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Abstract—In this paper, a mesoscopic-to-observable dynamic
model of the pore formation measurement platform is presented.
The platform is composed of a controllable engineered tethered
membrane. Using the mesoscopic-to-observable model and exper-
imental measurements allows the platform to be used to gain
insight into the pore formation dynamics of peptides in biologi-
cal membranes. These results are useful for the development of
novel drugs, gene delivery therapies, and controlling pore forma-
tion in cell-like bioreactors. The model consists of coarse-grained
molecular dynamics, a continuum model composed of a gener-
alized version of Fick’s law of diffusion coupled with surface
reaction—diffusion equations, and a fractional order macroscopic
model. We consider the pore formation dynamics of the antimi-
crobial peptide PGLa using the dynamic model and experimental
measurements from the platform. The results provide a possi-
ble reaction-mechanism for PGLa pore formation in charged and
uncharged membranes, which accounts for binding, translocation,
and oligomerization of PGLa. The reaction-mechanism suggests
that PGLa not only increases the number of pores in negatively
charged membranes, but also increases the lifetime of pores com-
pared to PGLa pores in uncharged membranes. Though results
for PGLa are presented, the dynamics model and platform can be
used to investigate the pore formation dynamics of other peptides.

Index Terms—Tethered bilayer lipid membrane, bioelec-
tronic interface, generalized reaction-diffusion, coarse-grained
molecular dynamics, fractional order operators.

I. INTRODUCTION

ORE forming peptides are crucial to the attack

and defense mechanisms of biological organisms.
Understanding the chemical kinetics of pore forming peptides
provides vital information of use to pharmacologists to tar-
get specific classes of peptides for in depth pharmaceutical
screening for novel drugs. In this paper a dynamic models
of the pore formation measurement platform (PFMP) is pre-
sented which can be used to gain insight into the pore formation
reaction mechanism and potency of pore forming antimicro-
bial peptides. We apply the dynamic model and experimental
measurements from the PFMP to study the pore formation
dynamics of PGLa (peptidyl-glycineleucine-carboxyamide), a
membrane-active antimicrobial peptide produced in special-
ized neuroepithelial cells in the African frog Xenopus lae-
vis [1]. In addition to the antimicrobial activity of PGLa, it
also contains anticancer [2], [3], antiviral [4], and antifungal
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properties [5]. The remarkable feature of PGLa is that it pro-
vides a potential source for new antibiotics against increasingly
common multiresistant pathogens (i.e. “superbugs”) such as
methicillin-resistant Staphylococcus aureus [6)].

A schematic of the PFMP is provided in Fig. 1. The mecha-
nism of action of antimicrobial peptides involves the molecule
binding to the membrane surface, then undergoing orienta-
tional, conformational, and oligomerization processes to create
a conducting pore. The principle detection mechanism of the
PFMP is that by measuring the current response of the PFMP
it is possible to estimate the time dependent conductance of
the tethered membrane using a dynamic model. The membrane
conductance is dependent on the number of conducting pores in
the tethered membrane. The tethered membrane surface is engi-
neered to mimic prokaryotic, eukaryotic, and archaebacterial
membranes, and can therefore be used to measure the speci-
ficity of attack of pore forming peptides. The benefit of using
the PFMP compared to methods such as lytic experiments,
gel electrophoresis, site-directed mutagensis, and cryoelectron
microscopy [7]-[10] is that the tethering density, electrolyte
composition, membrane composition, and applied transmem-
brane potential can all be controlled by the experimentalist. To
gain insight into the reaction pathway leading to pore forma-
tion requires a dynamic model that accounts for the diffusion
of the peptides in solution, and the reaction-diffusion processes
present on the membrane surface.

The dynamic model is composed of three levels of
abstraction: a fractional order macroscopic model, a general-
ized reaction-diffusion continuum model, and coarse-grained
molecular dynamics (CGMD) as illustrated in Fig. 2. The
macroscopic model accounts for diffusion limited process at
the electrode surface and predicts the membrane conductance
G, (t) given the measured current response [ (¢) from the
PFMP. The CGMD model is used to estimate the diffusion coef-
ficient D of surface bound and transmembrane bound peptides,
and is also used to gain insight into the dynamics of binding,
translocation, and oligomerization required for pore formation.
The computed diffusion coefficients are then used in a gener-
alized reaction-diffusion model which accounts for the steric
effects of molecules using a “Langmuir” like activity coefficient
[12]. The generalized reaction-diffusion equation is coupled to
the surface reaction equations via a “Langmuir-Hinshelwood”
like equation classically used to describe surface binding of
molecules. As conducting pores form in the tethered membrane,
the conductance of the membrane will increase proportionally
to the number of pores. This allows the concentration of surface
bound pores to be used to estimate the membrane conduc-
tance G, (¢). Validation of a proposed pore formation reaction
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Fig. 1. Schematic of the Pore Formation Measurement Platform (PFMP). A
voltage potential is applied between the gold electrode and counter electrode
(not shown) and the current response /(f) is measured. The PGLa peptide
binds to the membrane surface, then undergoes oligomerization steps to cre-
ate a PGLa pore with conductance G p,. The current response / (¢) of the PFMP
is dependent on the number of conducing PGLa pores and the equilibrium num-
ber of aqueous pores with conductance G, present in the tethered membrane.
The dashed beads represent mobile lipids on the membrane surface, the gray
beads are mobile lipids adjacent to the gold electrode, and the black beads
are tethered lipids. The construction and formation of the PEMP is provided
in[11].
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Fig. 2. Schematic of the mesoscopic-to-observable model. D is the diffusion
coefficient of bound PGLa peptides, f;m (1) is the predicted conductance, 7 (t)
is the measured current from the PFMP (Fig. 1), and G, (¢) is the measured
conductance.

mechanism is achieved when the experimentally measured
conductance G, (t) and numerically computed conductance
ém (t) are in agreement.

The paper proceeds by presenting the mesoscopic-to-
observable dynamic model (Fig. 2) in Sec. II for the PFMP.
In Sec. III numerical predictions of the pore formation dynam-
ics of the antimicrobial peptide PGLa in a DphPC membrane
are provided. DphPC archaebacterial lipids were selected for
two primary reasons. First, DphPC lipids have been used exten-
sively in the study of the interaction of proteins and peptides
with membranes—especially in experiments in channel forming
proteins (refer to [13]—[15] for details) as they are highly resis-
tant to the permeability of ions. Second, using the DphPC lipids
in the PFMP allows the membrane in the platform to remain
intact for long periods of time (up to weeks) which make it ideal
for studying the pore formation dynamics of PGLa. Sec. IV pro-
vides experimental measurements of the PFMP to exemplify
the detection ability and model accuracy of the PFMP. Closing
remarks are provided in Sec. V.

