information about the atomic interac-
tions within and between molecular species. Quantum mechanical calculations would
give the most accurate results; unfortunately, such computations are very time-consuming
for all but the smallest systems. Because of this limitation, classical “force fields” have
been developed which consist of potential energy functions chosen to model inter-
species and intra-species interactions. In addition to models in which all atoms are
modeled explicitly (i.e. all-atom models), there has been significant effort towards
“coarse-grained” models[52, 137] in which entire small molecules or functional groups
are represented as a single unit. Development and applications of such models contin-
ues today [94, 95, 102, 150, 36, 83]. Implicit solvent and lipid models[57, 153, 152, 76],
which represent solvent or lipid as a continuum, are also a viable alternative to all-
atom models for simulating large biomolecular systems. However, all-atom simulations
remain the standard to which such coarse-grained and implicit models are compared;
thus, the need for more accurate atomistic models is clear.

Despite the importance of lipidic systems (i.e., lipid bilayers, monolayers, vesi-
cles, etc.) to a variety of physiological functions, polarizable force fields for molecular
simulations of such systems are still in the testing and development stage. Among
the numerous approaches currently being pursued, the charge equilibration (CHEQ)
approach has been applied to molecular simulations of phosphatidylcholine (PC) based
lipid bilayers[28, 26], as well as to the exploration of ion permeation energetics in the
simple gramicidin A channel[119]. The CHARMM Drude oscillator model and the
AMBER point-polarizable polarizable DOPC force field are the only other polariz-
able models to have been extensively applied for molecular simulations of lipid bilayer
systems[47, 33, 3, 157]. A recent study using Drude oscillator models of the dipalmi-
toylphosphatidylcholine (DPPC) monolayer explored the surface dipole potential of
the water-lipid monolayer system[47]. The authors demonstrated the improvement in

the prediction of the relative interfacial potential, AV = Vionolayer—water — Vivater—air,



over fixed-charge nonpolarizable force field representation. The authors suggest that,
compared to the bilayer dipole potential, the monolayer potential is a less ambigu-
ous measurement for comparing force field predictions to experiment. We note that
measurements of the bilayer dipole potential, values of which can be found in the
literature for a wide spectrum of lipids using a variety of techniques including ion
conductance[16, 23, 43], cryo-EM[163], and AFM[169], are based on a number of ap-
proximations and are not a direct measure of the individual contributions to interfacial
electrostatic properties arising from the presence of a lipid assembly. Ion conduc-
tance measurements, for instance, measure the permeability of a membrane to two
structurally similar, oppositely charged hydrophobic ions tetraphenylborate (TPB™)
and tetraphenylarsonium (TPA™) or tetraphenylphosphonium (TPP*). The conduc-
tance measurements operate on the assumption that these ions, having the same in-
teraction energies with hydrating water molecules, will have identical free energies of
transfer from water to any other medium and that a value for the membrane dipole
potential can be calculated by extension. The validity of this assumption had been
challenged using quantum mechanical calculations which found variations in the hy-
dration energies of TPB~, TPA™, and TPP*[134]. Though quantum mechanical cal-
culations with various treatments of solvent effects do show differences between the
hydration properties of both ions, it is difficult to assess the magnitude of the dif-
ference with purely quantum methods which may or may not account for solvation
effects. Schurhammer and coworkers have also explored the variation in hydration free
energies for the TPB~/TPA™ system using molecular dynamics simulations and free
energy perturbation calculations[138]. The authors find that TPB~ is more favorably
hydrated than TPA™, and that the difference in hydration free energy between the
two are strongly dependent on the specific charge distribution; the range of differences
in hydration energies is from 4.3 kcal/mol to 25 kcal/mol. Moreover, recent stud-
ies investigating the effects of charge asymmetry on hydration free energies of model

asymmetric polar molecules by Mobley et al[99] demonstrate significant differences in



hydration free energies of oppositely polarized molecules, with these differences ap-
proaching the order of 10 kcal/mol. The notion of asymmetric hydration of small
spherical ions as well as larger hydrophobic ions has been pursued extensively in the
literature, though there still appears to be no consensus on the decisive relevance of
the tetraphenylarsonium tetraphenylborate (TATB) assumption to the absolute bilayer
dipole potential[140, 139, 85, 130, 55, 86].

Recent years have also witnessed great interest in the understanding of the
molecular origins of the presence of charged and polar amino acid residues in ostensibly
hydrophobic lipid bilayer environments [33, 77, 161, 78, 136, 45, 40, 103, 170, 53, 154, 89,
88]. The motivation for such a microscopic understanding stems from the broad range
of biophysical processes predicated on the interactions between such protein residues
and hydrophobic lipid chains. These processes range from voltage gating in select ion
channels[61, 60, 59], permeation of cationic residue enriched cell-penetrating peptides
for transporting cargo across the cellular membrane [49, 93, 50, 58, 158, 42, 75|, and
the action of anti-microbial peptides upon interaction with native cellular membranes.
Understanding of these protein-lipid interactions has sought recourse in hydrophobicity
scales quantifying relative partitioning propensities of different amino acid side chains
from aqueous to bilayer-like environments[92]. Elaborating upon ideas of partitioning
of functional chemical groups between hydrophilic and hydrophobic environments, re-
cent work has broadened the palette of hydrophobicity scales attempting to address
the relative free energetics of partitioning; this has been possible due to novel ex-
periments on well-characterized integral-membrane protein systems [103] as well as
elucidation of structural aspects of the machinery implicated in the synthesis and in-
sertion of membrane proteins upon synthesis in the ribosome[51]. More recently, there
appears to be a convergence of molecular modeling based predictions of relative free
energetics of different amino acid side chains as part of a macromolecular assembly
and experiment[40]. Further factors possibly contributing to interactions of charge and

polar species in lipid bilayers include bilayer thickness, non-additivity of interactions



between non-bilayer components[90, 160], specificity of protein sequence to specific bi-
layer composition[15, 13, 14, 172], interactions of a particular amino side chain in the
bilayer with lipid head groups and water, and lipid deformation (coupled with the ease
of deformability of the lipid) [53, 167, 93].

In conjunction with recent experimental advances in studying the relative sta-
bility of charged amino acid residues in bilayer environments (within several contexts
including cell-penetrating peptides, presence of charged voltage-gating and sensing do-
mains in potassium channels, and other biochemical transformations), there has been a
steady push for developing novel molecular modeling methods for treating the heteroge-
neous environments presented by lipid bilayers of various compositions. In particular,
non-additive force fields are being pursued for modeling lipid bilayers. Though non-
additive force fields have been pursued for over two decades now, only recently have
there been substantial, published studies documenting the application of such models
to the study of biophysical problems of general interest[44, 122, 30, 63, 123, 62, 6, 74,
73, 72,81, 171, 47,120, 116, 117, 9, 84, 27, 174, 120, 164, 28]. Recently, we, along with
others, have published results of the first applications of polarizable, non-additive force
fields for treating lipid bilayers in a fully atomistic molecular simulation. We have been
developing a class of non-additive, polarizable force fields based on the charge equili-
bration (CHEQ), or fluctuating charge (FQ), formalism. One of the first attempts to
apply CHEQ based force fields to lipid bilayers was by Shimizu and coworkers[141];
in their study, the authors explored the consequence of the extent of charge transfer
in extended systems defining the nature of charge transfer effects and possible hyper-
polarization in such models. The authors demonstrated the need for some approach to
control the super-linear polarizability in applying charge equilibration models in a man-
ner that does not constrain charge transfer in a systematic and physically meaningful
way. Recently, Vacha et al [157] applied a fully polarizable force field (lipid, water, and
ions) to the study of monovalent ion interactions with phosphatidylcholine membranes
and associated effects at the membrane-water interface. Furthermore, Harder et al[47]

examined the difference in the interfacial dipole potential between the pure liquid-vapor



interface of water and that of a DPPC monolayer. The authors presented the case for
polarization helping to accurately predict the potential difference between these two
systems compared to existing non-polarizable force fields. Over the last several years,
our group has been involved in a substantial effort to develop non-additive electrostatic
models for lipid bilayers to be used in conjunction with molecular dynamics simula-
tions. We have presented a systematic parameterization of a first-generation charge
equilibration force field based on the DPPC lipid[28, 26]. In this study, we continue
further application of our models to explore the free energetics of an analogue of argi-
nine, methyl guanidinium, in a model DPPC bilayer. This complements earlier studies
using both polarizable and non-polarizable force fields in conjunction with molecular

dynamics simulations to study this canonical system.

1.2 Charge Equilibration Model

The present simulations explicitly treat non-additive electrostatic effects using
fully polarizable, charge equilibration (CHEQ) force fields for the entire lipid-solvent
system. In the following, we discuss the details of this formalism. Although applied here
as a classical potential[124], the CHEQ formalism derives rigorously from the density
functional theory of atoms in molecules[113] based on Sanderson’s idea of electronega-
tivity equalization[133, 132]. Polarization is affected via the migration of charge density
(condensed to a partial charge in the classical sense) among atomic species within a
given molecule. The electronic density adjusts within the molecule so as to equalize
the electrochemical potential (or equivalently, the electronegativity) at each point in
the molecule. The direction and ease of flow are determined by physical properties of
individual atoms as will be discussed. The reader is referred to the literature for more
details[126, 129, 105, 106, 107, 115, 124, 113, 127, 34, 21].

The electrostatic energy of a system of M molecules containing N atoms per
molecule is:

M
Eelectrostatic = Z szsz +
k=11i=1

M N N
S NasQus +
=1 a=1p=1

N —
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where x denotes the atomic electronegativities and 7 denotes the atomic hardnesses.
The former quantity gives rise to a directionality of electron flow, while the latter
represents a resistance, or hardness, to electron flow to or from the atom. The second
term in Equation 1.1 represents the local charge transfer interaction generally restricted
to within a molecule (no intermolecular charge transfer) or some appropriate charge
normalization unit. The third term is a standard Coulomb interaction between sites
not involved in dihedral, angle, and bonded interactions with each other (the primed
notation indicates a summation only over such sites). The last term is a Lagrange mul-
tiplier based constraint on total charge on a given normalization unit; this constraint
helps to restrict charge equilibration (and hence charge redistribution) over chemically
relevant and distinct units[164]. We note that although the electronegativity and hard-
ness follow exactly from the definitions of the electron affinity and ionization potential,
they are considered here as empirical parameters to be determined as described below.
Homogeneous hardness values (for each atom type) are parameterized as discussed in
Patel and Brooks[115]. Heterogeneous elements (interaction elements between different
atom types) are derived from the individual atom type values based on the combining

rule[107]:
5 (i + 1)
NS

where R;; is the separation between atoms (or more generally sites) ¢ and j. This local

Nij = (1.2)

screened Coulomb potential has the correct limiting behavior as 1/r for separations
greater than about 2.5 A. This interaction is computed for 1-2, 1-3, and 1-4 sites
(sites included in bonds, angles, and dihedrals). Sites in a molecule separated by 5 or
more sites interact via a Coulomb interaction; in the case of interacting molecules, the
interaction between sites on different molecules is again of the Coulomb form.

The charge equilibration model is indeed a polarizable model as the molecular



polarizability, «, can be derived as follows:
ayg = RE'R, (1.3)

where 77 denotes the molecular hardness matrix, and Rg and R, are the § and
Cartesian components of the atomic position vector, respectively. A more detailed
derivation can be found elsewhere[164]. The hardness matrix can be augmented to
enforce charge constraints within a molecule[164] for explicit calculations of the polar-
izability. In addition, the CHEQ model, being an all-atom representation with partial
charges assigned to all atomic species, contains all higher-order electrostatic multi-
pole moments, in contrast to point dipole polarizable models[63, 125, 135] and Drude
oscillator models[162, 46, 81]. As such, the CHEQ model incorporates higher-order
electrostatic interactions explicitly.

The charge degrees of freedom are propagated via an extended Lagrangian for-
mulation that imposes a molecular charge neutrality constraint, thus strictly enforcing
electronegativity equalization at each dynamics step. The system Lagrangian is

M Ni q M Ni q ‘ M N

L= ; ; §mm7‘fa + 2 az_jl §mQ,mea - E(Q,r) — ; Ai az_jl Qia (1.4)
where the first two terms represent the nuclear and charge kinetic energies, respectively,
while the third term is the total potential energy, and the fourth term is the molecu-
lar charge neutrality constraint with \; the Lagrange multiplier for each molecule, i.
The fictitious charge dynamics, analogous to the fictitious wavefunction dynamics in
Car-Parrinello (CP) type methods[18], are determined with a fictitious charge “mass”
(adiabaticity parameter in CP dynamics). The units for this mass are %. The
charges are propagated based on forces arising from the difference between the average
electronegativity of the molecule and the instantaneous electronegativity at an atomic
site.

We comment here that the polarizable TIP4P-FQ water model[129] is used to
model solvent-solvent and solvent-solute interactions. The TIP4P-FQ water model is

a 4-site model, based on the original TIPAP water model of Jorgensen et al[64]. The



charges reside on the hydrogen atoms and a virtual site situated along the perpendic-
ular bisector of the HOH angle 0.15 A from the oxygen atom. The model has been
characterized in previous studies, and the reader is referred to the relevant literature

for further details[129, 128].



Chapter 2

MOLECULAR DYNAMICS SIMULATION OF HYDRATED DPPC
MONOLAYERS USING CHARGE EQUILIBRATION FORCE FIELDS

Reproduced with permission from Journal of Computational Chemistry, Volume

33(2), 141-152. Copyright 2012, John Wiley and Sons.

