
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tbsd20

Journal of Biomolecular Structure and Dynamics

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tbsd20

Unassisted N-acetyl-phenylalanine-amide
transport across membrane with varying lipid
size and composition: kinetic measurements and
atomistic molecular dynamics simulation

Brent L. Lee , Krzysztof Kuczera , Kyung-Hoon Lee , Ed W. Childs & Gouri S.
Jas

To cite this article: Brent L. Lee , Krzysztof Kuczera , Kyung-Hoon Lee , Ed W. Childs & Gouri S.
Jas (2020): Unassisted N-acetyl-phenylalanine-amide transport across membrane with varying lipid
size and composition: kinetic measurements and atomistic molecular dynamics simulation, Journal
of Biomolecular Structure and Dynamics, DOI: 10.1080/07391102.2020.1827037

To link to this article:  https://doi.org/10.1080/07391102.2020.1827037

View supplementary material 

Published online: 09 Oct 2020.

Submit your article to this journal 

View related articles 

View Crossmark data



Unassisted N-acetyl-phenylalanine-amide transport across membrane
with varying lipid size and composition: kinetic measurements
and atomistic molecular dynamics simulation

Brent L. Leea, Krzysztof Kuczeraa,b, Kyung-Hoon Leec, Ed W. Childsd and Gouri S. Jase

aDepartment of Chemistry, The University of Kansas, Lawrence, KS, USA; bDepartment of Molecular Biosciences, The University of Kansas,
Lawrence, KS, USA; cDepartment of Biology, Chowan University, Murfreesboro, NC, USA; dDepartment of Surgery, Morehouse School of
Medicine, Atlanta, GA, USA; eDepartment of Pharmaceutical Chemistry, The University of Kansas, Lawrence, KS, USA

Communicated by Ramaswamy H. Sarma

ABSTRACT
Biological membranes are essential to preserve structural integrity and regulate functional properties
through the permeability of nutrients, pharmaceutical drugs, and neurotransmitters of a living cell.
The movement of acetylated and amidated phenylalanine (NAFA) across 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane
bilayers is investigated to probe physical transport. The rate of transport is measured experimentally
applying parallel artificial membrane permeation assay (PAMPA). At the physiological temperature,
310K, the measured time constants in the neutral pH were !6 h in DOPC and !3 h in POPC, while in
a more acidic condition, at a pH 4.8, the time constants were !8 h in both lipids. Computationally, we
have expanded our transport study of three aromatic dipeptides across a bilayer composed of
DOPC18. In this study, we have examined the effects of lipid composition and bilayer size on the pas-
sive transport of NAFA by simulating the dipeptide in three different bilayers, with 50 DOPC lipids, 50
POPC lipids, and 40 POPC molecules. Specifically, atomistic molecular dynamics simulations with
umbrella sampling were used to calculate the potential of mean force for the passive permeation of
NAFA across the bilayers. Diffusion constants were then calculated by numerically solving the
Smoluchowski equation. Permeability coefficients and mean first passage times were then calculated.
Structural properties – Ramachandran plots, sidechain torsions, peptide insertion angles, radial distribu-
tion functions, and proximal peptide water molecules – were also examined to determine the effect of
system size and lipid type. In terms of systems size, we observed a small decrease in the highest bar-
rier of the potential of mean force and fewer sampled sidechain dihedral angle conformations with 40
versus 50 POPC lipids due to weaker membrane deformations within a smaller lipid bilayer. In terms
of lipid type, DOPC contains two monounsaturated acyl chains compared to only one such acyl chain
in POPC; therefore, DOPC bilayers are less ordered and more easily deformed, as seen by a much
broader potential of mean force profile. The NAFA in DOPC lipid also transitioned to an internally
hydrogen-bonded backbone conformation at lower membrane depths than in POPC. Similarly, as for
other aromatic dipeptides, NAFA tends to insert into the membrane sidechain-first, remains mostly
desolvated in the membrane center, and exhibits slow reorientations within the bilayer in both DOPC
and POPC. With a joint experimental and computational study we have gained a new insight into the
rate of transport and the underlying microscopic mechanism in different lipid bilayer conditions of the
simplest hydrophobic aromatic dipeptide.
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Introduction

One of the most fundamental physicochemical properties of
biological membranes is to preserve cellular structural integ-
rity and regulate functional property through the permeabil-
ity of nutrients, pharmaceutical drugs, and neurotransmitters.
It is suggested that the permeability across membrane lipid
bilayer occurs most commonly by a passive diffusion process
at a rate associated with the lipophilicity of the permeant
(Dobson et al., 2009; Dobson & Kell, 2008; Giacomini et al.,
2010; Hogben et al., 1959; H€ogerle & Winne, 1983). Transport
across the biological membrane is an integral component in

the study of pharmacokinetics. Though passive diffusion is
thought to be the dominant pathway for transport across
the lipid bilayer, many transporter proteins have been identi-
fied as facilitators for drug transport (Cohen & Bangham,
1972; Corti et al., 2006; Fredriksson et al., 2008; Irvine et al.,
1999; Meier et al., 2006; Seelig, 2007; Xiang & Anderson,
1998; Zhu et al., 2002). To screen for membrane permeability
of bioactive compounds several assays have been developed,
with one commonly used in the pharmaceutical industry and
in academia being parallel artificial membrane permeability
(PAMPA) (Cardenas et al., 2012; Di et al., 2003; Kansy et al.,
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1998; Lee et al., 2016; Wohnsland & Faller, 2001). PAMPA
assay characterizes the passive diffusion of permeant
through macroscopically flat synthetic membranes with the
composition that has been optimized to model the perme-
ability across a phospholipid bilayer. Investigation of perme-
ability of the aromatic molecules across lipid bilayers is of
significant interest as aromatic moieties are ubiquitously pre-
sent in biologically important molecules such as proteins,
peptides, hormones, neurotransmitters as well as pharma-
ceutics. Fluorescently labeled permeants have been
employed to study membrane transport which can substan-
tially complicate the understanding of fundamental perme-
ability characteristics. This may be a reason for the
fascination of a label-free fluorescence-based trans-
port assays.