II. DYNAMIC MODEL

To estimate important biological parameters (e.g. mem-
brane capacitance C, and conductance G, (¢)) from the
experimentally measured current response of the PFMP
requires a dynamics model. In this section a mesoscopic-to-
observable model is presented for the PFMP. The dynamic
model is illustrated in Fig. 2 and is composed of three lev-
els of abstraction: coarse-grained molecular dynamics, a gen-
eralized reactiond-diffusion equation, and a fractional order
macroscopic model.

A. Fractional Order Macroscopic Model

In this section a fractional order macroscopic model is pro-
vided to compute the current response of the PFMP. The
detection mechanism of PEMP is based on how the conductance
of the tethered membrane increases as pores form in the mem-
brane. The change in conductance is a measure of the potency
of peptides on the membrane and can be used to estimate
the reaction mechanism leading to pore formation. Fractional
order operators are utilized in the model as the gold surface
bioelectronic interface of the PFMP may contain diffusion-
limited charge transfer, quasireversible charge transfer, and
ionic adsorption dynamics. These double-layer charging effects
can be modeled using fractional order operators [16].

The PFMP is composed of three distinct regions: the bioelec-
tronic interface at the gold electrodes, the tethered membrane,
and the bulk electrolyte solution. The membrane is assumed
to be polarizable and to also contain aqueous pores as a
result of random thermal fluctuations. This allows the teth-
ered membrane to be modeled by an effective permittivity
with capacitance C,, in parallel with the tethered membrane
conductance G, (t) [11], [17], [18]. G, (¢) is dependent on
the population of aqueous pores and conducting PGLa pores
present. Note that for membrane potentials below 50 mV, the
population of aqueous pores is constant—that is, only the for-
mation and destruction of PGLa pores will cause a change
in the membrane conductance. Since a voltage excitation of
20 mV is used, the population of aqueous pores is constant
and is accounted for by the associated equilibrium membrane
conductance G,. Therefore, any change in G, (¢) is a result of
PGLa pore formation. The bulk electrolyte solution is assumed
to be purely ohmic with a resistance R,. There exists an elec-
trical double layer [19] at the bioelectronic interface of the
PFMP which can be modeled using a capacitor if diffusion-
limited charge transfer, quasireversible charge transfer, and
ionic adsorption dynamics are not present. If these double-layer
charging effects are present then the bioelectronic interface
can be modeled using a constant-phase-element composed of
a capacitance Cy4; and the fractional order operator p. If p < 1
then a diffusion-limited process is present, and if p = 1 then
a diffusion-limited process is not present. The electrode capac-
itance adjacent to the tethered membrane is denoted by C.g41,
and the counter electrode capacitance by C.q;. An excitation
potential V,(¢) is applied across the two electrodes of the
PFMP and the current response I (¢) is measured. The fractional
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Fig. 3. Fractional order macroscopic model of the PEMP. The circuit parame-
ters are defined in Sec. II-A.

order macroscopic model of the PFMP biosensor is given
by (Fig. 3):
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where Cy; is the total capacitance of the gold electrode C,4; and
counter gold electrode C.4; in series with p in (1) the fractional
order operator, V,, is the transmembrane potential, and Vy; is
the double-layer potential. Given the drive potential V,(¢), and
the static circuit parameters C:q;, Cpqi, Cin, and R,, the mem-
brane conductance G, (t) can be estimated from the measured
current /(¢).

Using a sinusoidal drive potential V(1) = V,sin(2x ft) with
frequency f and magnitude V, below 50 mV, the current
response of the PFMP can be computed using a set of algebraic
equations. Converting (1) and (2) into the complex domain
with V(t) = V,sin(2rft), the current response of the PFMP

is given by:
1 —1
] )

+ - + —
© Gm+ j2nfCn - (j27f)PCy

I(f)=V0|:R

In (3), j denotes the complex number »/—1. Note that the
impedance Z( f) of the PFMP biosensor is given by the expres-
sion in [-] of (3). Assuming G,,(¢) is static during the mea-
surement of 7/(f), the membrane conductance G,,(¢) can be
computed using a least-squares estimator with a cost function
given by the difference between the measured current and the
computed current from (3).

B. Generalized Reaction-Diffusion Model

In this section a generalized reaction-diffusion continuum
model is presented to predict the dynamics of the membrane
conductance for a given pore formation reaction mechanism.
The reaction mechanism is validated when agreement between
the experimentally measured conductance G, (¢) from the frac-
tional order model and the predicted membrane conductance
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Fig. 4. PFMP and a schematic of the computational domain for the generalized
reaction-diffusion continuum model. The parameters are defined in Table II.
92, is the boundary of the tethered membrane illustrated by the black boxes,
and 0€2;, is the analyte input flow-chamber indicted in gray.

G (1) is realized, refer to Fig. 2. The computational domain of
the continuum model is provided in Fig. 4. A two-dimensional
simulation domain is considered as the chamber width of the
PFMP is W =3 mm and chamber height 4, = 0.1 mm. As
shown in [20], for h,/W < 0.1 the variation in concentration
along the width of the chamber is negligible. For the PFMP
the aspect ratio is h,/ W = 0.03, therefore a two-dimensional
domain can be used to model the reaction-diffusion dynamics
in the PFMP.

1) Reaction Mechanism of PGLa: The chemical reactions
leading to pore formation occur at the surface of the tethered
membrane, denoted by d<2g,r. The conductance of the mem-
brane G, () is dependent on the concentration of conducting
pores in the membrane. To compute the concentration of con-
ducting pores we consider the following reaction mechanism:

ko & ki ke
as=my— pi npr — Pn mp, — ¢, €]
d

where m is the membrane-bound monomer, p; is the protomer,
pn is the conducting pore containing n protomers, and ¢ is a
closed pore. Note that after the peptide binds to the surface, it
may undergo conformational and/or orientational changes prior
to forming the pore. Once these changes have completed the
monomer is denoted as a protomer. In (4) kg4 is the dissociation
constant, k,, is the rate of protomer formation, k; the associa-
tion rate constant, k rate of protomer binding which includes
the translocation of the peptide from the surface to the trans-
membrane orientation, and k. the rate of pore closing with n and
m denoting stoichiometric numbers. We define the association
rate constant k! as decreasing as the number of membrane-
bound peptides increases. If we denote mpyax as the maximum
number of bound peptides, then the association constant is
defined as k; = kq(Mmax — M1 — p1 — np, —nmc). Note that
if a was constant, then the surface binding mechanism in (4)
resembles the “Langmuir-Hinshelwood” equation that is classi-
cally used to describe the dynamics of adsorption processes at
surfaces.