2.1 Simulation Protocol

Simulations were carried out utilizing CHEQ formalism in the constant volume
and temperature (NV'T') ensemble under 3D periodic boundary conditions using the
CHARMM package[17]. The DPPC monolayer-water system contained two leaflets of
36 DPPC molecules and a central layer of 2895 TIP4P-FQ water molecules for a total
of 20940 atoms. Recent studies have suggested relatively little finite size effects for
simulations of 36 or more lipids per leaflet[35, 20]. A representative snapshot of the
system is shown in Figure 2.1. A system size of 48.075 A x 48.075 A x 150.00 A is based
on a surface area per lipid of 64.2 A2 from data fit to experimental measurements|70].
The extended z box dimension results in a separation of the two DPPC monolayers
by a vacuum region approximately 60 A wide. Dynamics were propagated using a
Leapfrog Verlet integrator[2] with a time step of 0.5 fs. The temperature of the sys-
tem was held at 323 K using the Nosé-Hoover method[2, 108] with a thermal piston
mass of 3000 kcal/mol-ps?; thus, our simulations are performed above the experimen-
tal gel-phase transition temperature for pure DPPC membranes (314 K)[148]. Long-
range electrostatic interactions were accounted for by Particle mesh Ewald (PME)
summation[25, 38] with a 48 A x 48 A x 100 A Fast Fourier transform (FFT) grid, 4th
order interpolation, and screening parameter x = 0.320. Several replicate simulations

of varying lengths were run for a total simulation time of ~140 ns. Constant surface
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Figure 2.1: Coordinate snapshot of the monolayer-water system, generated using
Visual Molecular Dynamics[56], with the z-axis normal to the surface of
the monolayers. Oxygens are shown in red, hydrogens in white, carbons
in light blue, nitrogens in dark blue, and phosphorus in yellow.

area ensembles have been shown to be equivalent to other ensembles provided that
well equilibrated systems are used as starting configurations[35]. We believe that there
are no artificial effects due to the chosen ensemble based on the equilibrated states we

achieve after long-time simulations.

2.2 Results and Discussion
2.2.1 Atomic and Electron Density Profiles

To characterize the equilibrium structure of the monolayer system we have cal-

culated the number density profiles for various species as a function of distance from
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the center of the water layer along the monolayer normal (z-axis). Figure 2.2 shows
the number densities for the oxygen atoms of water and several components of the lipid
(head group nitrogen and phosphorus atoms, ester carbonyl oxygens atoms, and tail
group carbons). The monolayer system shows a stable structure comparable with pre-
vious studies performed using the CHEQ model on DPPC and DMPC bilayers|26, 28]
as well as with phosphatidylcholine lipid studies utilizing other models[112, 82, 104]. A
feature of interest is the extent of water penetration into the monolayer. As water be-
gins to encounter the polar head groups of the lipid, the density decreases in magnitude
compared to that of the bulk and remains fairly constant throughout the lipid head
groups. For nonpolarizable models the ester carbonyl region is often seen as a barrier
past which very little water, if any, will permeate. The treatment of polarizability via
the CHEQ force field allows for water to penetrate further into the low dielectric envi-
ronment of the lipid. This result has been discussed previously in relation to potential
mean force calculations of water permeation across a lipid bilayer[26, 28]. The CHEQ
alkanes force field, which had been extended for use with the hydrocarbon tail groups
of lipids, results in free energies of hydration that are too favorable when compared to
experimental energies. A recent study found that altering the specific Lennard-Jones
interactions between the alkane carbon and water oxygen atoms reduced the hydration
free energies of alkanes to values in better agreement with experiment[27]. Ongoing
efforts in our lab investigate the effects of the revised alkanes force field on hydrated
lipid membrane systems with respect to water permeation energetics[9]. For the cur-
rent study, we used the original CHEQ lipid force field. Based on our previous study
of DMPC bilayers using revised CHEQ models, we do not anticipate significant differ-
ences in the monolayer structure. However, we would expect a reduced permeation of
water into the lipid tail region.

We also note that water density exhibits a plateau region in the neighborhood
of the phosphate and ester groups. To investigate this feature we calculated the free
volume profile as a function of distance along the monolayer normal. The free volume

profile serves to quantify the space available to water molecules as they encounter the
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Figure 2.2: Heavy atom number density profiles for selected components (water oxy-
gens, aliphatic lipid tail group carbons, lipid ester oxygens, lipid head
group nitrogen and phosphorus) as a function of distance along the mono-
layer normal.
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atoms of the lipid monolayer. This was calculated, as described by Marrink et al[96],
by mapping the simulation system onto a 3D grid. All grid points falling within the
van der Waals radii of lipid atoms are considered occupied volume while the remaining
grid points are considered free volume. The fraction of free volume in the system is
simply the ratio of unoccupied grid points to the total number of grid points and can
be expressed as a function of distance by dividing the system into intervals (Az) along
the z-axis. Due to the high computational cost of the analysis, only the last 5 ns of
each replicate simulation trajectory were considered at a grid spacing of 400 x 400
x 1200, resulting in an interval size of approximately 0.125 A along the z-axis. The
results of the analysis are shown in Figure 2.3, and show a region of fairly constant free
volume in the area of the water density plateau. The stability of water molecules in
this region is also predicted by independent potential of mean force calculations that
show a plateau in the region of these polar lipid groups (data not shown).

Electron density profiles were calculated by summation of the component den-
sities, scaling each constituent atom type by the appropriate number of electrons, and
are shown in Figure 2.4. These profiles are similar to results previously obtained for
DPPC bilayers[26] in both shape and magnitude to profiles fit to experimental data[70],
though some differences are evident. Most notably, the CHEQ model overestimates the
monolayer phosphate component with respect to the experimental bilayer profile while
the carbonyl/glycerol (CG) component is underestimated. Thus, the peak density
around 19 A is slightly higher than that of the experimentally fit data. We emphasize
that the comparison with the bilayer properties provided here is simply for reference;
we do not suggest that monolayer and bilayer structural properties are necessarily iden-
tical under these conditions. Throughout the remainder of the discussion, we will draw
attention to similarities and differences between our results on monolayers and past
experimental and simulation results on monolayers (if available) or bilayers. This is

done in the spirit of previous studies of monolayer systems[32, 100, 101, 87].
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Figure 2.3: Free volume profile as a function of distance along the monolayer normal.
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for comparison with the fitting models of Kucerka et al[70]

16



0.000 1 1 1 1 | 1 1 1 1 1

0.0004—

Ion

0.0003—

0.0002—

Distribut

0.0001—

0 | ! 1 ! | ! | |

) | ! | " .
O 20 40 60 80 100 120 140 160 180
[1 between P-N vector and monolayer normal (°)

Figure 2.5: Distribution of the angle between the PN dipole vector and the monolayer
normal.

2.2.2 Lipid Orientation and Ordering

The orientation of the lipid monolayer head groups can be characterized by
calculating the angle between the dipole vector connecting the phosphorus and nitrogen
atoms, PN , and the monolayer normal. Due to the geometry of the monolayer system,
care must be taken in defining the orientation of PN with respect to the appropriate
reference axis. For lipids of the left leaflet (see Figure 2.1 for reference), where z < 0,
the angle of interest is between the PN and the positive z-axis. For right leaflet lipids,
where z > 0, the angle is between PN and the negative z-axis. The distribution is
shown in Figure 2.5.

The CHEQ model predicts the average head group to be oriented about 79.5°

with respect to the monolayer normal, nearly parallel to the plane of the monolayer
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surface. This is comparable with previous results for the head group orientation
of DPPC bilayers in which angles of 80-90° with respect to the bilayer normal are
observed[26, 112, 156, 111], as well as with studies of DPPC monolayers at the water-
air interface[32, 100, 101, 87]. Recent arguments indicate that the orientation of the
PN dipole has direct implications regarding hydration of the water-lipid interface such
that a straightening of the head group orientation (angles decreasing from 90° towards
0° with respect to the membrane normal) allows more water to penetrate into the
membrane-water interface[145].

We conduct a similar analysis, with analogous geometric considerations, for the
orientation of the carbonyl group of the lipid by calculating the angle between the
vector formed by the C=0O bonds and the monolayer normal, with results shown in
Figure 2.6. The sn-1 carbonyl groups assume an average orientation of 64.2° relative to
the monolayer normal while the sn-2 carbonyl groups orient around an angle of 76.5°
relative to the monolayer normal. The CHEQ model’s prediction for the sn-1 carbonyl
are comparable to an FT-IR study regarding the orientation of carbonyl groups in
DPPC multilayers, which reported average orientation angles of 62 + 2° and 66 + 2°
for the sn-1 and sn-2 carbonyls, respectively[54]. Though the current model predicts a
slightly higher angle for the sn-2 chain, the model follows the trend in relative values
in sn-1 and sn-2 carbonyl groups observed for multilayers. We reiterate that this is no
suggestion that these properties for monolayers and multilayers should be similar, but
just an observation of the current analysis.

The structural order of the lipid tail groups can be evaluated by calculation of
the deuterium order parameter, S¢p as a function of carbon position along the aliphatic
tail. Seop is directly related to the S,, component of the NMR quadrupolar splitting
tensor and provides a measure of the order/disorder of alkyl chains in simulated lipid

systems[145]. We calculate Scp as

Sep = (Pa(cos b)) (2.1)
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Figure 2.6: Distribution of the angles between sn-1 and sn-2 carbonyl vectors and
the monolayer normal.
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where 6 is the angle between a C-H bond vector and the monolayer normal and
1
Py(cosh) = 5(3 cos? — 1) (2.2)

is the second Legendre polynomial. The calculation of the deuterium order parameters
yields values between the extremes of -0.5 (Cﬁ aligned with the water-monolayer
interface) and 1 (CW aligned with the z axis). Results for the calculation of the order
parameters for both the sn-1 and sn-2 chains are shown in Figure 2.7 as well as the
experimentally determined order parameters for the sn-2 chain of a DPPC bilayer|34].
The C2 carbon has stereoscopically different hydrogens (2R and 2S) between which
the CHEQ model is unable to distinguish. Although the CHEQ model does well in
predicting the experimental trend of decreasing order further along the hydrocarbon
chain[34, 121, 155, 109], it overestimates the order of the carbon chain approaching the
ester region (C2-C4) and tends to underestimate the order along the chain (C5-C25).
These results are comparable to those found for DPPC bilayers using CHEQ force
field[26].

2.2.3 Dielectric Permittivity and Water Dipole Moment Variation
We consider the z-dependent dielectric permittivity profiles for components par-
allel to the monolayer surface using the approach developed by Stern and Feller[151].
We compute the dielectric profiles for conductive (tin-foil) boundaries using equations
71 and 26 in Reference [151]:
€| = (4mh + 1); (2.3)

1
© 2%kgT

where P||(2) is the local polarization density, M| is the total dipole moment parallel

hH(Z) < PH(Z)'MH >+ < CLH(Z) > (2.4)

to the monolayer surface (zy-plane), and @) (z) represents an explicit polarization con-
tribution. With the CHEQ model a)(2) is self-consistently included in the first term
of Equation 2.4. Py (2) is calculated using a bond-charge approach similar to that of
Stern and Feller[151] in which the charge on an atom is determined from as set of

bond-charge increments. A more complete derivation can be found in Reference [28].
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Figure 2.7: Magnitude of the deuterium order parameters for sn-1 and sn-2 tail
groups as a function of position along the hydrocarbon chain. The
experimental order parameters for the sn-2 tail group are shown for
comparison[34]. The stereoscopically different carbons at carbon number
2 are shown with the 2S value denoted as an x.
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Figure 2.8 shows the z-dependent parallel component of the dielectric constant
as a function of distance from the center of the water layer along the monolayer normal.
The dielectric constant of bulk TIP4P-F(Q water (near the center of the water layer)
is 71.9 + 1.2, very close to the experimental dielectric constant for pure water at ~
1 atm and 320 K (70.93)[80]. Upon entering the monolayer, the dielectric of water
decreases monotonically until reaching a shoulder near the polar head groups of the
lipid, similar to what is observed for the number density (Figure 2.2) and free volume
(Figure 2.3) profiles, and further attenuates towards its gas-phase value upon entering
the ester and aliphatic tail region. The head group region of the monolayer exhibits
large dielectric values (up to around 1050) whereas in the hydrocarbon tail region the
average value is about 1.3. The large dielectric found in the head groups has been
attributed to the large dipole magnitudes (19 - 25 Debye) in this region[151]. These
results are comparable with studies performed on DPPC and DMPC bilayers using
the CHEQ formalism[26, 28]. We note that the exact values for these properties are
not directly experimentally accessible, and as such, predicted values are expected to
demonstrate a significant spread in values.

A characteristic of polarizable force fields is that they allow for charges to re-
spond to variations in the local electrostatic environment. It follows that the average
molecular dipole moment of water varies from the bulk phase into the lipid monolayer.
Figure 2.9 shows the molecular dipole moment distributions found by averaging the
dipole moment of water found in slabs 0.05 A along the monolayer normal. In the cen-
ter of the water layer the dipole moment reaches a value of 2.55 D, within the range of
2.5 t0 3.0 D given by empirical and ab initio estimates of dipole moment of water in the
condensed-phase[7, 144, 68, 149]. The bulk value is slightly lower than the frequently-
cited value for TIP4P-FQ of 2.62 D, which is expected since the current simulations are
performed at 323 K as opposed to 298 K for the literature work[19, 22, 143, 144, 166].
Water’s dipole moment monotonically decreases as it moves through the lipid and,
upon entering the aliphatic tail region, the dipole moment approaches the gas-phase

value of 1.85 D[80]. Unlike the Drude oscillator based SWM4-NDP, the TIP4P-FQ
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Figure 2.8:
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Profiles of the parallel component of the dielectric permittivity as a func-
tion of distance along the monolayer normal. Profiles are given for water
(top), DPPC, and the total system (bottom). The lipid tail region is
shown in greater detail due to scale (inset) with an average value of 1.3,
shown as a dotted line, calculated from z = 30 to 40.