The kinetic profile of a permeant under a specific bilayer
environment can be obtained with PAMPA assays and be dir-
ectly associated with categorizing the membrane permeation
behavior of different analytes (Cardenas et al., 2012; Lee
et al., 2016). The characteristics documented from these
experimental measurements and analysis can provide a road-
map for testing the drug candidates. The kinetic screening
experiments can methodically divide permeants into fast,
slow, and non-permeating agents. Molecular dynamics (MD)
simulations can, in principle, provide an atomically detailed
description of permeation through membrane bilayer. It has
become an essential tool to study permeation since the
work of Marrink and Berendsen (1994). There are essentially
two proposed approaches to study permeation in the
absence of a facilitator. In one scenario the permeant moves
across a transient water pore and the other is where it dir-
ectly permeates through the membrane bilayer. The simula-
tion approach with direct permeation across bilayer is
applied in the current investigation. Even though the classifi-
cation of permeability is critically important in the field of
drug discovery, there is little knowledge about the influence
of bilayer composition and size on the permeating agent. It
has been suggested that lipids with longer chain length
exhibit a slower rotational motion with a broader free energy
profiles and statistically unaltered local diffusion constants
(Klauda et al., 2008). The study with paracetamol in an unsat-
urated lipid bilayer composed of linear acyl chains with 14
and 16 carbon atoms found no effect on the free energy
profile and hydrogen bonding between paracetamol and
water with respect to these two chain lengths (Faulkner
et al., 2020). The effect of permeation due to lipid size with
varying number of lipid molecules and a charged arginine
found a reduction in the free energy barrier of the larger sys-
tem with substantial deformation (Shinoda, 2016).
Considerable effort is devoted to exploring the microscopic
mechanism of molecular transport across membrane bilayer
under passive condition (Bassolino-Klimas et al., 1993; 1995;
Snyder et al., 2002; Tu et al., 1996; Vaz & Almeida, 1991;
Venable et al., 2000; Xiang & Anderson, 2006). Direct MD
simulations to understand solute diffusivity in model lipid
bilayers were investigated (Bassolino-Klimas et al., 1993;
1995). How molecular transport through lipid bilayer is influ-
enced by the lipid composition and the system size is not

clearly understood. Efforts have been made to understand
the effects of lipid type and model system size on the per-
meation process (Awoonor-Williams & Rowley, 2016; Lee &
Kuczera, 2018; Marrink & Berendsen, 1996). Permeation study
with small molecules like H20, O2, CO, and NO through lipid
bilayers with unsaturated, linear acyl chains of carbon length
with 12-C, 14-C, and 16-C (Sugii et al., 2005) suggested that
lipids undergo slower rotational motion and demonstrate
larger and broader free energy profiles. The effect of system
size on the permeation of small molecules with different
numbers of lipid molecules per bilayer with linear unsatur-
ated tails showed that the free energy barrier in the larger
system was lowest (Bonhenry et al., 2013; Hu et al., 2013;
Nitschke et al., 2016).

We have described, earlier (Cardenas et al., 2012; Lee
et al., 2016), the passive permeation of three aromatic ami-
noamides in zwitterionic and in neutral (tryptophan, NATA,
tyrosine, NAYA, and phenylalanine, NAFA) condition across
DOPC bilayers. Measured transport times were found to be
between 5 and 10 hr for NATA, NAYA, and NAFA where the
rate of translocation for NAFA was the fastest and NAYA the
slowest. At a lower pH the transport rate for NAYA and
NATA was faster and the NAFA, slower. Computationally,
applying umbrella sampling simulations, we have calculated
free energy profiles, diffusion constants, and permeabilities.
The peptides tended to bind preferentially to the membrane
surface and encounter a high free energy barrier in the
membrane center. While the peptide translational diffusion
rates tended to change little with depth of membrane inser-
tion, the rotational diffusion in the bilayer was both very
slow compared to solution and strongly position-dependent.
Additionally, we found that the dipeptides favored the
internally hydrogen-bonded backbone (C7eq) conformation
inside the membrane and tended to become desolvated in
the central acyl chain region.

The primary goal of this work is to explore the effects of
unassisted membrane transport of a dipeptide in different
bilayer compositions employing experimental and computa-
tional studies. Additionally, computationally we set out to
investigate the effects of the size and lipid type of involving
bilayer model on the dipeptide permeation. Here, we
apply joint experiments and atomistic MD simulations to bet-
ter understand the permeation properties, rate of perme-
ation, and the underlying mechanism with varying bilayer
composition and the size employing a neutral aromatic
amino acid, N-acetyl-phenylalanine-amide (NAFA).
Experimentally, we have measured the kinetics of NAFA in
two different lipid bilayers, consisting of DOPC and POPC
phospholipids. The rate of transport is observed to be signifi-
cantly different in POPC and DOPC under neutral pH.
Whereas the measured rate of transport for NAFA across
these two lipid bilayers, in the acidic environment, was found
to be significantly slower. MD simulations with umbrella sam-
pling are employed to describe the atomistic mechanism of
the passive permeation of the phenylalanine dipeptide in
three bilayer systems, consisting of 50 DOPC and 50 POPC
and 40 DOPC lipids, respectively. Here DOPC contains acyl
chains with 18 carbon atoms and one double bond near the
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center and POPC has two acyl chains, one acyl chain that is
identical to DOPC and the other acyl chain with 16 carbons
and no double bond. The three simulations were performed
to examine the effect of bilayer composition and size on per-
meability characteristics, the potential of mean force, pos-
ition-dependent diffusion constants, and the conformational
dynamics of NAFA in DOPC and POPC.