Remark: The process of PGLa binding to the membrane sur-
face (i.e. lipids) is a non-covalent molecular binding event. Such
a bonding process can be modeled using coarse-grained molec-
ular dynamics as no chemical bonds are formed between the
PGLa and the lipids, however there is an attraction between
the PGLa and the lipids such that the PGLa and lipids remain
in close proximity to each other. This results as PGLa has an
amphiphilic a-helical structure (e.g. the 4 positively charged
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lysine residues on one side are hydrophilic and prefer to be
adjacent to water, the residues on the other side are hydropho-
bic and are lipophilic which prefer to be adjacent to the
lipid membrane). Given that PGLa has a charge of +4, the
specific membrane binding mechanism is a combination of
“non-specific hydrophobic association” and “peptide-lipid elec-
trostatic interactions” for negatively charged membranes. The
reaction mechanism (4) is a Hill-type approximation [21] of
the aggregation and binding processes of the reaction mech-
anisms presented in [22] for o-Hemolysin pores, and in [23]
for Cytolysin A pores. We do not consider the sequential bind-
ing (e.g.2p1 — p2; p1 + p2 = p3s...;p1+ Pn—1 —> pn)asa
result of model identifiability—that is, if (4) is in agreement with
the experimentally measured results, then a sequential binding
process is guaranteed to fit the data with a series of slow binding
steps followed by a fast binding step.

2) Electrolyte and Surface Diffusion of PGLa: The mem-
brane conductance is dependent on the the chemical reactions
and diffusion dynamics of PGLa. To model the diffusion
dynamics of PGLa in solution we utilize a generalized version
of Fick’s law given by:

da 3

==V (Daw + DyaVn (1 - NAraa>> .G
where a is the concentration of PGLa in solution, D, is the
diffusion coefficient of PGLa, Ny is the Avogadro’s constant,
and r,, is the effective radius of PGLa in solution. The maximum
concentration of analyte possible is given by @, = 1/N Ara3
which assumes a cubic packing structure. Note that for (5) to
be a suitable model, electrodiffusive effects must be negligible
in the electrolyte. This assumptions holds for Fqg,u,aV¢ <
1, where F is Faraday’s constant, g, is the charge of PGLa,
and u, is the ionic mobility PGLa. The generalized version of
Fick’s law includes a “Langmuir” type activity coefficient to
account for the steric effects of PGLa—that is, the steric effects
are accounted for by modifying the associated concentration.
As seen, if r, = 0 then we obtain the standard Fick’s law of
diffusion from (5).

In the membrane there exists surface bound PGLa with con-
centration m, protomer monomers, protomer dimers, higher
order protomer complexes, and conducting pores, with con-
centrations given by: a,m, p1, p2, ..., pn. The dynamics of
the PGLa peptide complexes in the membrane are governed
by the following surface reaction-diffusion partial differential
equations:

om
., = Vs '-lm+Rm»
at
Jn = (D, Vym + D,ymVin (1 — NA(r,%lm + Zrl-zp,-)) ,
a .
L=V S+ Ry,
ot
Ji = (DyVspi + DipiVin (1= NaGim + Y r?p)).
fori € {1,2,...,n}. (6)

In (6) V; is the surface gradient, D is the surface diffusion
coefficient of the respective species, r is the effective radius
of each species, and R, denotes the change in concentration as

a result of PGLa binding to the membrane surface, and R; the
subsequent chemical reactions leading to pore formation. The
boundary conditions of (5) and (6) are given by:

n-D,Va = R, in 0Qgurf,
n- D, Vim = 0in 0Qp,

n-D,Va = 0 otherwise ,
n-DiVipi =0in 0. (7)

with 0Qgr the membrane surface, and 92, the boundary of
the membrane surface, and » the unit normal vector. In (7), R,
denotes the binding process of the PGLa peptide in solution
to the membrane-bound state m. The chemical reaction rates
R, R, and R; can be computed from reaction mechanism (4).
Initially the solution of PGLa with concentration a, is inserted
into a flow-cell chamber defined by d2;,. The initial conditions
of (5) and (6) are given by:

ali=o = 0 otherwise ,
Dili=0 = 01n 0 Qqurf. (8)

ali=0 = do in 3R,

ml;=p = 01n 0 Qyt,

The conductance of the membrane is dependent on the
concentration of conducting PGLa pores and the equilibrium
number of aqueous pores in the membrane resulting from ran-
dom thermal fluctuations. Denoting G, as the conductance of
the aqueous pores, then the total conductance of the membrane
is given by:

Gn(1) = Go + 1) / pa(t. X)dS. ©)

02surf

In (9), k) is a proportionality constant relating the mean con-
ductance of the pores to the molar concentration of pores p;,.
The mean conductance of each PGLa pore G, (Fig. 1) is equal
to kp/Na where Ny is Avagadro’s constant. From experimen-
tal measurements and theory G, is expected to be in the range
of pS-nS [24], [25].

Given the initial concentration a,, the diffusion coefficients
D from coarse-grained molecular dynamics, the governing
equations (5) and (6) with the boundary conditions (7) and
initial conditions (8), the conductance of the membrane can
be estimated using (9). Given measurements, the experimen-
tal membrane conductance denoted G,,(f), can be evaluated
as the solution of the fractional order macroscopic model.
Then least squares estimates of the reaction rate constants
R, (1), R, (1), R;(t) that describe the pore formation reaction
mechanism can be obtained by minimizing (G,, (t) — Gm (1))?
at each time ¢.

C. Coarse-Grained Molecular Dynamics

The CGMD model is used to gain insight into the reaction
mechanism and dynamics leading to PGLa pore formation, and
the diffusion coefficients D in (6). For studying the dynamics of
PGLa binding, insertion, and oligomerization requires a simu-
lation size of tens of nanometers with a simulation time horizon
of several microseconds [26]. All-atom molecular dynam-
ics is practically limited for this system size and simulation
time, however using CGMD allows a 2-3 orders of magnitude
increase in both system size and simulation time compared to
all-atom molecular dynamics simulations [27]. Therefore, we
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employ the non-polarizable MARTINI force-field [26], [28] to
perform all CGMD simulations in [13]-[15], [29]-[33]. Note
that the CGMD model is validated in Sec.III using results
from the all-atom molecular dynamics simulation in [13]-[15],
[29]-[33]. Note that the CGMD model is not utilized to study
the formation process of aqueous pores (i.e. water filled pores
formed by ionic gradients), for details on the formation process
of aqueous pores the reader is referred to [34], [35].