23



N
o)

)
2
O 2.4
a]
I=
(¢D)
& 22
o
=
D
S 2
a)
...... Gas Phase e
1 | 1 | 1 | 1 | 1
1.85 10 20 30 40 50

Distance (A)

Figure 2.9: Average molecular dipole moment profile of water as a function of dis-
tance along the monolayer normal, from the center of the water layer
(bulk phase) through the lipid monolayer and into the vacuum region
(gas phase). Dashed line denotes the constant dipole moment of the
TIP3P water model while the dotted line denotes the experimental dipole
moment of water in the gas phase.

water model accommodates a larger variability in dipole moment. A study by Harder
et al[47] using Drude polarizable models predicts that the average molecular dipole
moment for water is reduced about 0.55 D within the lipid monolayer relative to bulk
water. This is slightly lower than the difference of 0.7 D for TIP4P-FQ water (bulk
water dipole moment of 2.55 D).
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2.2.4 Surface Tension and Pressure
The total surface tension of the lipid monolayer-water system is related to the

anisotropy of the pressure tensor within an interfacial region by the relationship:

Lot By Pyy> (2.5)

where L, is the length of the simulation cell, P,, is the component of the pressure tensor
normal to the monolayer surface, and P,, and P, are the components tangential to

the surface. Accounting for the two interfaces in the present simulation, we can define

surface tension for a single monolayer at the interface as

1

= = 2.6
T = 5 (2.6)

The pressure tensor was monitored continuously for multiple replicate mono-
layer systems until surface tensions were considered to be sufficiently stable. The re-
sulting average for the surface tension of the DPPC monolayer systems is 42.35 £+ 1.16
dyne/cm, consistent with the experimental value of 40.9 dyne/cm[147] and with the
value of 43.9 £ 0.8 obtained using state-of-art nonpolarizable force field simulations[65].
To calculate the surface pressure of the monolayer system we follow a method analogous

to that of Mohammad-Aghaie et al[100]:

I = TYw = Tm (27)

where 7, is the surface tension of pure TIP4P-FQ water at 323 K. The value for 7,
was calculated as the average from three replicate molecular dynamics simulations of
systems of 1024 TIP4P-FQ water molecules at the water-air interface simulated using
CHARMM package[17] for a total of 9 ns. We obtain an average surface tension of
65.27 £+ 0.57 dyne/cm, underestimating the experimental value for the surface tension
of pure water at 323 K of 67.94 dyne/cm[80]. From the values reported for ~,, and
Yw, We find a surface pressure of 22.92 + 1.29 dyne/cm. This value is slightly lower
than those reported from captive bubble experiments performed by Crane et al[24]

in which expansion isobars for phospholipid monolayers at varying temperatures and
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area per lipid values are reported (see Figure 3A in Reference [24]) and yield a surface
pressure range of 25-30 dyne/cm for a DPPC monolayer at 323 K with an area per lipid
of 64.2 A%; the measurements by Crane and co-workers are considered to be among
the more reliable in terms of minimization of experimental artifacts such as leakage,
pH, impurities, compression rate, and ionic strength[100, 35, 8]. There appears to
be a wide dispersion of experimental surface pressure values based on protocol and
conditions[35]. This makes an absolute comparison to experiment difficult, but we
see that our predicted values are of comparable order of magnitude with available

experimental data.

2.2.5 Monolayer Dipole Potential

Within the interior of a lipid membrane exists a positive potential which has
ramifications on the penetration and permeability of ionic hydrophobes into and through
the membrane. This potential is referred to as the membrane dipole potential and may
also have implications regarding the association of proteins with a membrane surface
as well as the penetration, structure, and function of transmembrane proteins. To
determine the nature of the membrane dipole potential we compare the surface poten-
tial of the monolayer-water interface (Viyonolayer—water) With that of a water-air interface
(Viwater—air). The surface potential of a system can be calculated through double inte-
gration of charge density as a function of distance from the center of the water layer

along the monolayer normal[48]:

!

Viz) = -+ | [ otnazas (2.8)

€0 Joo

Here, €y is the permittivity of vacuum and p(z) is the charge density achieved by seg-
menting the system into slices of width dz and summing the charges within each slice.
This effectively solves the Poisson Equation assuming in-plane isotropy at a particular
depth into the monolayer. For both of the interfacial systems the vacuum regions are
referenced to a potential of 0 V and integration in Equation 2.8 is taken from the vac-

uum region (00) to a point at the center of the bulk water layer. To characterize the
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total membrane surface potential the charge densities of individual molecular species
were twice integrated to yield constituent contributions to the electrostatic potential.
Independently the surface potentials of these systems do not provide experimentally

meaningful quantities but comparing the difference between the two,
AV = Vmonolayor—water - Vwatcr—airv (29)

yields the shift in the surface potential upon addition of a lipid monolayer onto the
water-air interface. The monolayer dipole potential calculated in this way is an explicit
property of the system and should provide insight into the electrostatic properties of
lipid membranes. The results of this analysis for the total and constituent contributions
to the surface potential of the monolayer system are shown in Figure 2.10. To calculate
the surface potential of the water-air interface three replicate interface systems of 1024
waters using the TIP4P-FQ potential were simulated, starting from pre-equilibrated
structures, in the NVT ensemble with a cell size of 24 A x 24 A x 100 A at 323 K
implemented through the CHARMM package[17] for a total simulation time of 14 ns.
Surface potential calculations performed on the replicate water-air interface systems
yield an average Viater—air = 0.54 4+ 0.01 V.

The values of the total and component potentials shown in Figure 2.10, as well
as those for the water-air interface, are given in Table 2.1. For comparison, Table
2.1 also includes surface potential values reported by Harder et al. (utilizing a fully
polarizable Drude oscillator model[47]) as well as their results using the nonpolarizable
CHARMMZ27 force field and the TIP3P water model. To investigate the effects of the
variation of the water model on the potential calculation, the partial charges of the
TTP4P-FQ water model used with the CHEQ force field were substituted with the those
of the nonpolarizable TIP3P water model in both the monolayer-water and water-air
systems. The results of this analysis are also included in Table 2.1.

Experimentally determined surface potential changes for PC lipids at the argon-
water interface range from 0.30 to 0.45 V[146]. A graphical representation of the ex-

perimental range is presented in Appendix A. In Figure 2.10 it is shown that, using the
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Figure 2.10: Interfacial potential profiles of the total system and of selected com-

ponents as a function of distance along the monolayer normal.
potential in the vacuum region is referenced to a value of 0 V.
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Drude[d7]  CHARMM27[47]  CHEQ  CHEQ/TIP3P

Vyater 4.2 2.6 1.34 1.10
VP /head -2.9 2.4 -0.73 -0.73
Vester -0.1 0.7 0.27 0.27
Valiphatic /tail -0.3 0.4 0.30 0.30
Vmonolaycr—wator 0.9 1.3 1.18 0.94
Vwater—air 0.55 0.5 0.54 0.59
AV 0.35 0.8 0.64 0.35
AVt 0.30 - 0.45

Table 2.1: Component and total interfacial potential values (in Volts) of monolayer-
water and water-air systems, including results reported for nonpolarizable
(CHARMMZ27), polarizable Drude oscillator, and polarizable CHEQ force
field. Results obtained using the CHEQ force field with TIP3P charge
substitution are also shown.

CHEQ model, the resulting monolayer dipole is 0.64 £+ 0.02 V, offering an improve-

ment to the value of 0.8 V reported for the nonpolarizable CHARMM?27 force field[47]

though still overestimating this property relative to experiment. It is encouraging that
the addition of explicit electronic polarization within a partial atomic charge formal-
ism moves the prediction of monolayer potential closer to experiment relative to the
fixed-charge force field. When the partial charges of TIP4P-FQ water are substituted

with those of TIP3P, the membrane potential decreases to a value of 0.35 £ 0.02 V,

matching the value reported for the Drude oscillator model and in close agreement

with the experimental range. The change in the value of the dipole potential difference
resulting from the artificial modification of water model charges at most suggests that

the nature of the charge distributions and polarizability of the water model may be a

first-order perturbation to consider when refining the combination of lipid and solvent

force fields for molecular simulations of these types of biological systems (as will be
discussed below).

We define the dipolar contribution to the potential as

. 1 /=
Vwater,dlpole — _g ~ ,UZ(Z)CZZ (210)
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where the dipole moment density f,(z) is defined as

wo(z) = % <Z o(z — zm)(z qzmzlm)> (2.11)

and in which the indices m and 7 refer to a molecule and an atomic site within that
molecule, respectively. The coordinate z;, is taken to be an arbitrary, molecule-specific
center, chosen to be the oxygen atom in the case of water. Similarly, the quadrupolar

contribution to the potential is defined as

Vwator ,quadrupole __

1
__[sz(z> - (z]z]7 (212>
€o
where the reference value QY. is taken to be 0 and the quadrupole moment density

(Q..(2z)) can be expressed as

Q)= 3 (06— ) (3 T am) ). (213)

Figure 2.11 presents the decomposed water potentials and shows that the quadrupo-
lar contribution changes little upon addition of the lipid onto water-air interface and
does not contribute substantially to the overall potential shift. This is a direct conse-
quence of the density dependence of the quadrupole potential[159]. The contribution
from the water molecular quadrupole moment will essentially vanish when considering
the monolayer dipole potential difference which is measured experimentally. Thus, the
nature of the quadrupole moment of the force field model is not as critical in assessing
the monolayer dipole potential difference. This makes the monolayer dipole potential
difference a more robust metric of the quality of the force field in the context of mea-
suring the interfacial electrostatics in such systems. However, for pure bilayer systems,
the contribution from the quadrupole term cannot be ignored, and may give rise to
the spread in force field based values of the dipole potential. The dipolar contribution,
however, changes sign and magnitude upon spreading of the lipid, leading to a net
positive contribution of =~ 0.8 V to the surface potential shift.

We conclude this section by commenting on the possible implications of the

differences in the nature of the polarizable water model used in conjunction with the
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Figure 2.11: Comparison of the quadrupole (top) and dipole (bottom) contributions
to the interfacial potential of water as a function of distance along the
interface normal for both the monolayer-water and water-air systems.
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polarizable lipid membrane model. Harder et al[47] use the Drude water model, and
comparing the water density and water dipole moment profiles of the Drude model
versus the TIP4P-F(Q water model used in this study, we observe some differences.
Furthermore, the average orientation of the two water models is different, and since
the water contribution to the surface dipole potential is directly related to average
water orientation, one can inquire about the effects of this difference on the overall
monolayer potential and the resulting difference in the AV values computed as in this
study. We address these questions, qualitatively, next. The Drude water model has a
lower polarizability than the TIP4P-F(Q model used in this study (0.978 A? versus 1.12
A3)[72, 129]. Furthermore, in the Drude bilayer system, the magnitude of variation of
the average water molecular dipole moment along the monolayer normal is less than for
the TIP4P-FQ. In order to consider the effects of the influence of the dipole moment
variation on the dipole potential the average dipole moment of water is fit to an error

function of the form:

£(2) :a—b~erf<2;0) (2.14)

where the variation in dipole moment is from a + b (bulk water) to a — b (low den-
sity), ¢ is the inflection point, and d represents the characteristic width of the transi-
tion. Based on our data, these parameters are: Gmonolayer—water = 2-21; bmonolayer—water =
0.35; Cmonolayer—water = 26.679; dmonolayer—water = 9.27369 for the lipid membrane systems
and Gyater—air = 2.21; byater—air = 0.39; Cwater—air = 29.0967; dywater—air = 4.589 for the
water-air interfacial systems. The magnitude of the dipole moment variation from
bulk water to low density water is the same in both systems and only the position and
rate of change differs. We can modulate the magnitude of the dipole moment varia-
tion in each system by an empirical adjustment of the a and b parameters (assuming

constant ¢ and d):

f(2) =a’—b’-erf(C;Z>. (2.15)

Thus, we can effectively consider the impact of changing the dipole magnitude on the
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Set a’ b’ Mbulk Hgas AV

1 2.06 0.20 2.26 1.86 0.70
2 2.11 0.25 2.36 1.86 0.74
3 2.16 0.30 2.46 1.86 0.77
4 (CHEQ) 2.21 0.35 2.56 1.86 0.81
5 2.26 0.40 2.66 1.86 0.84
6 2.31 0.45 2.76 1.86 0.88
7 2.36 0.50 2.86 1.86 0.93
8 (Drude) 2.25/2.20  0.2/025  245/245  2.05/1.95  0.76
9 (Drude (nomin))  2.25/220  0.2/0.25  2.45/2.45  2.05/1.95  1.44

Table 2.2: Parameters from altering dipole moment variation and influence on AV
Potentials in Volts, dipole moments in Debye. Drude scaling from 2.05-
2.45 (monolayer-water) and 1.95-2.45 (water-air) as in Harder et al[47]

dipole potential by the application of a scaling function

_['(?)

to the dipole density (defined in Equation 2.11). The scaled dipole moment density,

(2.16)

w.(z) = g(z) - p1.(2), can then be integrated as in Equation 2.10 to give the respective
water dipole contribution. In Table 2.2, we consider several variations (1.86 - 2.26 D
to 1.86 - 2.86 D) and their influence on the water dipolar contribution to the potential
difference. The magnitude of the dipole moment variation has limited influence on the
dipole potential. That is, changing the CHEQ variation from 1.86 - 2.56 D to 1.86
- 2.26 D would only reduce AV by 0.105 V; increasing the variation to 1.86 - 2.86
increases AV by 0.12 V. In order to make a more direct comparison to results based on
fully polarizable Drude models[47], we also consider dipole variation from 2.05 - 2.45
D at the monolayer-water interface and 1.95 - 2.45 D at the water-air interface. From
this, we see a 0.051 V reduction in AV, in closer agreement with the experimental
range.