Methods

Experimental

Material
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and Egg
yolk phosphatidylcholine (lecithin; L-a-phosphatidylcholine;
POPC) were purchased from Avanti Polar Lipids (Alabaster,
AL). Neutral amino acid with capped N and C termini,
sodium acetate, sodium phosphate monobasic, sodium phos-
phate dibasic, phosphate-buffered saline tablets (P-4417),
1,9-decadiene (Aldrich 118303), cresyl blue, and lucifer yellow
were purchased from Sigma (St. Louis, MO). Hydrophobic fil-
ter plates (PVDF membrane without underdrain; MAIPNTR10)
and 96-well disposable transport receiver plates
(MATRNPS50) were purchased from Millipore Corporation
(Billerica, MA).

Experimental procedures
A detailed experimental procedure is published elsewhere
(Cardenas et al., 2012; Lee et al., 2016). Briefly, the parallel
artificial membrane permeation assay (PAMPA) was carried
out to measure the unassisted permeation of N-acetyl-
Phenylalanine-amide (NAFA). PAMPA has been widely used
to study oral absorption, blood-brain barrier penetration, and
skin permeation. NAFA was prepared at a concentration of
200lM for all these measurements. Samples were prepared
by dissolving the powdered form of NAFA in 20mM sodium
acetate buffer at pH 4.8 and 20-mM sodium phosphate buf-
fer at pH 7.2. Lipid solutions for DOPC and POPC were

prepared with 5% w/v in 1,9-decadiene. A very carefully con-
trolled sonication was applied to POPC and DOPC to ensure
complete dissolution. A 96-well receiver microplate (acceptor
compartment) was filled with 280 lL of the corresponding
buffer, and the PVDF filter plate (donor compartment) was
fused on the buffer-filled acceptor plate. The measurements
were carried out at a physiological temperature, at 310 K.
The lipid solutions (5 lL) were carefully added onto the filter
surface, avoiding pipet tip contact with the filter.
Immediately after the corresponding amino acid samples
(150 lL per each well) were applied to the lipid-bound filter
plate. This protocol was repeated every 3 h, and the experi-
ment was terminated at 30 h. The fluorescence intensity of
the sample was monitored with a Fluorolog (Horiba Jobin
Yvon Inc., Edison, NJ) with the excitation wavelength set to
260 nm for NAFA. Membrane integrity was tested with
Lucifer yellow and Cresyl blue.

Molecular dynamics

The physical setup of our simulation systems followed a pro-
cedure similar to our earlier work (Lee et al., 2016). Briefly,
initial coordinates for systems consisting of a blocked dipep-
tide. Ac-Phe-NH2, or NAFA, lipid bilayer, water, and ions were
generated using the Membrane Builder tool of CHARMM-GUI
(Jo et al., 2007; 2009; Wu et al., 2014). The three systems are
classified based on the type and number of lipids used as
DOPC 50, POPC 50, and POPC 40, with DOPC denoting 1,3-
dioleoyl-sn-glycero-3-phosphocholine and POPC 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine. The DOPC 50 system
contained the following molecules: 1 phenylalanine dipep-
tide, 50 DOPC lipids, 2991 TIP3P waters, 8 sodium ions, and
8 chloride ions, for a total of 15,764 atoms. (For this system
we used trajectories and data described previously (Lee
et al., 2016)). The POPC systems and trajectories were gener-
ated in this work. The POPC 50 system contained 1 phenyl-
alanine dipeptide, 50 POPC lipids, 2996 TIP3P waters, 6
sodium ions, and 6 chloride ions, for a total of 15,578 atoms.
Finally, the POPC 40 system contained 1 phenylalanine
dipeptide, 40 POPC lipids, 2483 TIP3P waters, 7 sodium ions,
and 7 chloride ions, for a total of 15,578 atoms. Sodium and
chloride ions were added to maintain a physiologically rele-
vant ionic strength. All systems were confined to tetragonal
boxes of dimensions: 4.29" 4.29" 8.30 nm for DOPC 50,
4.15" 4.15" 8.74 nm for POPC 50, 3.70" 3.70" 8.92 nm for
POPC 40, corresponding to respective lipid headgroup areas
of 0.736 nm2, 0.689 nm2, and 0.685 nm2. For the DOPC 50
system, 0.736 nm2 is in close agreement with an experimen-
tal average of 0.723 nm2 (Liu & Nagle, 2004; Petrache et al.,
2004) and the electron density profile is similar to one
obtained from X-ray scattering experiments (Lee et al., 2016;
Liu & Nagle, 2004). Experimentally, POPC headgroup areas
are 0.705 nm2, which are also close to our simulated values
(Leftin et al., 2014). The x and y axes of the simulation box
are parallel to the plane of the lipid bilayer, and the z-axis is
defined as being perpendicular to the plane of the lipid
bilayer. The molecular structures of NAFA, DOPC, and POPC
are shown in Figure 1.

Figure 1. Molecules involved with this study are displayed. Figure 1(A) depicts
DOPC and Figure 1(B) depicts POPC, with bends at the C¼ C bonds, and Figure
1(C) depicts the phenylalanine dipeptide.
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MD simulations for the DOPC 50 system were carried out
with GROMACS 4.5.4 and simulations for the POPC 50 and
POPC 40 systems were carried out with GROMACS 4.5.6
(Pronk et al., 2013). The following options were chosen
within GROMACS for all simulations. Forces for DOPC, POPC,
and the phenylalanine dipeptide were all represented by the
version 36 CHARMM force field (Pastor & MacKerell, 2011;
Vanommeslaeghe et al., 2010). Water was represented by
using the TIP3P model (Jorgensen et al., 1983). Direct electro-
static interactions were truncated at 1.3 nm and a long-range
correction using the Particle Mesh Ewald (PME) method was
used (Petersen, 1995). Van der Waals interactions were simi-
larly truncated at 1.2 nm; however, a force switching function
was used to smooth the transition between 1.0 and 1.2 nm.
A canonical ensemble was used; and, therefore, the number
of system particles, the system volume, and temperature
were constant. Temperature was held constant at 300 K by
using velocity rescaling (Bussi et al., 2007). Initial velocities
were sampled from a Maxwell distribution at 300 K. The
default leap-frog algorithm was used to integrate the rele-
vant equations of motion with a time step of 2 fs. Periodic
boundary conditions in the x, y, and z simulation box direc-
tions were used. Constraints on all bonds involving hydrogen
atoms were enforced by using the LINCS algorithm (Allen &
Tildesley, 1989). Position, energy, and other simulation data
were saved every 500-time steps or once every picosecond.