The antimicrobial peptide PGLa contains 21-residues
with amino-acid sequence (GMASKAGAIAGKIAKVALKAL
-NH,). As a result of recent advances in 2H-NMR, >N-NMR,
and 1YF-NMR spectroscopy [36]-[42] it is known the PGLa
peptide has a a-helical configuration when membrane-bound.
The transmembrane state of PGLa (i.e. the long axis of the pep-
tide is parallel to the membrane normal) has not been observed
at physiological temperatures with NMR as the lifetime of con-
ducting pores is too short for NMR measurement [42]-[44].
However from recent NMR measurements [42] when a 1:1
mixture of PGLa and Maginin 2 is used, the PGLa has been
observed in the transmembrane state and retains the «-helical
structure. Though the transmembrane configuration of PGLa,
with no additional peptide present, has not been observed
experimentally, it is suggested that for high peptide to lipid
ratios the configuration of the transmembrane PGLa monomer
retains the «-helical structure [44], a common trait of simi-
lar a-helical peptides including Alamethicin [45], Maginin 2
[46], and Melittin [47]. Additionally it is known that amine-
terminus and carboxyl-terminus of antimicrobial peptides are
thermodynamically stable (i.e. local energy minimum) when in
contact with the surface of the membrane [48]. Therefore, for
all CGMD simulations the secondary structure of the PGLa is
constrained to have a a-helical structure.

The all-atom PGLa is constructed using the software
Molefacture contained in VMD [49]. The secondary-structure
of the membrane-bound PGLa is defined by a «-helix with ¢ =
—57° and ¢y = —47°. The all-atom PGLa is coarse-grained for
use with the MARTINI force field using the protocol described
in [27] with each CGMD bead representing approximately four
heavy atoms. A schematic of the all atom structure of PGLa and
coarse-grained PGLa structure are provided in Fig. 5. The mem-
brane is modeled using 512 DphPC CGMD molecules. The
parameters of the CGMD model and setup for the surface bind-
ing, translocation of surface bound to transmembrane bound,
and oligomerization are provided in Appendix C.

III. NUMERICALLY PREDICTED DYNAMICS OF PGLA

In this section we estimate the chemical kinetics of PGLa
pore formation using the PFMP and mesoscopic-to-observable
model constructed in Sec.Il. The CGMD model parameters and
setup are provided in Appendix C.

A. Diffusion of PGLa and Membrane Properties from Coarse-
Grained Molecular Dynamics

The surface bound and transmembrane diffusion coefficients
of PGLa play a central role in the dynamics of PGLa pore
formation in biological membranes (refer to (5) and (6)). To
estimate these important parameters we use the CGMD model

Fig. 5. Schematic of  the all-atom structure of  PGLa
(GMASKAGAIAGKIAKVALKAL-NH,) and the corresponding MARTINI
coarse-grained structure constructed using the protocol in [27]. The PGLa
backbone beads are displayed in red, and side chain beads in yellow.

TABLE I
DIFFUSION COEFFICIENTS OF PGLA PROTOMERS (y,mz/s)
Monomer Dimer Trimer
Transmembrane 91.24+19.5 41.84+16.0 | 26.254+9.0
Surface Bound 1275+ 124 | 50.7+14.4 21.0+8.0

of PGLa. The diffusion coefficients for surface bound and
transmembrane bound monomers, dimers, and trimers is pro-
vided in Table I. As expected the diffusion coefficient of the
PGLa protomers decrease as the number of monomers in each
protomer increases. Interestingly the diffusion coefficients for
the transmembrane protomers satisfy the “free-drain limit”
[50] in which the diffusion coefficient satisfies D, = D;/n
within the error bounds. This effect has been observed for
membrane-bound proteins using single-molecule fluorescence
spectroscopy techniques [51]. We do not consider the diffusion
of higher order protomers as the CGMD model results are in
agreement with the experimentally measured results for PGLa
protomers containing up to three monomers.

The diffusion of PGLa (Table I) is dependent on the accu-
racy of the CGMD model of the DphPC lipid bilayer. To
validate the DphPC model we compare the lipid and water
diffusion coefficients, membrane thickness, area per lipid, and
the aliphatic chain deuterium order parameter [29]-[31] of
the lipids. The diffusion coefficient of the DphPC lipids is
84.9 4+ 0.2 um?/s, in excellent agreement with the expected
range of 10-100 #m? /s [33]. The estimated diffusion of water
is 2.00 £ 0.02 nm?/ns, in agreement with the experimentally
measured diffusion coefficient of water 2.30 nm? /ns [52]. The
computed thickness of the membrane is 4.0 £ 0.1 nm, which is
in agreement with the molecular dynamics results in [13]-[15],
[29]-[32] which are in the range of 3.6 to 4.0 nm. The estimated

area per DphPC lipid is 62.3 +0.3 Az, in agreement with
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Fig. 6. Computed chain order S. (Appendix C) from the CGMD model, and
the aliphatic chain deuterium order parameter from the molecular dynamics
simulations of ester-DphPC, ether-DphPC, and DPPC [29]-[31] scaled by a
factor of —2. The error bars on the CGMD markers indicate the associated error
for each data point. For the ester-DphPC molecules (MD#1,MD#2) and ether-
DphPC molecules (MD#3), the carbon numbers (3, 7, 11, 15) are attached to
the methyl groups with 16 denoting the terminal methyl, and for DPPC carbon
15 represents the terminal carbon of the aliphatic chain.

the molecular dynamics results reported in [13]-[15], [29]-

[32] which range from 62 to 80 Az. How does the deuterium
order parameters Scp [29]-[31] from molecular dynamics com-
pare with the lipid order in the CGMD model S, (refer to
Appendix C for definition of Scp and S.)? From Fig. 6 we see
that results from the CGMD model are in reasonable agreement
with the deuterium order parameters from molecular dynamics
for ester-DphPC and DPPC membranes. Note that results from
molecular dynamics have illustrated that the order parameters
for ether-DphPC lipids have a higher order parameter then the
ester-DphPC [32]. Therefore, given that the CGMD model is
constructed using ether-DphPC, it is expected that the CGMD
model would have higher order parameters compared with the
ester-DphPC lipids. The results in Fig. 6 also suggest that ether-
DphPC lipids have a higher order parameter then the DPPC
lipids. This results as the aliphatic chains in ether-DphPC form
a tightly packed network with neighbouring hydrocarbon chains
being interdigitated which results in an increase in their order
parameter compared to that of DPPC [32].