The water contribution to the dipole potential is not only affected by the mag-

nitude of water dipole moment, but it is also influenced by the preferential orientation
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of water at the interface. We measure the orientation of water as (cos #), where 6 is the
angle formed between the permanent dipole vector of water and the z-axis; results are
shown in Figure 2.12 (top). Values of (cosf) = %1 indicate the average water dipole
is perfectly aligned with the 4z-axis (normal to the interface), whereas (cosf) = 0
denotes orientations that do not contribute to the dipole potential (isotropic orienta-
tions and alignment parallel to the interface). Approaching the monolayer from bulk
water, water molecules preferentially align in the positive z direction. Beyond z < 19
A (approximately the peak position of the lipid head group phosphorus density) the
orientation of water is reversed with a strong alignment in the negative z direction.
Although water density is strongly aligned in the negative z-direction throughout 20
A < 2z < 40 A, there are fewer water molecules in this portion than in the region
approaching the head groups from bulk water. We can consider how water orientation
contributes to the surface potential by scaling the orientation by the density of wa-
ter, p(2)/ppuk. Scaled orientation profiles (Figure 2.12 (bottom)) demonstrate reduced
magnitudes in the peak and minimum in the monolayer-water profile. The minimum
in the monolayer-water profile is a feature not seen in the similar study using Drude
polarizable models. We can remove the influence of this minimum from this profile
by an effective scaling (we use a sharply decreasing error function from 1 to 0 to keep
the peak in the orientation profile, while scaling the minimum to zero). When we
remove the effect of the orientational minimum from the dipole density profile, the
resulting water dipole contribution is 0.933 V at the lipid-air interface (considering the
Drude dipole scaling), ~ 0.7 V higher than the original. We comment that the water
contribution to the dipole potential is a complex combination of water atomic partial
charge variation across the interface and water orientation. In our simplistic analysis,
the water orientation appears to be the significant contributor to the dipole potential,
with the details of the charge distribution contributing second order effects. Of course,
the response of the lipid electrostatics has not been considered in this analysis, and

this must be considered for a proper accounting of all simultaneous effects.
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Chapter 3

FREE ENERGETICS AND THE ROLE OF WATER IN THE
PERMEATION OF METHYL GUANIDINIUM ACROSS THE
BILAYER-WATER INTERFACE

Reproduced with permission from Journal of Physical Chemistry, submitted for
publication. Unpublished work copyright 2012, American Chemical Society.

In the following chapter, we explore the free energetics of charged species, in
this case methyl guanidinium, permeating across a model lipid bilayer. We consider a
model DPPC bilayer as the oft-used proxy for a physiological membrane. We consider
pure water and 1 M KCI systems, the salt concentration being higher than physiologi-
cal conditions in order to sufficiently sample configurations of the ions in the vicinity of
the membrane-water interface. We further explore the nature of water and its ability
to mediate deformations of the lipid bilayer in stabilizing a charged species at the cen-
ter of this model bilayer. There has been much literature on the permeation of polar
and charged solutes into lipid membranes with accompanying hydration shell of water
molecules[88, 89]. We address the idea that this accompanying water also mediates
the interactions between the lipid head groups and permeating solute. We attempt
to study this effect by performing molecular simulations where water is expelled from
the core of the bilayer. We then proceed to remove this constraint in order to observe
any deformations that accompany the permeation of water into the bilayer. Section
3.1.1 addresses the validation of the methyl guanidinium force field through the cal-
culation of hydration enthalpies and comparison to previous literature data. Section
3.1.2 discusses results of the potential of mean force (PMF) for methyl guanidinium
permeation. Section 3.2 presents extended discussion of the results of hydration free

energy calculations, the potential of mean force, decomposition of the potential of mean
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force into contributions from system components, an explanation of the differences of
the PMF’s computed in salt solution versus pure aqueous environments, and finally

discussion of the role of water in potentially mediating membrane deformation.

3.1 Simulation Setup

The membrane system consists of 72 DPPC lipid molecules, arranged in a bilayer
(36 molecules per leaflet), solvated with an approximately 1 M potassium chloride
solution composed of 3203 TIP4P-FQ water molecules[129], 57 KT and 58 C1~ ions, and
containing a single positively charged methyl guanidinium (mguanH™*) molecule. We
performed molecular dynamics simulations using the CHEQ formalism in the constant
particle, normal pressure, lateral surface area, and temperature (NP 4T) ensemble at a
pressure of 1 atm, a temperature of 323 K, and an area per lipid of 63.0 A2, above the
temperature of the liquid-gel phase transition[12] and within the experimental range
for the area per lipid[69]. The pressure was maintained using the Langevin piston
method[2] with a piston mass of 2025 amu in the z-direction, normal to the bilayer.
The temperature of the simulation was controlled using the Nosé-Hoover method|[2, 108]
with a thermal piston mass of 3000 kcal/mol - ps?. Long-range electrostatics were
accounted for by Particle mesh Ewald (PME) summation[25, 38] with a 48 x 48 x
80 A% Fast Fourier transform (FFT) grid, fourth order B-spline interpolation, and
screening parameter x = 0.32. Dynamics were propagated using the Leapfrog Verlet
integrator[2] with a 0.5 fs time step.

The CHEQ lipid force field has been developed and validated for simulations of
hydrated bilayer and monolayer systems in the NP 4T and NVT ensembles|28, 26, 84].
In the current simulations we use an intermediate, revised version of the CHEQ lipid
force field in which 1.) the Lennard-Jones (LJ) non-bond parameters between head
group atoms were varied to facilitate surface tensionless MD simulations in constant
NPT simulations, and 2.) selected dihedral parameters were adjusted to better match
ab initio torsion profiles. The details of the lipid force field modification are given in

Appendix B, with area per lipid and torsion fitting results presented in Figures B.1

37



and B.2, respectively. The CHEQ polarizable force field model for methyl guanidinium
was constructed by adapting the CHARMM CHEQ force field for proteins[115, 120],
extending the electrostatic parameters, hardnesses and electronegativities from the
protein force field for an arginine side chain.

The methyl guanidinium was partitioned into two charge normalization units
to control polarizability scaling. The first unit encompasses the methyl (-CHj) and
secondary amine (-NH) groups while the second unit includes the central carbon and
two primary amine groups (-C(NHj)z). This partitioning allows for consistency with
the existing CHARMM CHEQ protein force field and permits use of the existing non-
bond (LJ and electrostatic) parameters for arginine from the polarizable force field.
The approach has been applied previously by our group in the treatment of proteins,
lipids, and carbohydrates|[164, 29, 28, 26, 119, 174, 173]. The isotropic, gas-phase
molecular polarizability for this molecule was determined to be 6.4 A3 compared to
the value of 7.0 A% from MP2/aug-cc-pVTZ calculations. A reduction in the force
field molecular polarizability is consistent with the decrease in the intrinsic molecular
polarizability observed, in theory, when going from gas to condensed-phase. However,
the exact magnitude of this reduction is currently unknown and poses a challenge
for force field development. We consider only the protonated methyl guanidinium
model compound for our studies. Recent studies[170, 79, 77] have explored the shift in
stability of the protonated and unprotonated species, as manifested in pKa shifts, along
the bilayer normal. For thin membranes, it has been suggested that the protonated
state is plausible, and sustained by a combination of lipid membrane deformation
and long-lived polar (water and lipid) pores across the bilayer stabilizing the charge.
Acknowledging these studies, we focus here on the free energetics of partitioning of the
charged species.

The non-bond (Lennard-Jones) interactions between methyl guanidinium and
lipid head group analogues dimethyl phosphate (DMP) and tetramethyl ammonium

(TMA), as well as with solvent species (water and chloride), were validated through
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the comparison of gas-phase small molecule geometries and interaction energies cal-
culated using the CHEQ force field with those calculated using high level quantum
mechanics. All QM dimer structures were optimized at the MP2/aug-cc-pVTZ level
with the exception of the mguanH*/DMP dimer, which was optimized using the 6-
314++g(2d,p) basis set. Interaction energies were calculated at the MP2/aug-cc-pVTZ
level using the previously optimized structures. Hydrogen bond distances and interac-
tion energies are shown in Table 3.1 and, although overestimated, the hydrogen bond
distances exhibit suitable agreement between the force field and MP2/aug-cc-pVTZ
optimized structures. Interaction energies are consistently underestimated but are in
fair agreement with QM values. In the absence of laborious reparameterization of
the methyl guanidinium interactions with all system species, we consider it sufficient
that for the purposes of the present work, the trend of relative interaction strengths
based on QM and force field calculations are equivalent, with the strongest interactions

occurring between mguanH™ and DMP.

3.1.1 Methyl Guanidinium Hydration Free Energy via Thermodynamic
Integration

To further describe the quality of the present methyl guanidinium interactions
with solvent, as well as to compare with existing literature data from earlier computa-
tional and experimental studies, hydration free energies of methyl guanidinium in dilute
aqueous and hexane solutions were calculated using a cubic box of 988 TIP4P-FQ water
molecules (or 216 hexane molecules) and one mguanH' molecule via thermodynamic
integration (T1I). Following the two step decoupling procedure described by Warren et al
for single ion hydration[165], the mguanHT is first electrostatically decoupled from the

solvent followed by a decoupling of the non-bonded Lennard-Jones (LJ) interactions.

1 1
AGT!,, = AGT + AGY! = / ax (LN / ar, () (3.1)
pra ! 2 0 d)\l No— 0 d)\g =1
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Molecule H-Bond Type REFy (A) RV (A) EFT (kcal/mol) EV (kcal/mol)

DMP HoNH-O 1.69 1.57 -113.73 -120.33
HoNH-O 1.69 1.60

TMA - - - 58.67-14.46 51.94

Water H,NH-O 2.18 2.02 -12.82 -16.57
HoNH-O 2.18 2.00
NH-O 2.31 2.00 -12.00 -16.42
HoNH-O 2.10 2.02
H,NH-O 2.02 1.83 -11.80 -13.39
H,CH-O 2.83 2.76
H,CH-O 2.83 3.00

Chloride  HoNH-CI 2.30 1.96 -93.62 -114.55
HoNH-CI 2.31 2.01
NH-CI 2.36 1.92 -92.19 -112.32
H,NH-CI1 2.26 2.05
H,NH-CI 2.18 1.70 -91.63 -115.63
H,CH-C1 2.92 3.07
H,CH-C1 2.92 2.74

Table 3.1: Hydrogen bond distances and interaction energies between methyl guani-

dinium and lipid head group analog molecules dimethyl phosphate (DMP)
and tetramethyl ammonium (TMA), water, and chloride calculated using
the CHARMM CHEQ force field (FF). Quantum mechanical (QM) in-
teraction energies were calculated at the MP2/aug-cc-pvtz level of theory
using counterpoise correction. All QM calculations were carried out us-
ing the Gaussian 03 package[41]. The H-Bond type indicates the specific
atoms involved to differentiate between methyl guanidinium hydrogens be-
longing to NH3, NH, and CH3 groups. The range in values given for the
mguan/TMA FF interaction energy represent the variation in the inter-
actions found given distance separations (measured between the central
carbon of mguanH* and the central nitrogen of TMA) from 5.7 to 22.7 A
between the two like-charged species while the QM interaction is for an
analogous structure with a separation of 6.1 A. The three values given for
the interaction energies between mguanH™ and both water and chloride
represent three unique and stable geometries around methyl guanidinium.
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where H (\) is the Hamiltonian for the system while A\; and Ay are path coordinates
for the electrostatic and LJ decoupling, respectively. This scheme allows for a com-
plete decoupling of solute-solvent interactions while avoiding any errors arising from
an exposed charge in the absence of any LJ-repulsion. Double wide sampling (forward
and reverse) is employed for both decoupling schemes to reduce sampling bias. Each
lambda window was sampled for a total of 225 ps of molecular dynamics, with the first
25 ps taken as equilibration and the last 200 ps considered for averaging. Simulations
were performed in the NPT ensemble with a pressure of 1 atm and temperature of 323
K. To account for non-bonded LJ interactions beyond the finite cutoff distance, a long
range correction is estimated, as described previously by Zhong et al[174], using an

analytic repulsion-dispersion correction suggested by Shirts[142]:

Eppce(riy) = Z 216 TP €ij /T:on [(ﬂ) _ <&> ] (1 —5S(r5)) 7“2-2]- dr (3.2)

T'ij T'ij
where ¢ and j run over the solute and solvent atoms, respectively, p is the number
density of the solvent molecules, €;; is the LJ well-depth, o;; solute-solvent effective LJ
diameter, r,, is the separation at which the switching function activates, and r,s¢ is

the separation distance at which the LJ cutoff potential is zero (the switching function

if zero). The switching function, S(r;;), is defined in CHARMM as

1 Tij S Ton
2 2 )% (p2 4or2 3,2
S(TZ]) — (Toff Tl]) Z(Toff:_m;l] 3Ton) /ron < Tij S Toff (33)
(Toff_ron)
0 Tij > Toff

We also add an a posteriori correction to account for contributions from the interfacial
potentials of the air-water and air-hexane interfaces. The interfacial potential of a
system can be calculated through double integration of charge density as a function of
distance from the center of the solvent layer along the interface normal as was shown

in Equation 2.8[48].
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3.1.2 Potential of Mean Force

To calculate the equilibrium potential of mean force (PMF) for methyl guani-
dinium traversing the lipid membrane, umbrella sampling windows were constructed
along a reaction coordinate representing the z-component of the difference between
the centers of mass of mguanH™ and the lipid bilayer. Windows were constructed at
1 A intervals in bulk solution (-35 A<2<-33 A) and 0.5 A intervals at the water-
lipid interface and in the interior of the membrane (-32.5 A<2<0 A) for a total
of 69 independent simulation windows. Each window was sampled between approxi-
mately 5.0 and 7.5 ns. The Weighted Histogram Analysis Method (WHAM)[67] was
used for post-simulation unbiasing. The center of mass restraint was imposed using
the CHARMM miscellaneous mean field potential (MMFP) utility[31] and was con-
tinuously monitored to ensure sufficient overlap between adjacent windows. In order
to maintain the system geometry an additional planar restraint was enforced on the
center of mass of the bilayer to prevent drift of the lipid in the z-direction.