Simulations began by equilibrating each system, as set up
by CHARMM-GUI, over 500 ps intervals with the parameters
described in the previous paragraph. Once equilibrated, an
unrestrained simulation was run for at least 50 ns, and a sys-
tem image was obtained at z¼ 1.6 nm, corresponding to the
dipeptide at the lipid-water interface. This image was then
used as the starting point for further umbrella sampling win-
dows in both positive and negative z directions. Umbrella
sampling windows for all systems were run from z¼ 0.0 nm
to z¼ 3.0 nm in 0.1 nm increments. A harmonic restraining
potential of 3000 kJ mol$1nm$1, located at the center of
each umbrella sampling window, was applied to the center
of mass of the phenylalanine dipeptide (K€astner, 2011; Torrie
& Valleau, 1977). Each window ran from 50 to 100 ns; as
needed, simulation windows near the center of the mem-
brane were extended up to 100 ns to improve statistical
overlap for the potential of mean force calculations. The
potential of mean force (PMF) was then calculated by using
the weighted histogram analysis method (WHAM) (Kumar
et al., 1992; Roux, 1995; Souaille & Roux, 2001).

Calculations of position-dependent diffusion constant val-
ues D(z) as a function of insertion depth z, were obtained
using the method described by Hummer (2005) that is, in
turn, based on ideas developed by Zusman (1980) and
Bicout and Szabo and based on a numerical solution of the
Smoluchowski equation (Bicout & Szabo, 1998). Specifically,

Dnþ1=2 ¼ wnþ1, n
p&ðnÞ

p&ðnþ 1Þ

! "1=2
d2 (1)

where n is the bin number, wnþ1,n is the transition rate
between neighboring histogram bins, p& is the biased prob-
ability distribution, and d is the width of each bin. This

approach begins by binning z(t), the distance between the
center of mass of the phenylalanine dipeptide and the center
of mass of the lipid bilayer, in the entire umbrella sampling
simulation window. The biased probability distribution, p&(z),
is then approximated by the resulting, normalized histogram
as p&(n). The average number of transitions between neigh-
boring bins is then calculated from the position time series
z(t). Next, wnþ1,n is calculated from the average number of
transitions between neighboring bins divided by the bin resi-
dence time. We chose a bin width of 0.025 nm so that a bin
transition is located at the center of any given umbrella win-
dow and to minimize error. Under these parameters, the pos-
ition-dependent translational diffusion coefficient, D(z), for
each of our umbrella windows is then found when n¼ 1.
Please note: although we are using our harmonically
restrained umbrella sampling windows, the diffusion coeffi-
cient is calculated at the center of each window where the
restraining potential is equal to zero, thereby minimizing the
impact of the harmonic umbrella sampling restraint.

Permeation kinetics were then assessed by calculating the
permeability coefficient, P, and the mean first passage time
(MFPT), <s>, by using the inhomogeneous solubility diffu-
sion model (Diamond & Katz, 1974). The permeability coeffi-
cient is calculated by:

P ¼ 1=
ðb

a
ebwðzÞDðzÞ$1dz (2)

where a is a location in the aqueous region on one side of
the membrane along the z-axis, b is a location in the aque-
ous region on the opposite side of the membrane, b ¼
(kBT)

$1, w(z) is the potential of mean force at a given loca-
tion along the z-axis, and D(z) is the diffusion constant at a
given value of z. The mean first passage time is calculated
by (Schulten et al., 1981; Ulander & Haymet, 2003)

sh i ¼
ðb

a
ebwðzÞDðzÞ$1

ðz

a
e$bwðz

0Þdz0
! "

dz (3)

where all variables are defined in the same manner as for
the calculation of P.

A wide variety of additional and smaller data analyses
were also conducted. The timescale of molecular motion was
investigated at select distances of z¼ 0.0, 0.5, 1.0, 1.5, 2.0 nm
by extending the corresponding umbrella windows to 250 ns.
Sidechain anisotropy was investigated by defining a vector
in the plane of the phenyl group in the phenylalanine dipep-
tide that is perpendicular to a vector formed by the CG and
CZ carbon atoms. A C2 autocorrelation function for this vec-
tor was then calculated. C2 is a second-order associated
Legendre polynomial, defined below, and is related to simple
rotational diffusion in 3D space.

C2 tð Þ ¼ 1
2

3 cos 2hðtÞ $ 1
$ %

(4)

where h(t) is the angle formed between the investigated vec-
tor at two different points in time. The rotational correlation
time, srot, was then determined by fitting the C2 autocorrel-
ation function to a single exponential decay function, to
obtain an average time, or to a double exponential, to
obtain weights and timescales of slower and faster
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components. Similarly, the autocorrelation time for the pro-
jection of the insertion vector along the z-axis was deter-
mined. Backbone and sidechain conformational angles, radial
distribution functions, solvent accessible surface areas, and
the radius of gyration were calculated by using the relevant
GROMACS 4.5.6 tools (Pronk et al., 2013). The dihedral angle
clustering analysis was done with CHARMM (Brooks et al.,
2009). The membrane electron density profile was calculated
with the density tool of GROMACS, which starts with trajec-
tory average atomic densities and assigns the number of
electrons based on atomic number (Pronk et al., 2013).