B. Surface Binding and Oligomerization of PGLa From
Molecular Dynamics

In this section the CGMD model of PGLa is used to gain
insight into the mechanism of surface binding, translocation
of surface bound peptides to the transmembrane state, and
oligomerization. Surface binding and entry into the trans-
membrane state are key steps in the pore formation reaction
mechanism presented in Sec.II-B.

Fig. 7 presents the surface binding, translocation, and
oligomerization processes of PGLa in a DphPC membrane. An
explanation of each reaction mechanism is provided below.

1) Surface Binding of PGLa: Following the method pre-
sented in [36] for monomer insertion, the PGLa monomer is
initially placed above the DphPC membrane with an a-helix
configuration. Recall from Sec.II-C that the membrane-bound
secondary-structure of PGLa is «-helical as measured exper-
imentally from NMR spectroscopy [43], [44], [53]-[55]. The
peptide to lipid ratio of the monomer binding is 1:512. As
seen in Fig. 7 the amine-terminus of the PGLa monomer first

Monomer Insertlon

Fig. 7. Snapshots of CGMD bead positions for the surface binding, transloca-
tion, and oligomerization of PGLa in a DphPC membrane. The NC3 bead is
displayed in blue, the PO4 bead in orange, the lipid tail carbons in green beads,
the PGLa backbone beads in red, PGLa side chains using yellow beads, and
water using light blue beads. The CGMD setup and parameters are defined in
Appendix C.

binds to the surface of the DphPC membrane. At 20 ns the
PGLa monomer pivots on the amine-terminus and begins to
embed itself into the membrane surface. The final surface
bound structure of the PGLa monomer is reached at 35 ns with
the charged lysine residues pointing into the bulk electrolyte
and the hydrophobic region in contact with the hydrophobic
phytanyl tails of the DphPC membrane. The monomer remains
in the membrane until the simulation horizon is reached at
1 us. The computed tilt angle, defined as the angle between the
helix long-axis vector and the membrane normal, of the PGLa
monomer is 90 = 5° which is in excellent agreement with the
2H-NMR results of approximately 95° [42] and the results from
molecular dynamics [36].

2) PGLa Translocation to Transmembrane State: How
do the peptides transition from the surface bound state to the
transmembrane state? For a 1 us CGMD simulation we did
not observe the surface bound monomer (Fig. 7) transition
to the transmembrane state. The reason this occurs is that in
molecular dynamics models [36], the surface bound peptide
orientation is persistent. As shown in [48] using potential
of mean force computations for similar length (19 residue)
a-helical peptides, the transition from the surface bound state
to the transmembrane state is not energetically favored. If
however, a transient aqueous pore exists in the membrane, then
the PGLa can diffuse into the transient pore. A population of
transient aqueous pores exist in all membranes as a result of
random thermal fluctuations [18]. From Fig. 7, once a transient
aqueous pore has formed, the PGLa monomer diffuses into
the walls of the aqueous pore. As the transient pore closes
the PGLa monomer enters the transmembrane state. The
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monomer remains in the transmembrane state for the remainder
of the simulation. As expected from the results in [48], the
PGLa is in a thermodynamically stable conformation when
transmembrane bound. The transmembrane structure of PGLa
has not been observed by NMR spectroscopic at physiological
temperatures possibly as a result of the PGLa pores being
transient [42]. In a gel-phase DMPC/DMPG bilayer at tem-
peratures below 15 °C, NMR measurements show that PGLa
is in a transmembrane state with a tilt angle of approximately
180° [43]. This is in agreement with the tilt angle of the
transmembrane PGLa monomer which has a tilt angle of
168 £ 5°—the difference in angle is a result of the gel-phase
DMPC/DMPG bilayer having a larger membrane thickness
then the DphPC membrane which is in the liquid phase.

3) Oligomerization of PGLa: From the reaction mech-
anism (4), a necessary step for PGLa pore formation is an
oligomerization process. Is it possible for PGLa peptides in
the transmembrane state to oligomerize in the DphPC mem-
brane? To study if the transmembrane PGLa oligomerize we
initially setup a DphPC membrane with four embedded PGLa
peptides as illustrated in Fig. 7. Initially the monomers diffuse
in the membrane. As time progresses the monomers form
transmembrane dimers. The formation of the transmembrane
dimers from the monomers are dependent on the orientation
and diffusion dynamics of the peptides, as such the first dimer
is formed at 150 ns, and the second at 450 ns. The formation
of the two dimers occur as a result of the amine-terminus or
carboxyl-terminus interacting when two peptide come into
close contact. The four PGLa monomers have formed two
transmembrane dimers remain stable for the duration of the
simulation. Can these two dimers bind to form a quadramer
complex? Over a 4 us simulation the two dimers where not
observed to form a quadramer complex. A possible explanation
is the arrangement of the +4 charged lysine residues on
the PGLa. In the PGLa dimer, the hydrophilic face of each
PGLa monomer prefers to face the hydrocarbon interior of
the membrane. If we consider the energy required to bring
the +4 charged lysine residues in close proximity, it is not
surprising that this conformation is preferred for the dimer
structure. Given that the two dimers contain +4 charged lysine
residues facing outwards, and that the dimers prefer to have the
lysine residues oriented towards the hydrocarbon interior, the
possibility of a quadromer forming from two dimers is unlikely.

What are the possible oligomerization steps necessary to
form a transmembrane PGLa trimer? Once a PGLa dimer
has formed (Fig. 7), then it is possible for a transmembrane
bound PGLa monomer to bind with the dimer to form a trans-
membrane PGLa trimer. The formed trimer is illustrated in
Fig. 8. The results in Fig. 8 suggest that the amine-terminus
of the PGLa monomer stabilizes the trimer while the carboxyl-
terminus contributes negligibly to the binding of the three PGLa
monomers. However the carboxyl-terminus may promote the
passage of ions through the membrane by causing local mem-
brane instabilities increasing the conductance of the membrane.
The formed PGLa trimer remains stable for the duration of the
simulation.