To independently confirm the PMF computed via umbrella sampling and WHAM
unbiasing of probability distributions as well as establish a method to allow decom-
position of the overall PMF into contributions from various system components (such
as water, lipid, ions, etc.), we use a somewhat ad hoc force-based approach as follows.
The force decomposition method and caveats related to the use of a lipid reference
and cutoff versus PME electrostatics has been discussed in detail by Li et al[77], and
we refer the reader to that reference and the associated Supporting Information for
relevant details. We compute the PMF defined as:

¢=-35
AW = — [T R(0) (3.4
where ( is the z-component of the center of mass distance between mguanH™ and the
lipid bilayer, (F),) is the average force in the z-direction (normal or the bilayer) expe-
rienced by the mguanH* when it is at position (. The PMF represents the reversible

work associated in changing the relative center of mass distance from a value of -35 A
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(methyl guanidinium in bulk solution) to 0 A (methyl guanidinium in bilayer center).
Since we are using data from the harmonically-restrained MD simulations (which allow
a narrow Gaussian distribution of positions centered at the unique positions selected
along the reaction coordinate) the average force along the reaction coordinate, (F}),
is not exactly associated with a unique value of the reaction coordinate, but averaged
over this narrow Gaussian distribution of positions; in this sense, we consider this an
ad hoc approach. Based on the current results (and those published previously[9]), we
see that both approaches lead to self-consistent results. Finally, we consider the total
force acting on the methyl guanidinium as well as the decomposition of the total force

into constituent contributions:

AW = AWLipid + AVVMguanH?L + AWSolvent
(=% ¢=—35
- _/Czo <F27Lipid(C)>dC—/<:O (F: Mguann+ (€)) d€ (3.5)

(=-35
- <Fz,Solvent(C)> dC
(=0
where the solvent contribution can be further decomposed into water and inorganic ion

(potassium and chloride ion) contributions:

AVVSolvent - AVVVVater + AVVPotassium + AVVChloride

¢=—35 ¢=-35
= [ P = [T Fopoasim(©) A (3.6)
¢=0 ¢

=0
¢(=-35

—_ <Fz,Ch10ride(C)> dC

¢=0

To investigate the effect of the inorganic ion concentration on the PMF, we
construct a KCl-free mguanH"-lipid system in pure water. This No Salt system is
similar to the 1 M KCI Salt system described previously except that all of the inorganic

ions have been removed (except one Cl~ to maintain charge neutrality). A series of
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umbrella sampling windows were constructed analogous to those of the Salt system (69
total) and MD simulations were run for approximately 10 ns.

To study the importance of continuous solvation on the ability of mguanH™ to
penetrate the bilayer and its ramifications on the PMF for permeation we construct a
Water Excluded system, analogous to the 1 M KCI Salt system, with an added restraint
to prevent water from entering the center of the membrane. The planar restraint was
added using the MMFP utility which imposes a penalty function to prevent water from
penetrating the lipid further than + 12 A from the membrane center in the z-direction.
This effectively dehydrates the lipid below the carbonyl groups and prevents mguanH™
from bringing any solvating waters into the membrane. Umbrella sampling windows
were constructed similar to the previous systems but with additional windows spaced
at 0.25 A intervals added in the lipid interior (-4.75 A<2<0 A) Higher harmonic
force constants were required due to the difficulty of generating adjacent windows at
distances further then 0.25 A while approaching the center of the membrane. Each

window of the Water Excluded system (79 total) was run for approximately 10 ns.

3.2 Results and Discussion
3.2.1 Hydration Free Energies

Correction factors for the long-range LJ interactions (past the finite cutoff)
for the mguanH™ /water and mguanH™ /hexane systems were calculated to be -0.90
and -5.52 kcal/mol, respectively. The interfacial potential of TIP4P-F(Q water (at
323 K) was previously found to be -12.45 kcal/mol[84] while that of hexane (at 298
K) was found to be -4.12 kcal/mol[118]. We assume that the interfacial potential
of hexane will not change significantly within the temperature range of 298 to 323
K. Taking into account the correction factors results in a hydration free energy for
mguanH™ in pure TIP4P-FQ (air to water) to be -58.1 + 0.09 kcal/mol and that of
mguanH™ in pure hexane (air to hexane) to be -30.0 £ 0.05 kcal/mol which results
in a partitioning free energy (water to hexane) of 28.1 £ 0.07 kcal/mol. These values

compare fairly well with those of Vorobyov et al using Drude polarizable force fields in
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which the authors find the hydration free energies for mguanH™ in water and in hexane
to be -61.72 4+ 0.09 kcal /mol and -27.54 4+ 0.16 kcal/mol, respectively, and an overall
partitioning free energy (water to hexane) of 34.69 £ 0.19[161]. The lower value we find
for the hydration free energy of mguanH™ in TIP4P-FQ water may be related to the
underestimated interaction energy found using the CHEQ force field versus quantum

mechanical calculations.

3.2.2 Salt PMF

Figure 3.1a shows the total PMF based on umbrella sampling (red, solid curve)
and integrated force (black, dashed curve) for mguanH™ traversing the lipid bilayer; the
dashed curve is shifted by -5 kcal/mol for clarity. The PMF shows a minimum of -4.6
kcal /mol (relative to bulk water) in the region of the lipid head groups. The stability of
methyl guanidinium near the lipid head groups has also been observed in simulations of
an unrestrained mguanH™* which crosses the bilayer-water interface and preferentially
resides in the head group region (see Appendix B and Figure B.3 therein). The barrier
reaches a peak of around 28 kcal /mol (relative to the global minimum in the head group
region) at the center of the membrane. This barrier is about 5-10 kcal/mol higher than,
but reasonably consistent with, previous results using polarizable, non-polarizable and
coarse-grained force fields to simulate the transfer of guanidinium, methyl guanidinium,
propyl guanidinium, and an exposed arginine attached to a polyleucine alpha-helix
across a lipid membrane[136, 33, 77, 161, 78].

The decomposition of the integrated force PMF (Figure 3.1b) shows that the
stabilizing contribution of the lipid (solid, black curve) is offset by the slightly more
destabilizing contribution from the solvent (red, dashed curve). After further decom-
position (Figure 3.1c) of the solvent, the destabilizing contribution arises solely from
chloride (red, dashed curve). The water (solid, blue curve) and potassium (dotted,
black curve) contributions are stabilizing but not sufficiently adequate to balance the
large (about 560 kcal/mol) chloride contribution. The slopes of the profiles are indica-

tive of the sign (direction) of the z-component forces acting on mguanH™ at varying
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Figure 3.1: Decomposition of the potential of mean force for the Salt, No Salt, and
Water Excluded systems. (a, d, g) The PMFs calculated via umbrella
sampling with WHAM analysis as well as through integration of forces.
The integrated force profiles have been offset by -5 A for clarity. (b, e,
h) Decomposition of the total PMF into solvent (red, dashed curves) and
lipid contributions (solid, black curves). (c, f, i) Decomposition of the
solvent contributions into constituent water (solid, blue curves), chloride
ion (red, dashed curves), and potassium ion (black, dotted curves) con-
tributions. Dotted lines at 0 were added to clarify positive and negative
PMF contributions.
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distances from the center of the bilayer. The total lipid contribution is increasingly
stabilizing as the mguanH™ travels into the membrane head group region from the
bulk, reaching a plateau from about -15 to -10 A (in the area of the lipid carbonyls),
and becomes less stabilizing as mguanH™ approaches the membrane center; a large
destabilization (positive slope leading to negative z-direction forces) arises from the
large electrostatic forces of the head groups and carbonyl moieties of distant lipids at-
tracting the positively-charged cation. Similar but opposite behavior is seen with the
solvent contribution which is increasingly destabilizing moving from the bulk and into
the membrane interface, plateauing in the carbonyl region, and becoming less desta-
bilizing towards the center of the bilayer due to the increased stabilization from water
solvating mguanH™ at the center of the membrane. The ion contributions show fairly
linear behavior from the bulk and into the lipid, reaching a plateau towards the center
of the membrane where the force of the ions on mguanH™ will be minimal. We observe
over the course of the simulation that, for the window in which the mguanH™ is in
the center of the bilayer (z = 0), there is at least one lipid phosphate group strongly
associating with the mguanH"™ 94 % of the time as well as several water molecules (1
to 7 on average, and up to 12 in rare instances) surrounding it. We define a lipid or
water molecule as strongly associating if the lipid phosphate or water oxygen atoms
are within 5 A of the mguanH™ center of mass. Coordination profiles and histograms
are presented in Figure 3.2. The profile showing the number of coordinating waters as
a function of time (top, red profile) has been offset by 4 for clarity with a dashed red
line added to indicate zero. Our results are in qualitative agreement with the solvation
profiles observed for mguanH™ in the work of Li et al[77]. We will consider the na-
ture of the water contributions in the various systems (as shown in Figure 3.3) further

below.

3.2.3 No Salt PMF
The large and sole destabilizing contribution of the chloride anions to the total

PMF leads us to explore the effects of ion concentration on the free energetics of
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Figure 3.2: Number of coordinating lipid phosphate (black) and water (red) molecules
surrounding methyl guanidinium (within 5 A of the mguanH* center of
mass) at the center of the lipid membrane as a function of simulation time
(top) and as a distribution over all data (bottom) for the Salt system.
The number of coordinating water molecules (top, red profile) has been
offset by 4 for clarity with the dashed red line indicating zero.
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mguanH™ permeation into the bilayer; we thus consider the extreme case of zero salt
concentration. Figure 3.1d shows the total PMF profiles (WHAM-based and integrated
forces) for the No Salt system, which is similar in shape and magnitude with the PMF
of the Salt system; the black dashed line is the result of the force-based PMF, shifted
by -5 kcal /mol for clarity. A global minimum of -5.7 kcal /mol is seen in the head group
region of the lipid, similar to the -4.6 kcal/mol minimum found in the Salt system.
This slight (1.1 kecal/mol) difference may be caused by the accessibility of additional
mguanH™ bonding sights in the lipid that had previously been occupied by potassium
ions. Taking into account the slightly deeper minimum we see a barrier peak of about
28 kecal/mol at the center of the membrane, consistent with the Salt system. In order
to demonstrate that absence of ions will have no affect on the overall lipid structure,
we compare heavy atom number density profiles between the Salt and No Salt systems,
with details and results shown in Appendix B, Figure B.4.

The similarities between Salt and No Salt systems are intriguing due to the very
large contributions that the ions have in the total Salt PMF. To further explore this
we decompose the PMF into constituent contributions, as done for the Salt system,
via Egs. 3.5 and 3.6 with results shown in Fig 3.1e and f. As in the Salt system,
the favorable lipid contribution (solid, black curve) is offset by an unfavorable solvent
contribution (red, dashed line). While the overall shape and sign of the contribution
profiles resemble that of the Salt system we note that the magnitude of the lipid and
solvent interactions are much lower at the center of the bilayer in the system without
salt. Further decomposition of the solvent contributions (Figure 3.1f) shows that the
single chloride ion (red, dashed line) destabilizes the system by 12.5 kcal/mol. That the
forces from the single chloride are indeed destabilizing (i.e, in the negative z-direction)
while the methyl guanidinium is asymmetrically positioned in the negative side of the
bilayer is demonstrated in Figure B.5 of Appendix B. Water (solid, blue line), having
been stabilizing for the Salt system (-81 kcal/mol), now exhibits a destabilizing contri-
bution of about 20.5 kcal/mol at the center of the bilayer. The slopes of the lipid and

solvent profiles are similar with those of the Salt system with the lipid contribution

49



increasingly stabilizing from the bulk to the head group region, reaching a plateau from
around -17.5 to -12.5 A (slightly closer to the bulk region than in the Salt system), and
becoming less stabilizing towards the center of the membrane. The solvent contribution
is increasingly destabilizing until reaching a plateau and becoming less destabilizing
approaching the membrane center. The water contribution, which comprises the ma-
jority of the solvent contribution, is increasingly destabilizing moving from the bulk
toward the lipid and upon entering the membrane, reaching a plateau (similar to that
of the solvent and lipid contributions) before becoming less destabilizing towards the
center of the membrane. This behavior is starkly different from the water contribution

in the system with salt; we address possible origins of this difference in Section 3.2.5.

3.2.4 'Water Excluded PMF

We have seen that mguanH™ is able to deform the membrane while remaining
solvated by several water molecules which serves to stabilize the cation in the center
of the membrane. We investigate the effects of removing this stabilizing water by
excluding water from the center of the membrane and effectively dehydrating mguanH™
and the lipid head groups that form the lipid deformation. The resulting umbrella
sampling and force based PMFs for the Water Excluded system is shown in Figure
3.1g, the shape of which shows a much steeper rise, starting at around z = -15 A (near
the lipid carbonyl groups), than the PMF profiles for the Salt and No Salt systems.
The PMF reaches a peak value of about 66 kcal/mol (relative to the global minimum
of -4.7 kecal /mol in the head group region) at the center of the bilayer, more than twice
as high than those found for the Salt and No Salt systems in which water is allowed to
permeate the membrane and continuously solvate mguanH™ and any lipid head groups
accompanying the cation into the bilayer.