Results and discussion

Experimental results

Unassisted permeation of NAFA was determined across
DOPC and POPC lipids over a period of 30 hrs. The rate of
NAFA transport was determined by fitting the kinetic profile
generated with the fluorescence intensity change as a func-
tion of time. These experiments were performed at 310 K
and two different pH environments, pH 4.8, and pH 7.2.
Lucifer yellow and Cresyl blue were used as positive and
negative controls, respectively. The integrated fluorescence
intensities as a function of time were plotted to obtain the
rate of transport in each case (presented in Figure 2(A–D)).
The observed rates are in hours are found to vary signifi-
cantly at neutral pH in both DOPC and POPC. The rate of

translocation for NAFA in DOPC is observed to be signifi-
cantly slower, almost by a factor of two, in comparison with
POPC at pH 7.2. In an acidic environment, pH 4.8, NAFA
translocation rate in DOPC and POPC does not vary
significantly.

There is a measurable dependency of the time scale on
lipid type and pH. It is important to note that at neutral pH
7.2 and in POPC NAFA transport is faster by a factor of two
compared to DOPC, 3 h, and 6 h, respectively. In an acidic pH
4.8, there is a very negligible difference in the rate of NAFA
in both POPC and DOPC, !8 h. This suggests that the proto-
nated environment hinders the transport rate of NAFA in
POPC, whereas in DOPC rates vary negligibly in two different
ionic conditions.

Potential of mean force

The potential of mean force represents the free energy
required to reversibly pull the dipeptide along the z-axis rela-
tive to the membrane center of mass. The potential of mean
force in the aqueous region at 3.0 nm, corresponding to the
dipeptide in the solution phase, for each system was defined
as 0.0 kJ mol$1 and all other values are calculated relative to
this reference. The phenylalanine dipeptide exhibits very
similar behavior in all three systems, as seen in Figure 3: a
free energy minimum around the lipid-water interface and a
free energy barrier at the center of the membrane. The

Figure 2. Integrated fluorescence intensity of NAFA with respect to time at 310 K (A) in DOPC at pH 7.2. (B) in DOPC at pH 4.8. (C) in POPC at pH 7.2 (D) in POPC
at pH 4.8. The results shown are averages and standard deviations from three replicates.
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minima are $16, $13, and $18 kJmol$1, respectively, for the
POPC 40, POPC 50, and DOPC 50 systems, and occur at 1.3,
1.2, and 1.2 nm. The free energy barriers are 14, 12, and 10 kJ
mol$1, in the same order as before. Qualitatively, these
results are very similar to findings for other amino acids and
agree with our previous studies concerning aromatic dipepti-
des (Cardenas et al., 2012; Lee et al., 2016) Blocked phenyl-
alanine contains a hydrophilic backbone and a hydrophobic
side chain which results in a smaller free energy near the
membrane interface where the backbone can interact with
the aqueous region at larger z-values and where the side-
chain can interact with the lipid environment at smaller
z-values.

The PMFs for POPC 40 and POPC 50 demonstrated little
difference at the center of the membrane; however, POPC 40
demonstrates a small, but statistically significant difference at
the interface. Although the effect of lipid bilayer size on aro-
matic dipeptide PMFs has not been examined before,
Nitschke et. al. has conducted membrane size studies on
methanol and ibuprofen with POPC bilayers (Jo et al., 2007).
Even though ibuprofen is less polar and is, therefore, more
likely to pass through a lipid bilayer (Jo et al., 2007), it still
contains a similar combination of polar and nonpolar moi-
eties and produces the same qualitative PMF shape as the
phenylalanine dipeptide. In Nitschke’s analysis (Nitschke
et al., 2016), lipid size may influence the PMF by three key
mechanisms: 1.) averaging out the effects of membrane fluc-
tuations, 2.) finite-size effects altering the lipid structure, and
3.) solute stabilization through the interaction of periodic
images. They determined that only membrane fluctuations
influence the PMF for lipid bilayers as small as 32 molecules.
For example, the central barrier for ibuprofen is lowered by
3 kJ mol$1 when the system size is increased from 32 to 50

lipids. In our case, the PMF is lowered 2 kJ mol$1 when the
system size is increased from 40 to 50 lipid molecules, in
good agreement with Nitschke’s results. In the interfacial
region, the PMF is lowered by 5 kJ mol$1 for ibuprofen and
by 3 kJ mol$1 for the phenylalanine dipeptide. Interestingly,
these system size-effects can be removed by utilizing a cylin-
der-based center of mass coordinate, rather than the all lipid
center of mass coordinate that we use (Carpenter et al.,
2014). Alternatively, the small variation of the PMF due to
system size may be due to the relatively short simulation
length: 20 ns per window for Nitschke and 50 ns per window
for our results. The passive transport of a peptide through a
lipid bilayer heavily depends on membrane fluctuations at
the interface, which may not be adequately sampled in short
simulations of small numbers of lipids, producing a system-
atic bias towards smaller, less negative, interfacial energies
(Klauda et al., 2008). For example, lipid molecules can flip
from one side to another on the scale of hundreds of nano-
seconds (Wei & Pohorille, 2014), lipid defects and void spaces
form in the center of the membrane on the order of tens of
microseconds (Neale et al., 2011), and, rotational energy bar-
riers can further complicate matters by occurring on the
order of tens of nanoseconds (Cardenas & Elber, 2013;
Klauda et al., 2008).

The DOPC 50 PMF exhibits a significantly smaller central
barrier and a broader interfacial minimum than the POPC 50
curve, with particularly large deviations within the region
between 0.6 and 1.0 nm, as shown in Figure 3. Traditionally,
the width of the PMF near the interfacial minimum has been
associated with the ability of the lipid membrane to either
exclude polar solutes or to enfold apolar solutes due to
membrane fluctuations (Comer, Schulten, et al., 2014). Since
our simulations use the same solute for each lipid bilayer

Figure 3. The free energy required to pull the phenylalanine dipeptide along the z-axis of the simulation box is plotted below as the potential of mean force.
Z¼ 0 represents the center of the lipid bilayer. A 95% confidence interval representing the standard error is also plotted for select points as determined by the
Bootstrap method.