The results in Fig. 7 and Fig. 8 provide snapshots of a
possible reaction mechanism (4) for PGLa. To estimate the

Fig. 8. Snapshots of CGMD bead positions for the transmembrane PGLa
trimer. To illustrate the PGLa trimer structure two side views are displayed,
each denoted by 1 and 2. The CGMD setup and parameters are defined in
Appendix C.

associated rate constants in (4) requires experimental measure-
ments from the PFMP and the dynamic model presented in
Sec. II.

IV. EXPERIMENTALLY MEASURED DYNAMICS OF PGLA
IN ENGINEERED TETHERED MEMBRANE

In this section insight into the reaction mechanism of PGLa
is provided using experimental measurements from the PEFMP
and dynamic model presented in Sec. II. Prior to all exper-
imental measurements the quality of the PFMP is verified
using impedance measurements. We study the PGLa pore
formation dynamics for varying concentrations of PGLa and
with membranes containing different charges—this mimics the
physiological response of PGLa to negatively charged mem-
brane surfaces. Details on the experimental measurements and
numerical methods are provided in Appendix A and B.

A. Quality of Tethered Membrane

Prior to all experimental measurements the impedance of the
tethered membrane is measured. This allows us to detect if
the membrane contains significant defects. Possible membrane
defects include patches with the gold electrode directly exposed
to the bulk electrolyte, or with portions of bilayer sandwiched
together. The defect density in the membrane can be estimated
from the impedance measurements using the protocol presented
in [56]. If the estimated capacitance of the membrane signif-
icantly increases this indicates that either electrodesorption of
the tethers and spacers has occurred, or portions of the teth-
ered membrane have been released into the electrolyte. If the
estimated equilibrium aqueous pore conductance significantly
increases then catastrophic voltage breakdown of the mem-
brane has occurred causing separated areas of the membrane
to degrade. Typical values for membrane capacitance and con-
ductance are 0.5 — 1.3 uF/cm? and 0.5 — 2.0 S for an intact
10% tethered membrane with surface area 2.1mm?. The esti-
mated fractional order parameter lies in the range between 0.8
and 0.9; therefore, a diffusion-limited process is present at the
surface. This is likely caused by a combination of diffusion-
limited charge transfer, quasireversible charge transfer, and
ionic adsorption is present at the surface of the gold electrodes.
These double-layer charging effects can be modeled using frac-
tional order operators [16]. For all experimental measurements,
the membrane contained negligible defects. Fig. 9 presents
an example of the experimentally measured and numerically
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Fig. 9. The measured and predicted impedance (phase is represented by Z Z(f)
in degrees and magnitude by Z(f)) of the 10% tether density DphPC bilayer
membrane. The solid line is the predicted and the dotted the experimentally
measured. The grey and black colours indicate the impedance for two iden-
tically constructed membranes. All predictions are computed using (3). The
experimental results are extracted from [18].

predicted impedance for the tethered membrane. As seen,
the predicted impedance is in excellent agreement with the
experimentally measured impedance and is consistent with a
membrane containing negligible defects.

B. Reaction Dynamics of PGLa

In Fig. 10 the experimentally measured and numerically pre-
dicted conductance for varying concentrations of PGLa are
presented. The mean-absolute percentage error for the exper-
imentally measured and numerically predicted conductance in
Fig. 10 is 3.7%—that is, the predicted and measured conductance
are in excellent agreement. Initially the conductance increases
as a result of PGLa peptides diffusing to the membrane sur-
face, binding, translocation to the transmembrane configuration
as illustrated in Fig. 7. As shown in Fig. 10, at about 500 s
the conductance of the membrane begins to decrease. This sug-
gests that PGLa pores begin to close and prevent the formation
of new PGLa pores. Given PGLa has a positive charge of +4 as
a result of the lysine residues, as the membrane becomes satu-
rated with PGLa this causes the overall charge of the membrane
to decrease inhibiting the insertion of PGLa into the membrane.
The estimated PGLa pore conductance G, is in the range of
0.6 to 3.5 pS, in agreement with the expected pore conductance
from [24], [25]. As expected the association coefficient k, (4)
is four orders of magnitude larger then the protomer formation
rate constant k. This is expected as the binding of the PGLa to
the surface (Fig. 7) does not require the translocation of the pep-
tide to the transmembrane state. As suggested from the results
in Fig. 7, the translocation likely involves the peptide diffusing
into a transient aqueous pore which is a slower process then the
peptide directly binding to the surface. The rate of closing k.
(4) is large suggesting that PGLa pores only form transiently in
the uncharged membrane. This provides an explanation for why
the transmembrane state of the PGLa has not been observed
at physiological temperatures using NMR techniques [43]. The
estimated solution diffusion coefficient of PGLa (D, in (5)) is
in the range of 2 nm?/ns to 5 nm?/ns. As expected, the ana-
lyte diffusion coefficient D, is a factor of 10-100 larger then
the surface bound and transmembrane bound PGLa monomers,
dimers, and trimers in Table 1.
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Fig. 10. Experimentally measured and numerically predicted conductance for
DphPC tethered membrane with 10, 20, 30, and 40 um of PGLa. The pre-
dictions are made using (5), (6) with the reaction mechanism given by (4)
and simulation parameters provided in Table III. The experimental results are
extracted from [57].
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Fig. 11. Experimentally measured conductance for DphPC tethered membrane
with 30 M of PGLa, and numerically predicted conductance with varying Dy
values. The predictions are made using (5), (6) with the reaction mechanism
given by (4) and simulation parameters provided in Table III. The experimental
results are extracted from [57].

How sensitive is the membrane conductance G, (¢) to vari-
ations in the analyte diffusion coefficient D,? To gain insight
into how D, impacts G, (t), Fig. 11 provides G, (¢) for D, in
the range of 2 nm?/ns to 5 nm?/ns. From Fig. 11 it is clear
that D, =3 nmz/ns provides a resulting G,,(t) which that
is in agreement with the experimental measurements for the
30 uM PGLa interaction with the DphPC membrane. For large
D, the conductance increases faster, however the formed PGLa
pores also close faster then compared to the D, = 3 nm?/ns
case. The reverse effect is observed for D, < 3nm?/ns as seen
in Fig. 11. Note that although the membrane conductance is
strongly dependent on D,, G,,(t) is negligibly dependent on
the surface and transmembrane bound diffusion coefficients (D;
in (6)) of PGLa. This results because D; < D, such that the
reaction-diffusion equation in (6) can be approximated by a set
of distributed non-linear ordinary differential equations.