Decomposition of the PMF into solvent and lipid contributions shows that, as
in the Salt and No Salt systems, that the solvent contribution is strongly destabilizing
while the lipid contribution is stabilizing but not strong enough to offset the solvent.

Decomposition of the solvent contributions shows similarities with the Salt system, in
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that the chloride contribution is the only destabilizing species while the lipid, water,

and potassium all stabilize the mguanH™ in the center of the bilayer.

3.2.5 Water Contribution to Total PMF's

After decomposing the PMF's of the three systems above we find that the water
contribution profiles for the 1 M systems (Salt and Water Excluded) are quite similar
with one another (at least until the region where the planar water constraint takes
effect), while that of the No Salt system is markedly different in magnitude and some-
what in shape. In particular, the water contribution for the Salt system shows that
the water is initially stabilizing as the mguanH™ enters the bilayer, a behavior which is
not observed for the system devoid of salt. This is apparent in the direct comparison
of the three water contribution profiles shown in Figure 3.3. Number density profiles
for select lipid atoms (taken from a Salt system window where methyl guanidinium
was in the bulk) are shown to help illustrate the various regions of the membrane.
We show in Appendix B (Figure B.4) that the average lipid component distributions
are similar for the Salt and No Salt systems. It appears that the local solvation of
the methyl guanidinium as it enters the bilayer in the presence of salt may be similar
to the solvation near the center of the bilayer, thus providing a stabilizing effect. To
corroborate this conjecture, we next consider the detailed hydration forces acting on
the cation as it passes through the bilayer, with particular attention to the nature
(direction and magnitude) of forces from water at different locations around the cation
at various positions along the bilayer normal, as well as the density weighted average
force to account for variations in the amount of water in close proximity to the cation.

Finally, we consider differences in the average forces in the Salt and No Salt systems.

3.2.5.1 Asymmetric Water Solvation
To investigate the difference in the water contributions to the total PMF of
the Salt and No Salt systems we analyze the forces that individual water molecules

exert on methyl guanidinium at various positions in the membrane. For purposes of
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Figure 3.3: Comparison of the water contributions to the total PMF profiles of the
Salt, No Salt, and Water Excluded systems. Number density profiles for
select lipid and salt atoms, taken from the Salt system in which methyl
guanidinium is in the bulk (z = -35 A), are shown to give a sense of the
lipid environment. Vertical dotted lines were added to distance values
of -30, -27.5, and -25 A to guide the reader during the discussion in the
main text.
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making the analysis less complicated, we consider the effects of local water arising
from proximal solvation shells. As the mguanH™ passes through the various chemical
environments, from bulk solution, through the lipid head groups, and into the center
of the membrane, the forces from solvating waters acting on it vary. In the bulk
solution the solvation is isotropic (symmetric) and results in zero overall net force from
water acting on the mguanH'. Once the mguanH™' begins interacting with the lipid
and penetrates the bilayer, solvation becomes increasingly asymmetric with differential
magnitudes of force experienced on either side (solution side or bilayer-center side)
of the mguanH™. To study the effects of asymmetric solvation, we consider water
molecules local to mguanH* (waters with all atoms less than 10 A from the center of
mass of methyl guanidinium) and calculate the z-component of the force from these
water molecules on methyl guanidinium at several positions of mguanH™ as it crosses
the bilayer. This calculation allows us to determine the average z-direction force on
methyl guanidinium as a function of the position of the water molecule relative to the
center of mass of methyl guanidinium. The reference coordinate system we choose
to represent the relative position is a spherical polar coordinate system. We first
define a vector Tecation water Detween the center of mass of the methyl guanidinium and
the water molecule under consideration. The angle between the z-axis of the overall
system and this vector is taken to be 6, and the angle between the z-axis and the
projection of Tution water ONtO the 2-y plane is taken to be ¢. We can thus consider the
z-direction force on methyl guanidinium arising from a water molecule at a relative
position defined by |7eation.water|s 0 @ as F. (|Teation water|, 0, ¢). For visualization of the
position-dependent force on methyl guanidinium from hydration waters, we choose to
plot in ensuing figures F, as a function of the angle 6 by essentially averaging over
the z-y plane angle ¢. We use two more mappings related to the angle 6. First, the
z-position of the water molecule relative to the methyl guanidinium center of mass is
simply z = |Teationwater| €08(#). Thus, plotting with |ation water| COS(#) as one axis
of the figure gives information on the z-position of the water molecule. Second, the

distance in the z-y plane from the center of mass of methyl guanidinium to the water
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molecule is SIMPLY |Feation water| SIN(6); thus, we choose this distance as the second axis
in our ensuing figures.

Forces were calculated using CHARMM with PME (the same grid size used
for full bilayer simulations). Coordinate files were extracted from trajectories and all
lipid, salt, and water (with any atoms outside of 10 angstroms from methyl guanidinium
center of mass) were deleted. The force from individual water molecules was calculated
by looping through the remaining waters and calculating the position of the water and
the total force on the cation. We correct for the force of methyl guanidinium on itself
by deleting all waters and calculating the force on the cation in isolation.

Extracting the forces exerted by water molecules surrounding methyl guani-
dinium allows us to map the variation between contributions from first and higher
solvation shell waters as well as show at which positions water will have a stabilizing or
destabilizing effect. We analyze the final 3 ns of data from several umbrella sampling
windows for both the Salt and No Salt systems. To account for any variation in water
density between windows we weight the forces by the density of water (relative to the
total number of water molecules sampled surrounding mguanH"). An example of the
position-dependent (“raw”) force, relative density, and density weighted forces for the
Salt system at three positions (bulk solution (-35 A), beginning of the head group
region (-27.5 A), and the center of the membrane (0.0 A) is shown in Figure 3.4.

3.2.5.2 Position Dependent Forces

Panels a, d, and g of Figure 3.4 show the average force per water molecules at
positions around a centered methyl guanidinium when the cation is in the umbrella
sampling windows at -35, -27.5, and 0.0 A relative separation, respectively. Shown
are results for the Salt system, with analogous profiles for the No Salt systems (shown
in Appendix B). The lack of data for window -35.0 A at z-position values less than
approximately -7 A corresponds to the edge of the central simulation cell. Positive

forces (lighter color) bias the cation towards the bilayer center (positive z-direction);
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Figure 3.4: Example of the density weighting of force from water molecules on methyl
guanidinium for the Salt system. a), d), and g) Magnitude and direction
of the z-component of the force of water molecules (within 10 A) acting
on methyl guanidinium for mguanH"-lipid center of mass separations of
-35, -27.5, and 0 A, respectively. Positive force values, directed in the
positive z-direction, serve to stabilize methyl guanidinium in the mem-
brane while negative force values, directed in the negative z-direction, are
destabilizing. White space indicates areas in which no water molecules
were sampled. b), e), and h) Density of water molecules within 10 A
of methyl guanidinium with each position relative to the total number
of water molecules sampled within the 10 A cutoff. ¢), f) and i) Force
of water molecules weighted by the relative water densities. The lack of
sampling for the window in the bulk (panels a, b, and ¢) past approxi-
mately -7 A is due to the fact that this position corresponds to the edge
of the central simulation cell.
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negative forces (darker color) bias the cation towards the bulk solution (negative z-
direction). We note some general characteristics. In the locations closest to the cation
(regardless of the ¢ angle in the z-y plane), water contributes a repulsive z-direction
force. Thus, a first-solvation layer water molecule toward the bulk solution side of
the cation center of mass will push the cation towards the center (as evidenced by
the light color) and a first-solvation layer water molecule toward the bilayer center
side will push the cation towards the bulk (dark color). Water molecules in second
and higher solvation shells generally tend to attract the cation, thus contributing in
a manner opposite to the first solvation layer molecules. In the bulk window, -35 A,
contributions from water within 10 A are present from all positions; only at the bilayer
center does the nature of water forces become asymmetric as quite evident in panel g
of Figure 3.4. Panels a, d, and g only show forces at positions where water is found.
This explains the lack of force data in panel g. Panels b, e, and h show the local
water density, with lighter color signifying higher density than darker color. In the
bulk window, the density is symmetric along the z-direction. The symmetry is lowered
at -27.5 A, and a highly asymmetric water density distribution is found at the bilayer
center where the the highest density is towards the head group and carbonyl group
region. In panels c, f, and i, the total density-weighted force maps are shown. These
panels recapitulate the stabilizing behavior of water in the various regions as shown for
the Salt system curve in Figure 3.3. In bulk, the symmetry of water density and forces
around methyl guanidinium leads to net zero total force. At the -27.5 A position, just
past the position of the minimum in the water potential of mean force contribution
in Figure 3.3, the contributions to the overall density weighted force are asymmetric,
thus leading to a destabilizing force from water in this region (the slope of the PMF
is positive, leading to a negative z-direction force). At the bilayer center, the strong
asymmetry in water density, coupled with the stabilizing forces from water at almost
all positions around the cation, leads to a net overall force in the positive z-direction,
which in this case stabilizes the cation at the bilayer center. Thus, the overall effect of

water conferring stability to the methyl guanidinium in the bilayer in the Salt system
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arises from a combination of water density distribution and the character (sign and

strength) of the force from water at various positions around the methyl guanidinium.

3.2.5.3 Density and Density-Weighted Force Differences between Salt and
No Salt Systems

With our motivation being to elucidate the underlying cause for the differences
in the water contributions profiles of the Salt and No Salt systems we directly compare
the water densities and density weighted forces between the two systems by taking the
difference between the No Salt system values and those of the Salt system; that is we
compute density and density-weighted force differences as pnosaly — psare (in the case of
density for instance). We compute this difference for several windows corresponding to
features in the PMF water contribution profiles in Figure 3.3. The difference in water
densities between the No Salt and Salt systems is shown in Figure 3.5 where positive
values correspond to a higher local water density in the No Salt system relative to
the Salt system; negative values correspond to the opposite. In the bulk, density
differences are small. At a position of -30.0 A, an asymmetry emerges, with the Salt
system showing more water density on the bilayer-center side of the methyl guanidinium
center of mass; this region would contribute stabilizing forces on the cation and the
position of -30.0 A corresponds to the biggest difference in the water contribution
behavior; that is, the slopes of the water contributions to the PMF are opposite.

We note that based on analysis of the orientation of mguanH™, the molecule is
oriented with the long molecular axis parallel to the z-direction, in order to maintain
contact between the cationic groups and the lipids functionalities. In Appendix B, we
show the position-dependent forces (Figures B.6 and B.7) and densities (Figures B.8
and B.9) for the Salt and No Salt systems for the reader’s reference.

Based on the biggest difference in the water contributions to the PMF occurring
at -30 A (Figure 3.3, the slopes are of opposite sign) we consider differences at this
position. Figure 3.6 shows the density-weighted force difference (No Salt - Salt). At -30

A, there is a preponderance of regions of negative values around the cation, suggesting
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Figure 3.5: Difference in the water densities between the No Salt and Salt systems
for mguan™-lipid center of mass separations a) -35, b) 30, ¢) -27.5, d) -25,
and e) 0 A. Positive values indicate that there is an increased density of
water in the No Salt system at that position around methyl guanidinium
relative to the Salt system while negative values indicate a decreased
density in the No Salt system relative to the Salt system. Black circles
have added to b) to draw attention to areas in the data discussed in the
main text.
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that the Salt system is contributing more stabilizing forces (the z-direction forces at
most positions around the cation are more stabilizing in the Salt case than in the
No Salt system as signified by the large proportion of dark colored regions). This
result corresponds to the negative slope in the Salt system’s water contribution to
the PMF in this region (shown in Figure 3.3). The origin of this singular difference
in the behavior of water in the Salt and No Salt systems is based on the interplay
of water density differences and position-dependent forces around the cation in this
region. Figures B.6b and B.7b show that the nature of the position dependent z-
direction forces for the Salt and No Salt system are similar (general characteristics
have been discussed above). The densities, Figures B.8b and B.9b, exhibit differences
in the regions corresponding to both stabilizing and destabilizing forces in both systems.
Comparing Figures B.8b and B.9b shows that in the No Salt system, water density is
lower in the positions where water contributes forces that tend to push the cation away
from the bulk solution (simply put, at the “ends” of the cation). This is mirrored in
the density difference, Figure 3.5b. In Figure 3.5b, the Salt system has higher density
for z-positions between -3 to -4 A from the center of mass of the cation; also, there is
higher water density in the Salt system for values of |7.tion,water| c0s(6) from 3 to 10 A
and |Teation water| SIN(0) values of £5 A. From Figures B.6b and B.7b, water molecules
in these regions exert stabilizing forces (towards the bilayer center) except for the small
region between |7qtion water| €0s(#) values of 3 to 5 A. Effectively, the reduced density of
water in the No Salt system in the locations where water exerts forces to pull the cation
towards the center leads to the dramatic differences in the water contributions to the
PMF. Moreover, this effect is local (based on water molecules local to the cation).
The higher local water density in the Salt system correlates with the position of
the chloride anion density profile. Because the chloride prefers to be hydrated either by
water or polar head groups, it is reasonable that chloride anions bring with them water
molecules to some extent. The chloride anion density reaches a maximum around -27.5
A which corresponds to the minimum in the water contribution to the PMF. Thus, as

methyl guanidinium enters the bilayer, as long as there is a local stabilizing asymmetry
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Figure 3.6: Difference in the density weighted forces between the No Salt and Salt
systems for mguan-membrane center of mass separations a) -35, b) 30,
¢) -27.5,d) -25, and e) 0 A.
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in water density, brought about by the asymmetry in the chloride anion density, the
water contribution to the PMF is stabilizing. For methyl guanidinium residing at
positions between 0 and -27.5 A, since the chloride anion density is increasing towards
the bilayer, thus increasing the stabilizing water density, the water contribution to the
PMF is stabilizing. Moving further into the bilayer, the same water molecules now
become destabilizing, thus giving rise to the barrier before finally becoming stabilizing
at the bilayer center.