6 B. L. LEE ET AL.



system, the calculated PMF differences must be due to differ-
ences in bilayer properties. DOPC contains an additional dou-
ble bond in its aliphatic tail as compared to POPC. This
greater lack of saturation causes the DOPC bilayer to be less
ordered than POPC and other saturated phospholipids (Mills
et al., 2008). Our results suggest that the less ordered DOPC
bilayer is more easily capable of undergoing distortions that
better accommodate the amphiphilic nature of the phenyl-
alanine dipeptide, thereby producing a broader PMF curve
near the interfacial free energy minimum. These membrane
distortions either allow the hydrophilic moiety to remain in
contact with the bulk aqueous region (Vaz & Almeida, 1991)
or allow the partial retention of the solvation shell at a
greater insertion depth, thereby lowering the free energy.
These effects are discussed in greater detail in some of the
following sections.

Translational diffusion

The translational diffusion in all three systems closely follows
our previously described results for aromatic amino acids in
DOPC 50 (Lee et al., 2016). In the aqueous region, the
phenylalanine dipeptide exhibits diffusion constants of
5.20 ± 0.10" 10$10 m2s$1 in DOPC 50, 5.40 ± 0.15" 10$10

m2s$1 in POPC 50, and 5.23 ± 0.15" 10$10 m2s$1 in POPC
40. All these values possess overlapping confidence intervals,
and any differences are statistically insignificant. At the mem-
brane interface at z¼ 1.5 nm, diffusion constants of
4.82 ± 0.17" 10$10 m2s$1 in DOPC 50, 4.86 ± 0.089" 10$10

m2s$1 in POPC 50, and 4.83 ± 0.15" 10$10 m2s$1 in POPC 40
were determined. Again, these values are not statistically dif-
ferent from each other. However, they are slightly smaller
than the values determined within the aqueous region.
Finally, at the center of the membrane, the phenylalanine
dipeptide diffusion constants are 5.63 ± 0.26" 10$10 m2s$1

for DOPC 50, 5.46 ± 0.17" 10$10 m2s$1 for POPC 50, and
5.48 ± 0.15" 10$10 m2s$1 for POPC 40. Here, as well, the
results for the three systems are not statistically different
from each other, and they are similar to the values within
the aqueous region. This pattern of slightly smaller diffusion
constants near the membrane interface as compared to
either the membrane interior or aqueous regions has also
been found in many different molecules from water to
organic solvents to small pharmaceutical compounds
(Khuntawee et al., 2015). The observed differences are most
pronounced for polar and amphiphilic molecules and negli-
gible for larger, more nonpolar molecules (Xiang &
Anderson, 2006). While most of the D(z) values follow rela-
tively smooth variation with insertion depth z, there are two
data points with significant deviations, for POPC 40 at 1.6 nm
and DOPC 50 at 1.7 nm. In summary, switching from DOPC

to POPC or from 50 to 40 lipid molecules does not have a
measurable impact on the position-dependent translational
diffusion constants.

Permeability measures

The permeation coefficient – an important quantity used in
pharmacokinetic analyses – and the mean first passage time
(MFPT) are discussed in this section, with a summary pre-
sented in Table 1. Both quantities represent a more physic-
ally relevant interpretation of our diffusion constant and
potential of mean force data. The MFPT for the phenylalan-
ine dipeptide through a POPC 50, POPC 40, and DOPC 50
membrane system are (9.1 ± 0.5) " 10$6 s, (1.2 ± 0.9) " 10$6

s, and (4.1 ± 0.3) " 10$6 s, respectively, by using Equation
(3). The given 95% confidence intervals were calculated by
propagating error from the diffusion and potential of mean
force data displayed in Figures 3 and 4. All of the passage
times were on the order of microseconds, which is in agree-
ment with similar computational studies on molecules
around the same size as the phenylalanine dipeptide
(Diamond & Katz, 1974). Of the three systems studied, POPC
40 has the largest passage time, POPC 50 the smallest, and
DOPC 50 in between the two. These calculations are most
sensitive to the permeant environment near the center of
the membrane and therefore reflect the potential of mean
force and diffusion constant around z¼ 0 nm. The diffusion
constants near the center of the membrane are largely the
same for all three systems; however, the PMF is greatest for
POPC 40, followed by POPC 50, and then DOPC 50, which
matches the qualitative order of the MFPT. It is interesting to
note that the width and depth of the PMF did not have a
substantial impact on this ordering since the PMF for DOPC
50 is much deeper and broader than for POPC 50.

Our calculated permeation coefficients for the POPC 50,
POPC 40, and DOPC 50 systems are, respectively:
0.82 ± 0.03 cm s$1, 0.24 ± 0.03 cm s$1, and 0.66 ± 0.03 cm s$1

by using Equation (2). Again, the reported uncertainties are
95% confidence intervals determined through the propaga-
tion of error in the PMF and diffusion constant data. It
should also be noted that these calculations are highly sensi-
tive to the choice of the free energy in the aqueous region;
for example, differences of only a few kJmol$1 resulted in
order of magnitude differences in the permeation constant.
Therefore, actual uncertainties are likely far larger, and care
should be taken in terms of converging the aqueous PMF.
The MFPT calculations are not sensitive to this variation and
maybe a more accurate reflection of the permeation kinetics.
As a result, the relatively small differences in the permeation
coefficients for each system are not significant. In general,
these permeation coefficients agree with other simulations
with small molecules (Orsi et al., 2009). We previously
reported experimental coefficients for the phenylalanine
dipeptide in DOPC 50 of 5.6" 10$8 cm s$1(Lee et al., 2016),
as compared to our computational value in this work of 0.66
cm s$1. As expected, the computational value is far larger
than the experimental result due to any of the following fac-
tors which have been well documented in the literature: the

Table 1. Summary of computational estimates of membrane permeability
from NAFA simulations. Permeation coefficients P are in cm s$1 and mean
first passage times (MFPT) in s.