To gain insight into the effect the membrane charge has
on the dynamics of PGLa pore formation, a membranes with
varying concentration of charged POPG lipids are constructed.
Fig. 12 presents the response of the 10% tethered membrane
with charged (POPG lipids) and uncharged (DphPC) lipids
resulting from the addition of 30 uM PGLa. As seen the numer-
ically estimated results are in excellent agreement with the



HOILES AND KRISHNAMURTHY: DYNAMIC MODELING OF ANTIMICROBIAL PORE FORMATION 273

&z 30 —— 50% POPG T
=

= 40% POPG

& 20| —— |
(5]

g 30% POPG

5

2 20% POPG

=)

o}

]

O L L L 1
0 1,000 2,000 3,000 4,000 5000
Time [s]

Fig. 12. Experimentally measured (dotted) and numerically predicted (solid
line) membrane conductance for tethered membranes composed of 10%, 20%,
30%, 40%, and 50% POPG with a PGLa concentration of 30 uM. The pre-
dictions are made using (5), (6) with the reaction mechanism given by (4) and
simulation parameters provided in Tables I-III. The experimental results are
extracted from [57].

experimentally measured conductance. As expected, the neg-
atively charged POPG lipids promote the binding of positively
charged PGLa peptides—as % of POPG lipids increase the mem-
brane conductance increases. In comparing Fig. 10 with Fig. 12,
it is clear that PGLa has an affinity for forming pores in biolog-
ical membranes containing negatively charged lipids typically
found in prokaryotic cells. Using the reaction rate model we
find that the rate of protomer formation k. in (4) increases as the
negative charge of the membrane increases. However, the rate
of pore closure (k. in (4)) decreases as the negative charge of the
membrane increases. This suggests that as the negative charge
of the membrane increases there is an increase in the number
of PGLa pores and pore lifetime. This makes PGLa especially
effective for disrupting and perforating biological membranes
containing a net negative charge.

V. CONCLUSION

This paper has presented a mesoscopic-to-observable model
of the PFMP for the study of the pore formation dynamics
of antimicrobial peptides. The model is composed of three
levels of abstraction: a fractional order macroscopic model
which accounts for diffusion limited processes at the bioelec-
tronic interface of the PFMP, a generalized reaction-diffusion
continuum model which models the pore formation dynamics
of peptides, and a coarse-grained molecular dynamics model
which is used to compute continuum parameters and estimate
the pore formation reaction pathway. The computed results
from the mesoscopic-to-observable model are in agreement
with the experimentally measured results from the PFMP for
PGLa interacting with an uncharged DphPC membrane, and a
charged POPG membrane. The results from the coarse-grained
molecular dynamics model suggest that PGLa can bind to
the membrane surface, transition to the transmembrane con-
formation via transient aqueous pores, and oligomerize once
in the transmembrane conformation. Using the mesoscopic-
to-observable model and experimental measurements suggests
that PGLa preferentially targets and increases the permeability

of biological membranes containing a net negative charge—that
is, PGLa not only increases the number of pores in negatively
charged membranes, but the lifetime of conducting pores also
increases compared to the lifetime of PGLa pores in uncharged
membranes. Though we apply the PFMP and mesoscopic-to-
observable model to the study of pore formation dynamics of
PGLa, the platform and modeling methodology are general and
can be used for other pore forming peptides and proteins of
interest.

APPENDIX A
EXPERIMENTAL PARAMETERS

All experimental measurements were performed at a temper-
ature of 20° C in a phosphate buffered solution with a pH of
7.2 and a saline solution of 0.15 M composed of Na™, K+,
and CI”. A pH of 7.2 was selected to match that typically
found in the cytosol of biological cells. The formation of the
tethered bilayer lipid membrane can be found in [11], [18].
The negatively charged palmitoyl-oleoyl-phosphatidylglycerol
(POPG) lipid membrane was constructed using an ethano-
lic solution containing archaebacterial lipids (70% zwitteri-
onic C20 diphytanyl-ether-glycero-phosphatidylcholine lipid
and 30% C20 diphytanyl-diglyceride ether) mixed with 0-50%
POPG lipids. The impedance of the PFMP is recorded
using a tethaPod (SDx Tethered Membranes) which measures
the impedance using a 20 mV excitation at frequencies of
[1000, 500, 200, 100, 40, 20, 10, 5,2, 1,0.5,0.2, 0.1] Hz. The
antimicrobial peptide PGLa was synthesized using solid-
phase Fmoc protocols [58], [59] on an Applied Biosystems
(Carlsbard, CA) 433A instrument using a reverse-phase
HPLC [60].

APPENDIX B
CONTINUUM MODEL: NUMERICAL METHOD
AND PARAMETERS

The governing equations (5) and (6) with boundary condi-
tions (7) and initial conditions (8), are solved numerically with
the commercially available finite element solver COMSOL
5.0 (Comsol Multiphysics, Burlington, MA). The simulation
domain is meshed with approximately 28,199 triangular ele-
ments constructed using an advancing front meshing algorithm.
Eq. (5) and (6) are numerically solved using the multifrontal
massively parallel sparse direct solver [61] with a variable-
order variable-step-size backward differential formula [62].
Eq. (9) is used to compute the pore conductance with the inte-
gration performed on 0S2g,r. The computational domain of the
continuum model is provided in Fig. 4 with the parameters
defined in Table II.

The maximum concentration of PGLa in solution is
computed by multiplying the molecular weight of PGLa
(1970 g/mol) by the average protein specific volume of
0.73 cm?/g [63]. The maximum concentration of PGLa in solu-
tion is 695 mM-this corresponds to r, = 1.33 nm in (5). The
maximum surface concentration of membrane-bound PGLa and
protomers is taken as corresponding to 1% of the total molar
concentration of the tethered membrane lipids. Each lipid in the
tethered membrane has a surface area of 0.62nm?2, therefore
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TABLE I1
GEOMETRIC PARAMETERS OF PFMP (F1G.4)

Symbol  Definition Value
he Inlet chamber height 4 mm
Lin Inlet chamber length 2 mm
L Channel buffer length I mm
he Channel height 0.1 mm
Le Electrode length 0.7 mm
Lout Outlet chamber length 20 mm
hout Outlet chamber height 4 mm

TABLE IIT
PARAMETER VALUES FOR VARYING PGLA (F1G. 10)