Finally, we comment that at a separation of -27.5 A, we observe more light
colored regions around the cation, suggesting that contributions from local water
molecules are becoming destabilizing (to an even greater extent than in the No Salt
case so as to counter balance the stabilizing water contribution up to this position).
Moving further into the bilayer center, the regions where the Salt system is more or
less stabilizing than the No Salt system become equal, and the behavior of the water
contribution in both the No Salt and Salt systems becomes analogous. At the bilayer
center, due to the asymmetry in water distribution, water in both systems contributes
stabilizing forces. Panel e of Figure 3.6 shows that in the No Salt system, the wa-
ter molecules closer to the cation provide greater stabilization than the same water
molecules in the Salt system. Moving further towards the interfacial side of the cation,
the water molecules in the Salt system stabilize the cation to a greater degree than

similarly positioned water molecules in the No Salt system.

3.2.6 Core Lipid and Water Contributions

To address the change in the slopes of the profiles for the lipid and water contri-
butions to the total PMF (Figure 3.1) as the core region of the bilayer is encountered,
we explore the energetics towards the center of the bilayer, in the “core” of the mem-
brane. A water or lipid molecule is considered to be in the core if a water oxygen or
lipid phosphorus has a magnitude of |z|-position < 13 A. The results of this analysis
for the Salt, No Salt, and Water Excluded systems are shown in Figure 3.7. For the

Salt and No Salt systems we find similarly shaped profiles. The core water contribution
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is negligible while mguanH™ is in the bulk and becomes destabilizing as it approaches
the carbonyl groups, with waters forced into the membrane center interacting with
mguanH™ presenting an effective “barrier” as these water molecules prefer remain in
the polar environment of the carbonyl region. As mguanH™ moves past the carbonyl
groups, dragging a lipid phosphate into the center of the membrane, the solvating
water mainly exists in the region of the lipid deformation and yields an increasingly
stabilizing contribution. This is a partitioning of the mguanH™ into the bilayer rather
than the waters energetically stable in the carbonyl group region. This effect has been
observed by Li et al[77] though to a lesser extent based on Figure 7 of Reference [77]
as well as Figure S4A and S4B of the associated Supporting Information. The lipid
contribution is slightly stabilizing as the lipid phosphate groups pull mguanH™ into the
membrane but becomes increasingly destabilizing as mguanH™ moves to the other side
of the phosphate groups, pulling them into the membrane, and forming a deformation
of the membrane. This is qualitatively similar to what is observed by Li et al[77].
The overall profiles for the the core lipid molecules are strongly destabilizing (about
62 kcal /mol) while core water molecules are strongly stabilizing (about -57 kcal /mol)
and largely offset the core lipid contribution.

Our results contrast to the results of Li et al [77] using non-polarizable force
fields in that they find the core lipid, while still destabilizing (nearly 50 kcal/mol) is
more than offset by the contribution from core water of about -90 kcal/mol. In our
case, the contributions are of roughly equal magnitude. This difference may be due
to the stronger mguanH"-phosphate interactions and an underestimated mguanH™-
water interaction energy (versus QM calculated values) found using the CHEQ force
field compared to the non-polarizable force field used by Li et al[77]. Nevertheless,
the qualitative behavior of water in the core region appears to be independent of force
field; water in the core region is relatively stabilizing as has been noted in a series of
earlier studies. The Water Excluded systems shows a negligible water contribution due

to the lack of water molecules solvating mguanH™ in the center of the membrane.
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Figure 3.7: Decomposition of the potential of mean force into “core” lipid and wa-
ter contributions for the Salt (black, solid curve), No Salt (red, dashed
curve), and Water Excluded (blue, dotted curve) systems. Water or lipid
molecules are defined as being in the membrane “core” if the water oxy-
gen or lipid phosphorus has a |z|-position < 13 A. Scaled number density
profiles for select lipid and salt atoms, taken from the Salt system in
which methyl guanidinium is in the bulk (z = -35), are included to give
a sense of the lipid environment, similar to those in Figure 3.3.
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3.2.7 Water Defect Mediated Lipid Deformation

Finally, to investigate the role of water penetration in the lipid deformation
process we constructed a system in which the mguanH' was generated and held at
the center (z = 0) of the lipid bilayer, as opposed to slowly crossing down from bulk
solution and through the lipid. A harmonic constraint was used to hold the mguanH™
at the center of the bilayer while a planar constraint, analogous to the one used in the
Water Excluded umbrella sampling windows, prevents water from entering into the
hydrophobic core of the membrane. This prevents the mguanH™ from being solvated
at any point during the simulation. Four replicate systems were run for around 27 ns
each. We find that, over the course of the replicate simulations and in the absence of
water penetration into the bilayer, the lipid head groups do not deform to associate
with the mguanH™. To test if the structure of the bilayer is truly unperturbed while
mguanH™ is at the center of the membrane, we compare the heavy atom density profiles
and head group orientation (W angle) with those of the umbrella sampling window in
which the mguanH" is located in bulk water (z =-35 A), with results of this comparison
shown in Figure 3.8. The number density profiles and PN angle distributions show
that the structure of the lipid membrane with mguanH™ in the center remains intact
and is comparable with that of the Water Excluded umbrella sampling window with
mguanH™ in the bulk solvent.

After several nanoseconds of dynamics on the Water Excluded, unperturbed
systems, coordinate snapshots were extracted and used to create four replicate sys-
tems in which the water constraint was subsequently removed. We find that within a
nanosecond, water begins to penetrate the membrane to solvate the mguanH™. Once
water is allowed to flow into the membrane we see both lipid deformation and the
penetration of chloride ions into the bilayer. Three of the replicates see a chloride
ion (or ions) associating with the mguanH™ before the lipid phosphate can move into
the center of the bilayer. Lipid phosphate then replaces the chloride in associating
with the mguanH™ after several nanoseconds. The other replicate shows immediate

membrane deformation with the lipid phosphate associating with the mguanH™ shortly
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Figure 3.8: (Top) Heavy atom number density profiles for selected components (water

oxygen, lipid head group phosphorus and nitrogen, lipid carbonyl oxygen,
and aliphatic lipid tail carbon) of the systems with a water constraint.
The membrane-centered methyl guanidinium (with unperturbed lipid)
profiles are shown as solid curves while the profiles for the system with
methyl guanidinium located in bulk water (z = -35 A) are shown as
dotted curves. The black dashed line represents the center of the bilayer
(z=0A). (Bottom) Distribution of the head group orientation measured
as the angle between the PN dipole vector and the bilayer normal (z-
axis) for membrane centered (red curve) and bulk (black, dotted curve)
mguanH™.
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after water begins to surround the arginine analog and stays as such throughout the
simulation.

To explore this further we measure the distance between the the center of mass
of the mguanH™ to the associating chloride and lipid phosphorus atoms as a function of
time for each of the four replicates, with the results shown in Figure 3.9. Histograms of
the number of associating species are shown below the distance profiles to indicate when
a chloride (black) or lipid phosphorus (red) atom is within 5 A of the mguanH* center
of mass. Chloride profiles and histograms have been shifted by 30 A for clarity. We find
that, in all of the cases in which chloride penetrates the membrane and associates with
the mguanH™, the chlorides are originally in bulk solution and quickly move through
the lipid. In one case (replicate 2) we see an exchange of chlorides where one penetrates
the membrane, interacts closely with mguanH™, and then is replaced with a second
chloride (brown profile) that moves down into the membrane center (labelled CI~ 1
and ClI~ 2 in Figure 3.9). The positions of the phosphate groups indicates that the
membrane begins to deform from a starting separation of 20 A from the center mass of
the mguanH™ at the beginning of the simulation (consistent with the average position of
the unperturbed lipid phosphate head groups in Figure 3.8) and slowly moves towards
the center of the membrane where it competes with chloride to interact directly with
mguanH'. In replicate 3, however, we see the membrane deform quickly and the
phosphate groups are able to associate with mguanH™ before any chlorides can enter
the center of the membrane. In the cases where chloride penetrates into the membrane,
it does so quickly, on the order of 1 ns or less. Moreover, the chloride is solvated by
varying water molecules as it permeates from the bulk and through the membrane, as
opposed to moving with a larger, constant solvation structure. Analyzing a sampling
of the water that surrounds the chloride atoms in the first hydration shell (within
3.8 A) we find that, although the chloride stays continuously hydrated throughout
the simulation, the water molecules that comprise the hydration shell vary rapidly
and are relatively transient. The results of this exercise demonstrate the importance

of water in mediating the deformation of phosphate groups, even when the methyl
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guanidinium is already at the center of the bilayer. This seems to suggest that the
deformation of the lipid in terms of one or two phosphate groups associating with the
charged species in the bilayer center is the inherent state when the arginine resides in
the center. That is, the deformation of the lipid head groups is not an artifact of the
simulation protocol that involves “pulling” along lipid molecules by their head groups
as the methyl guanidinium is slowly (reversibly) transferred into the bilayer via some

biasing potential.
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Figure 3.9: Distance profiles of chloride and lipid phosphate atoms closest to methyl
guanidinium for four replicate systems in which mguanH™ is at the center
of an initially unperturbed bilayer in which the water constraint has
been removed at the beginning of the simulation (time = 0 ns). Profiles
are measured as the distance from the mguanH™ center of mass to the
chloride and phosphorus atoms. Histograms of the number of associating
species are shown below the graphs to indicate when a chloride (black)
or lipid phosphorus (red) atom is within 5 A of the mguanH" center of
mass. Chloride distance profiles and histograms have been offset by 30 A
for clarity. Replicate (2) shows two chloride atoms (the second of which is
shown in brown) which are able to move toward the center of the bilayer
and associate with mguanH™ at different times during the simulation.
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Chapter 4

CONCLUSION

We have presented results of the predictions of several properties of a DPPC-
water monolayer using novel CHEQ force fields in conjunction with molecular dynamics
simulations. The study further explored the application of non-additive electrostatic
models for representing the interaction between atomic species in lipidic systems. To
date, this is the second study to consider the monolayer-water properties of DPPC using
fully polarizable water and lipid force fields. The CHEQ force fields used here explicitly
treat electronic polarization in a classical treatment of intermolecular interactions.
Structural properties of the lipid monolayer are comparable with experiment and earlier
simulation studies of lipid membrane systems of equivalent size. For the polarizable
force field, we note enhanced penetration of water molecules into the lipid monolayer,
in agreement with the behavior observed for polarizable water in DMPC and DPPC
bilayers. We find that the water dipole moment monotonically decreases from a bulk
value of 2.55 D (at 323 K) to the gas-phase value in the aliphatic tail region of the
monolayer.

The surface pressure, determined as the difference between the monolayer and
pure water surface tensions at 323 K, is predicted to be 22.92 4+ 1.29 dyne/cm, just
slightly below the broad range of experimental values reported for this system. The
surface tension for the DPPC-water monolayer is predicted to be 42.35 £+ 1.16 dyne/cm.
This value agrees with experimental results[147] as well as with DPPC monolayer sim-
ulations using state-of-the-art nonpolarizable force fields[65]. The current results of
simulations predict a monolayer-water potential difference relative to the pure water-
air interface of 0.64 + 0.02 V, an improved prediction compared to the fixed-charge
CHARMMZ27 force field, and overestimating the experimental range of 0.30 to 0.45 V.
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Since the CHEQ model is a charge-based model for polarization, the current results
suggest that explicitly-modeled polarization effects can offer improvements in describ-
ing interfacial electrostatics in such systems. Further development of CHARMM charge
equilibration force field is ongoing and continues to correct the existing deficiencies in
the spirit of force field development[114].

Using an intermediate, revised lipid force field we then investigated the ther-
modynamics of permeation of an amino acid side-chain analogue, methyl guanidinium,
through a model lipid bilayer, DPPC. Using both umbrella sampling and reweighting
in conjunction with average force decomposition, we obtained the potential of mean
force for the reversible transfer of methyl guanidinium through the bilayer. We fur-
ther decomposed the overall PMF into contributions from various system components
including water, lipid, ions, and “core” water and lipids. We explored the effects of
high salt concentrations in the bulk solution, particularly with respect to the influence
of ions on the water contribution to the total PMF. We also investigated the impact
of water permeation into the bilayer on lipid deformability. Finally, we performed our
calculations using a charge equilibration force field developed in our laboratory (and
recently modified as discussed in Appendix B). This is a further application of a new
class of force fields that can allow for differences in charge distributions, in a very gross
sense, when particular molecular species encounter widely varying electrochemical en-
vironments.