System P MFPT

POPC 50 0.82 ± 0.03 cm s$1 (9.1 ± 0.5) " 10$6 s
POPC 40 0.24 ± 0.003 cm s$1 (1.2 ± 0.9) " 10$6 s
DOPC 50 0.66 ± 0.03 cm s$1 (4.1 ± 0.3) " 10$6s
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use of the inhomogenous solubility-diffusion model (Comer,
Phillips, et al., 2014; Parisio et al., 2013), hidden rotational
barriers (J€ambeck & Lyubartsev, 2013), membrane, and solv-
ent fluctuations (Cardenas & Elber, 2014), and the choice of
force field (Cardenas et al., 2012; Lee et al., 2016).

Rotational sidechain diffusion

In contrast to the largely flat translational diffusion profile in
Figure 4, the NAFA rotational diffusion is significantly slowed
within the lipid bilayers. As previously reported, in the DOPC
50 system the average rotational correlation time of the side-
chain phenyl group was ca. 0.3 ns in the membrane center
(z¼ 0), 2 ns in lipid headgroup region (z¼ 1 nm) and 1 ns at
the solvent/lipid interface (z¼ 2 nm) (Lee et al., 2016). In
POPC 40 the corresponding results were 0.2, 1.4 and 0.4 ns,
respectively, while in POPC 50 values were 0.1, 1.2 and
0.4 ns, respectively. Overall, there is a trend for slower reor-
ientations inside the membrane in the smaller POPC 40 sys-
tem relative to the larger POPC 50, and faster reorientations
in POPC relative to DOPC. However, qualitative comparisons
of data between different simulation systems and umbrella
sampling windows are difficult. The C2(t) decays are mostly
not well described by single exponentials. In many cases,
very long tails are present, with estimated time scales in the
tens to hundreds of ns, which cannot be reliably fitted given
our simulation time scales. Finally, in several cases the correl-
ation functions do not decay to zero, indicating small effects
of even longer-term processes. The general effect is qualita-
tively similar in all three simulations: a dramatic slowing
down of rotational diffusion in the head group region, and a
somewhat smaller slowdown in the center and membrane
interface. Measured NAFA reorientation times are

substantially longer than previously reported values for the
phenylalanine dipeptide in water with MD. In MD it was
found to be 20ps applying CHARMM force field and TIP3P
water at 300 K (Kuczera et al., 2010) and the corresponding
measured value was 98± 30 ps at 278 K. This may suggest
that the reorientation motion of the sidechain plays an
important role in the transport process.

Insertion angle

The insertion vector of each peptide is defined by an angle,
h, between two vectors: one vector points along the positive
z-axis with respect to the lipid membrane, and the other vec-
tor starts from the center of mass of the backbone and ends
at the center of mass of the sidechain. In other words, an
angle of 0) indicates that the sidechain is pointing in the
positive z-direction and the backbone in the negative z-dir-
ection. Alternatively, an angle of 180) represents the reverse:
the peptide backbone is pointing in the positive z-direction,
and the sidechain is pointing in the negative z-direction.

From Figure 5, peptide orientations are largely homogen-
ous in the aqueous region beyond 2.0 nm. However, as the
peptide nears the membrane interface, the insertion angle
prefers large values between 120) and 180), indicating a
preference for the sidechain to enter the membrane first.
The sidechain, particularly for phenylalanine, is largely non-
polar and prefers to interact with the non-polar aliphatic
groups within the lipid membrane, while the polar amide
and acetate groups within the peptide backbone prefer
interactions with the solvent. This preference continues until
around 0.3 to 0.4 nm from the center of the membrane,
where the insertion angle can, once again, adopt a wide
range of different values. At the center of the membrane,

Figure 4. Translational diffusion constants of the NAFA dipeptide as a function of distance from the center of mass of the lipid bilayer are depicted. These con-
stants were determined by a numerical solution of the Smoluchowski equation. The error bars represent the standard error at a 95% confidence level, as calculated
by separating the data for each simulation window up into four consecutive bins.
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the local environment is similar in both the positive or nega-
tive z-direction, and a preference for one angle or direction
is unlikely to be seen in this homogenous region. The ability
of NAFA to change its orientation in either the positive or
negative z-direction is very similar to the results found in
previous studies of aromatic dipeptides (Cardenas & Elber,
2013). Both lipid types, POPC and DOPC, and system sizes,
POPC 40 and POPC 50 exhibit very similar results.

The timescale of the reorientation of the insertion vector
was also examined by calculating the autocorrelation func-
tion for the projection of this vector along the z-axis, also
known as the cosine of the insertion angle. Most interesting
is the value at z¼ 0, in the membrane center, for which
1.8 ns was obtained for POPC 40 and 1.0 ns for POPC 50. This
indicates that the whole peptide has readily changed orien-
tation at the mid-point of the membrane permeation path.
Estimation of insertion angle reorientations at other locations
in the membrane give times that are much slower than 1 ns
and are highly speculative, as complete sampling was not
obtained on our simulation time scale, similarly to some of
the sidechain reorientations discussed above. These longer
timescales are likely due to the large-scale fluctuations of the
lipid molecules within the membrane, which are absent at
the center of the membrane (Neale et al., 2011). Conversely,
the smaller autocorrelation times at the center are due to
the creation of transient void spaces because of the greater
disorder of the lipid tails (Vaz & Almeida, 1991). These void
spaces then allow NAFA to rotate with greater freedom. It
bears mentioning again: translational diffusion is largely
independent of the permeation depth; sidechain rotation
begins to show a somewhat scattered dependence on z;
and, finally, the rotation of the entire molecule, as shown
here, clearly depends on the location of the permeant within
the membrane.