Symbol Definition Value

ra Effective radius of PGLa 1.33 nm

Mmax Saturated surface concentration 5 x 10710

ka Adsorption rate constant 5000 m2/smol

ka Desorption rate constant 0 1/s

ka Desorption rate constant 0 1/s

kp Rate of protomer formation 0.5 1/s

k1 Rate of protomer binding 0.5 1/s

n n in (4) 1

Dy Analyte diffusion coefficient  2-5 nm2/ns

PGLa concentration a, m in (4) ke in (4)

10 uM 2 1 x 102 m?/smol
20 uM 2 1.2 x 10 m%/smol
30 uM 3 26 x 1015 m*/smol?
40 uM 3 1.1 x 1015 m*/smol?

for a 2.1 mm? membrane there are approximately 3 x 102
lipids in the surface layer. Therefore the maximum surface con-
centration of membrane-bound PGLa and protomers is 2.5 x
10~ mol/m?. This corresponds to an effective surface radius
for each membrane-bound PGLa and protomer (i.e. r,,, and r;
in (6)) to be 8 nm. The maximum surface concentration for
PGLa mpyax, defined below (1), was selected to match that of
the maximum surface concentration of Cytolysin A [23]. The
reaction-diffusion parameters for numerical results presented in
Fig. 10 and Fig. 12 are provided in Tables I-III respectively.

APPENDIX C
COARSE-GRAINED MOLECULAR DYNAMICS: METHOD
AND PARAMETERS

All CGMD simulations were implemented in GROMACS
version 4.6.2 [64]-[66]. For all production runs the Berensden
temperature coupling is used with a temperature of 323 K, and
a time constant of 0.3 ps. A temperature of 323 K was selected
to ensure that the CGMD water does not freeze [26], [28].
The Berendsen semi-isotropic pressure coupling is used with
a time constant of 3.0 ps, compressibility of 3x 107> 1/bar, and
a reference pressure of 1.0 bar [67]. The timestep of the simula-
tion is 20 fs with the electrostatic interactions smoothly shifted
from zero at 12A and Lennard-Jones interaction from 9—12A.
The membrane is modelled using 512 dipalmitoylphosphatidyl-
choline (DPPC) molecules. Note that DPPC has an identical
structure to DphPC, and a similar structure to GDPE when
using the CGMD representation as mesoscopic details such
as the phytanyl tails in the DphPC and GDPE are equiva-
lent to the palmitoyl tails in DPPC. The 512 lipid CGMD
DphPC membrane is constructed by replicating the equilibrated

128 DPPC bilayer, from the MARTINI websitel, twice in the
X and Y directions. The 512 DphPC membrane is solvated
using CGMD water beads and energy minimized followed by
an equilibration in NPT for 200 ns to produce the equili-
brated membrane structure. The dimensions of the simulation
cell containing the membrane are 126A x 129A x 150A cor-
responding to X x Y x Z coordinate axis. The solvent solution
surrounding the peptide and membrane surface is composed of
water molecules and Na™ and CI~ ions to make the solvent a
0.15 M NaCl solution and also to neutralize the charge on the
peptides.

Surface Binding of PGLa: To study the monomer binding of
PGLa to the membrane surface (Fig. 7), a single PGLa pep-
tide is placed 17A above the surface of the membrane. After
energy minimization, the production run was carried out for a
simulation time horizon of 1 us.

Transmembrane Insertion of PGLa: To construct the tran-
sient aqueous pores in Fig. 7 which allow the PGLa to translo-
cate from the membrane surface to the transmembrane state, we
employ the method outlined in [68] to construct the aqueous
pore. The Berendsen semi-isotropic pressure coupling is used
with a time constant of 3.0 ps, compressibility of 3x 107> 1/bar,
and a reference pressure of 1.0 bar in the direction normal to the
membrane surface. The lateral pressure is held at —50 bar until
a transient pore has formed. The negative pressure promotes the
formation of transient aqueous pores in the membrane. After a
transient pore has formed and the PGLa has diffused into the
aquous pore, the lateral pressure is set to 1.0 bar allowing the
aqueous pore to close. The production run for pore closure has
a simulation time horizon of 500 ns.

Oligomerization of Transmembrane PGLa: To study the
oligomerization process of PGLa we place four PGLa
monomers in the transmembrane state, as illustrated in Fig. 7,
using the method outlined in [45]. PyMOL (The PyMOL
Molecular Graphics System, Version 1.3 Schrodinger, LLC) is
used to place the peptides in the transmembrane state in the
membrane. The system is equilibrated in the NPT ensemble for
20 ns. After energy minimization the production run is carried
out for 4 us.

Diffusion: To estimate the diffusion of water, lipids, and PGLa
complexes we compute the ensemble-averaged time-dependent
mean square displacement (MSD) ((x — xo)z) with x, denot-
ing the initial position, x the position of the complex ¢ later,
and ensemble average taken over time. The MSD is com-
puted with respect to the center-of-mass of the molecule. The
MSD is related to the diffusion coefficient by ((x — X0)%) =
4D(t — t,). To reduce the noise of the estimated diffusion D,
we average the MSD of sub-trajectories of ¢, as done in [69].
The setup for the surface bound and transmembrane bound
dimer and trimers are provided below. To construct the sur-
face bound PGLa dimer, two PGLa monomers are placed 17A
above the membrane surface separated by 22A. A production
run was carried out for sufficient time to allow the formation of
the PGLa dimer. The surface bound trimer is constructed using
an identical procedure with three PGLa monomers. To con-
struct the PGLa trimer, three PGLa monomers are placed in the

1 http://md.chem.rug.nl/cgmartini/index.php/downloads
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transmembrane state, then after energy minimization allowed
to oligomerize until the transmembrane trimer has formed.
The diffusion coefficient are computed from production runs
of 1 us.

Order Parameter: Popular parameters for characterizing the
order in lipid bilayers is the deuterium order parameters
Scp [29]-[31] for aliphatic chains and is given by Scp =
(3(0052(9)) — 1)/2 where 0 is the angle between the carbon
to hydrogen vector and the membrane normal with (- - - ) denot-
ing the time-average. The order parameter Scp = 1 when there
is perfect alignment of the bond with the bilayer normal, and
zero indicates the bond has a completely random orientation.
For the CGMD model, to estimate the order of the lipid bilayer
we compute the order of the chains S. = (3(cos?(6.)) — 1)/2
where 6. is the angle between the vector of the two nearest-
neighbor beads, and the membrane normal. Note that Scp and
S, are related by S, = —2Scp allowing us to compare the order
parameter results from molecular dynamics and NMR to the
results from the CGMD model [70].
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