With respect to the overall free energetics of methyl guanidinium permeation
through the bilayer, our results are qualitatively in agreement with a range of previous
simulation studies. We find a free energy minimum in the head group region, which
is corroborated by molecular dynamics simulations of the unrestrained methyl guani-
dinium (as shown in Figure B.3 of Appendix B). We find the potential of mean force
for permeation to be approximately 28 kcal/mol (relative to the minimum in the head
groups), within the range of values reported for similar types of simulations using fixed-
charge force fields. By decomposing the overall free energy profile into contributions

from various components, we find that the lipid in total confers a stabilization of the
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charge cation in a range from -12 to -100 kcal/mole depending on the ionic strength of
the bulk solution. For systems with 1 M KCI salt concentration in the bulk solution,
the chloride anion is the sole species destabilizing methyl guanidinium in the bilayer
center, with the potassium, water, and lipids all contributing stabilizing forces. In the
absence of bulk electrolyte (except for a single chloride anion included in the simula-
tion to maintain charge neutrality), we find that the overall water contribution becomes
destabilizing, in stark contrast to the contributions when 1 M KClI is included in the
bulk solution. Upon examining differences in local water density and density-weighted
forces acting on the permeating cation, we find that the interplay between these two
components leads to differences in the asymmetry of water forces on the cation that
manifests in two starkly different behaviors. The presence of chloride anions in one case
gives rise to an enhancement of local water density as the methyl guanidinium enters
the bilayer. These results reinforce current views on the importance of surface active
ions of the Hofmeister series and their interactions with phosphatidylcholine-based lipid
bilayers, particularly with the penetration of such ions along with hydration layers into
the solution-bilayer interface[157]. This enhanced water density in regions around the
methyl guanidinium conferring stabilizing forces, relative to the case where no ions are
included in the simulation, leads to the observed opposite slope in the water contri-
bution to the total PMF as the methyl guanidinium enters the bilayer. The nature
of water contributions to the free energetics of the permeant are similar to the case
where no salt is included in the bath in regions along the reaction coordinate where no
chloride ions are present. At the core of the bilayer, both systems display stabilizing
water contributions arising from a marked water distribution asymmetry.

Finally, we find that water permeation into the bilayer is required for the de-
formation of individual lipid molecules and permeation of ions into the membrane.
Through a series of simulations in which water is first prevented from entering the
bilayer center where methyl guanidinium is restrained, and after equilibration allowed
to enter the bilayer, we find that in the absence of any water defects/permeation into

the bilayer, the lipid head groups do not follow the methyl guanidinium. Only after
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water is allowed to enter the bilayer do we see deformation of individual lipid molecules
allowing association with the amino acid analogue at bilayer center. Moreover, using
the force field we have, we find that it is possible for chloride anions to enter the bilayer
center very quickly after the water is allowed to enter, thus associating with the methyl
guanidinium initially. However, due to the relative energetics of the interaction models
used in this work, we observe that the anions in time are displaced by the lipid head
group phosphates that deform (with the aid of water defects) to associate with the
methyl guanidinium. We believe that this suggests that the deformation of the lipid
in terms of one or two phosphate groups associating with the charged species in the
bilayer center is the inherent state when the arginine resides in the center. Bekker et
al[160] have elegantly demonstrated that the cation, in deforming the membrane, effec-
tively creates an interface that precludes it from experiencing the full positive dipole
potential expected for an unperturbed bilayer[161]. The deformation maintains an in-
terface between high and low potential environments, implying that entry of a second
charged species would be facilitated by the entry of the first. This non-additivity has
also been demonstrated by MacCallum et al[90]. Thus, the deformation of the lipid
head groups is not an artifact of the simulation protocol that involves “pulling” along
lipid molecules by their head groups as the methyl guanidinium is slowly (reversibly)
transferred into the bilayer via some biasing potential. This further supports numerous
earlier studies pointing to the importance of water defects on a local scale in facilitating

structural and dynamic aspects of membrane biophysics[88, 89, 160].
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Appendix A

DPPC o

e I S T TR N SO TN NN S R TR T S S B
0.2 5 10 15 20 25
Lipidic System

Figure A.1: Experimentally determined surface potential shifts for various phospha-
choline lipid monolayer systems at the argon-water interface, as reported
by Smaby and Brockman [Smaby, J. M.; Brockman, H. L. Biophys. J.
1990, 58, 195 - 204.] The lipidic system number designation corre-
sponds to the row in which the lipid is presented in Table 1 of Smaby
and Brockman with the experimentally comparable DPPC system ex-
plicitly labeled.
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Appendix B

B.1 Lipid Force Field Reparameterization

The current charge equilibration (CHEQ) force field for phosphatidylcholine
(PC) lipid bilayers predicts non-zero surface tension resulting in area per lipid values
that are artificially low and the system contracts when run in the constant particle,
pressure, and temperature (NPT) ensemble. In order to alleviate this contraction
and improve the force field’s agreement with experimental area per lipid values, the
interactions between lipid headgroups analogs are adjusted to better match the ab ini-
tio quantum mechanical gas-phase interaction energy and geometry. Small molecule
analogs, dimethyl phosphate (DMP) and tetramethyl ammonium (TMA), were opti-
mized at the MP2/6-31++g(2d,p) level and then interaction energy calculations were
run at the same level with counterpoise correction. The force field interactions were
modified by adjusting the specific non-bond (Lennard-Jones) interaction between the
O2L oxygens atoms of dimethyl phosphate and the CTL carbon atoms of tetramethyl
ammonium. Various sets of modified parameters were tested and the interaction energy

was measured as:

Einteraction - Edimer,ab - (Emonomer,a + Emonomer,b) (B]-)

A summary of the modified parameters, corresponding geometry, and interaction en-
ergies, as well as the ab initio quantum mechanical values are shown in Table B.1.

As a test of the stability of the modified force field we have run a series of pure
DPPC bilayer simulations in the N PT ensemble. The lipid-water interface systems are
composed of 72 DPPC molecules (36 lipids per leaflet) hydrated with 2511 TIP4P-FQ

water molecules and were run at a constant temperature and pressure of 323 K and 1
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Model ¢ (kcal/mol)  Ryin (A)  Rp_ny (A)  Eiy (kecal/mol)

MP2/6-31++g(2d,p) - - 417 -95.4934
FQ -0.114 3.78 4.028 -102.3194
1 -0.114 48 4.2046 -97.2246
2 -0.114 475 4.1849 -97.7777
3 -0.114 4.7 4.168 -98.2965
4 -0.114 4.6 4.1387 -99.2225

Table B.1: Non-bonded (Lennard-Jones) parameters, geometric separation, and in-
teraction energy between lipid head group analogs DMP and TMA. Rp_n
denotes the geometric separation between the two molecules measured as
the distance between the phosphorus of DMP and the nitrogen of TMA.
The first generation CHEQ force field parameters and interaction energy
are labeled as FQ.

atm, respectively. The volume of the system was allowed to fluctuate with a tetragonal
box geometry in which the fluctuation of the x and y-dimensions are coupled while
the z-dimension fluctuates independently. In order to rate the quality of the force
field in the NPT ensemble we monitor the area per lipid for each system over the
course of the simulations with the results shown in Figure B.1. We find that that
the modification with the weakest interaction energy (Model 1 in Table B.1) yields
an area per lipid value that is consistent with the experimental value. However, early
simulation results showed Model 3 as having the most stable area per lipid so these
parameters were used in the mguanH™ /bilayer simulations in the main and supporting
texts. The various mguanH™ /bilayer simulations were run in the NP,T ensemble so
the difference between the modified parameters sets, while still offering an improvement
over the original unmodified force field, should be minimal.

Continuing the refinement of the deuterium order parameters (S¢p), we revised
select torsional energy profiles as has been successfully implemented in the development
of the CHARMM C36 lipid force field[66]. Using model compounds to mimic the
relative torsions, we fit dihedral parameters for the CHARMM torsional function to ab

initio values, as has been described previously[29, 28, 26]. The results of these fittings
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Figure B.1:
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Simulation Time (ns)

Area per lipid as a function of simulation time for different parameter set
modifications as well as the unmodified first generation (FQ) force field.
The profiles are offset by 5 A? for clarity with the horizontal dashed lines
corresponding to the experimental area per lipid value of 63 A2 [69].
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Figure B.2: Dihedral profiles based on model compounds propylmethylphosphate
(PMP) and an esterified glycerol analog ((M)EGLY) and fit to ab initio
data used in the most recent parameterization of the CHARMM nonpo-
larizable lipid force field[66].

are shown in Figure B.2. We note that only the ay, 71, and ~3 dihedral profiles were

used for the force field reparameterization.
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B.2 Unrestrained Methyl Guanidinium

In order to further validate the potential of mean force profiles we ran an addi-
tional simulation using the same bilayer-water interfacial system (1 M KCI Salt system)
as in the main text but in which methyl guanidinium was not restrained to any dis-
tance from the lipid center of mass. Instead it was placed in the bulk and allowed
to move freely throughout the system. We measure the z-component of the difference
in the centers of mass of the free methyl guanidinium and the lipid in order to gauge
where in the system mguanH™ preferentially resides over the course of the simulation.
Results of this analysis are shown in Figure B.3. We find that after a few nanosec-
onds methyl guanidinium travels out of the bulk solvent and moves into the bilayer.
Initially mguanH™ penetrates quite deeply into the membrane (around -15 A from the
membrane center), past the head groups and into the carbonyl region, eventually mi-
grating back toward the interface head group region of the lipid (-20 to -23 A from
the membrane center), consistent with the potential of mean force calculations which
show a global minimum around -22.5 A. The methyl guanidinium begins to move back
further into the bilayer, near the carbonyl region, at a position in which the potential
of mean force calculations predict a barrier of about 2.5 kcal/mol relative to the global

minimum.

B.3 Lipid Structure

To test whether the lipid structure is dependent on the ion concentration of
the system, we compare number density profiles of the Salt and No Salt systems at
mguanH*-lipid center of mass separations of z = -35 A (bulk) and 0 A (membrane
center) with results shown in Figure B.4. We find that the lipid structures are consistent
between the two systems, with no large differences resulting from the presence or

absence of ions.
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Figure B.3: Distance between the centers of mass of an unrestrained methyl guani-
dinium and the lipid membrane as a function of simulation time. The
first 2.5 ns of simulation are not shown due to methyl guanidinium cross-
ing the periodic boundary conditions and appearing in the bulk solution
on either side of the membrane.
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Figure B.4: Heavy atom number density profiles for select species (water oxygen, lipid
head group phosphorus and nitrogen, carbonyl oxygens, and aliphatic
tail carbons) in the Salt (solid curves) and No Salt (dotted curves) sys-
tems at mguanH*-lipid center of mass separations of -35 A (top) and 0

A (bottom).
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B.4 Chloride Ion Position and Forces

In order to demonstrate that the force from the chloride ion on mguanH" in
the No Salt is destabilizing, we measure the z-component of force from chloride as a
function of the z-position of the chloride ion. A correction is included to account for the
force of mguanH™ on itself. Results are shown in Figure B.5 for several mguanH™-lipid
center of mass separations. We find that when mguanH™ is asymmetrically positioned
on the negative side of the bilayer, in the bulk and as it permeates the membrane,
the force from the chloride ion at z-positions that are more negative then that of
mguanH™ or are on the positive side of the bilayer will be destabilizing (force will
be in the negative z-direction) and serve to “pull” mguanH™ out of the membrane.
The only stabilizing force (directed in the positive z-direction) arises when the chloride
ion is between mguanH™ and the membrane, “pulling” it towards the bilayer. When
mguanH™ is at the center of the membrane (z = 0) we find that the force from chloride
on the negative side of the bilayer is destabilizing while the force from chloride on the
positive side are stabilizing, except for a small number of positions near the edge of

the simulation cell in which the force is destabilizing.

B.5 Asymmetric Water Solvation: Forces and Densities

We consider the effects of water molecules in close proximity to mguanH™ (all
water atoms within 10 A of the center of mass of mguanH") by calculating the average
z-component of the force from the local water molecules acting on mguanH™ as a
function of the water molecule position, as described in the main text section entitled
Asymmetric Water Solvation. The results of the position-dependent force from local
water molecules is shown in Figure B.6 for the Salt system and Figure B.7 for the No
Salt system for several mguanH"-lipid center of mass separations. We also consider
the density of water local to mguanH™ (relative to the total number of water molecules
sampled surrounding mguanH™) with results shown in Figure B.8 for the Salt system

and Figure B.9 for the No Salt system.
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Figure B.5: Force (in the z-direction) of the chloride ion on methyl guanidinium for
the No Salt system as a function of the z-position of the chloride ion.
Results are shown for several PMF windows in which the mguanH™-
lipid center of mass difference is -35, -25, -20, -15, -5, and 0 A. The
vertical dashed line signifies the constrained position of mguanH™ in the
membrane system while the horizontal dashed line represents a force

value of 0.
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Figure B.6: Force in the z-direction from individual local water molecules (all atoms
within 10 A of the center of mass of mguanH™) acting on methyl guani-
dinium for the Salt system. Forces are calculated for mguanH™-lipid
center of mass separations of a) -35, b) -30, c) -27.5, d) -25, and ¢) 0 A.
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Figure B.7: Force in the z-direction from individual local water molecules (all atoms
within 10 A of the center of mass of mguanH™) acting on methyl guani-
dinium for the No Salt system. Forces are calculated for mguanH™-lipid
center of mass separations of a) -35, b) -30, ¢) -27.5, d) -25, and ¢) 0 A.
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Figure B.8: Density of water molecules surrounding methyl guanidinium (all atoms
within 10 A of the center of mass of mguanH*) calculated for the Salt
system. Densities are calculated for mguanH"-lipid center of mass sep-

arations of a) -35, b) -30, ¢) -27.5, d) -25, and ) 0 A.
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Figure B.9: Density of water molecules surrounding methyl guanidinium (all atoms
within 10 A of the center of mass of mguanH*) calculated for the No
Salt system. Densities are calculated for mguanH"-lipid center of mass
separations of a) -35, b) -30, ¢) -27.5, d) -25, and e) 0 A.
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