Backbone conformations

Figure 6 contains Ramachandran plots for each of the sys-
tems studied (Ramachandran et al., 1963). Simulations were
split up into three regions: the water region at the far edge
of the simulation box, the interface where the lipid head-
groups interact with the aqueous region, and the center of
the membrane where the lipid tails interact, as seen in

Figure 6(A). Figures 6(B–D) contain plots of all three slices
for the POPC 40, POPC 50, and DOPC 50 systems. The sam-
ple structures around the Ramachandran plot are depictions
of the two most prevalent conformations, representing
around 80% or greater of all observed clusters. In the aque-
ous region, all three systems sample three conformational
areas: the a-helical region with negative U and W angles,
the b-sheet area with negative U and positive W angles in
the top corner, and the small region sandwiched in-
between the a-helices and b-sheets, representing a C7eq
conformation, a free energy minimum that is commonly
found in dipeptides and includes an internal backbone
hydrogen bond between the terminal blocking groups
(Tobias & Brooks, 1992). These findings are similar to what
we found for the other aromatic dipeptides of tyrosine and
tryptophan in the aqueous region (Lee et al., 2016). At the
interface, the a-helix and b-sheet regions lose probability
density to the C7eq conformation until, eventually, at the
center of the membrane, only the C7eq conformation
remains to a significant degree. This demonstrates that the
phenylalanine dipeptide adopts different conformations as
it travels through the membrane. This behavior is consistent
regardless of system size or lipid type, as explored in
greater detail throughout the clustering analysis in the
next section.

Sidechain conformations

The two sidechain dihedral angles, v1 and v 2 were plotted
in Figure 7 in the same manner as the Ramachandran plots
in Figure 6. By looking at the top v1- v2 plot in Figure 7(A)
for the aqueous region, the phenyl ring of the phenylalanine
dipeptide in DOPC 50 samples six different conformers: tgþ,
g-gþ, and gþgþ in the top row; and tg-, g-g-, and gþg- in the
bottom row. However, only tgþ, g-gþ, tg-, and g-g- are heav-
ily sampled, as indicated by the large, red regions. gþgþ and
gþg- are only weakly sampled due to the much smaller, less
intense, and whiter regions on the right-hand side of the
panel. Note: this nomenclature follows the standard conven-
tion for the naming of amino acid sidechain conformations.
For example, tgþ refers to a trans v 1 dihedral angle around
180) and a gauche(þ) v 2 dihedral angle around þ60). In the
interfacial region of Figure 7(A), the four heavily sampled

Figure 5. The insertion angle of the NAFA dipeptide as a function of the distance from the center of the lipid membrane can be seen below. The insertion vector
points from the backbone center of mass to the sidechain center of mass. The insertion angle, h, is then the angle in between the insertion vector and the positive
z-axis. Blue regions represent areas of low, normalized probability, and red regions represent areas of high, normalized probability as a function of h and the dis-
tance from membrane center, z.
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conformations are still present; however, gþgþ and gþg- van-
ish completely before reappearing within the center of the
membrane. This phenomenon was also present in POPC 40
and POPC 50, as seen in Figure 7(B, C). Although the dihe-
dral sidechain angles do not play as important a role in
membrane permeation as the backbone, there is a slight

conformational preference in the interfacial region against
gþgþ and gþg-. In terms of membrane size, the gþgþ con-
former is largely absent in the aqueous region of the POPC
40 system and slightly more prevalent in POPC 50. Finally,
there is little difference between the DOPC 50 and POPC
40 systems.

Figure 6. Shows Ramachandran plots, with probability distribution of backbone U and W dihedral angles, for each of the studied system. Simulations were split
up into three regions: the water region at the far edge of the simulation box, the interface where the lipid headgroups interact with the aqueous region, and the
center of the membrane where the lipid tails interact, as seen in 6A. 6B–D contains Ramachandran plots of all three slices for the POPC 40, POPC 50, and DOPC
50 systems.

Figure 7. v 1 and v 2 sidechain angles for the phenylalanine dipeptide in 7A represents three such plots at the center, interfacial, and aqueous regions, in ascend-
ing order, for the simulations of the phenylalanine dipeptide with 50 DOPC lipids. Blue represents regions where the binned probability distribution is very small or
zero; whereas, red indicates a large likelihood that the sidechain will adopt that particular conformation. 7B is the same as 7A, except a membrane consisting of 40
POPC lipids was used; and, finally, 7C represents the same type of plot where 50 POPC lipids were used within the membrane.
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In Figure 7, v 1 and v 2 sidechain angles for the phenyl-
alanine dipeptide are displayed in the same manner as the
previously examined Ramachandran plots. Specifically, Figure
7(A) represents three such plots at the center, interfacial, and
aqueous regions, in ascending order, for the simulations of
the phenylalanine dipeptide with 50 DOPC lipids. Blue repre-
sents regions where the binned probability distribution is
very small or zero; whereas red indicates a large likelihood
that the sidechain conformations will adopt that particular
conformation. Figure 7(B) is the same as 7A, except a mem-
brane consisting of 40 POPC lipids was used; and, finally, 7C
represents the same type of plot where 50 POPC lipids were
used within the membrane.

Peptide structures and clustering

A clustering analysis of the U, W, v1, and v2 dihedral angles
was conducted for structures at the center of the membrane,
interface, and water regions. As we previously reported (Lee
et al., 2016), the phenylalanine dipeptide in a 50 DOPC mem-
brane system adopts seven clusters in the water region: 4 a
and 3 b; four at the interface: 2 a and 2C7eq-b hybrids; and
four at the center of the membrane: 2C7eq and 2 b. Please
note that clusters were classified based on those identified
by Tobias and Brooks (1992) to within a tolerance of around
10) in the U dihedral angle and around 20) in the W
angle.100 Also, the two most prevalent structures within
each clustering region are depicted in the margins of panels
B, C, and D in Figure 6. In the 50 POPC lipid membrane sys-
tem, seven clusters were identified in the water region: 3 a
and 4 b; four at the interface: 2 a and 2 b; and five at the
center: 2C7eq, 2 b, and 1C7eq-b hybrid. In the 40 POPC lipid
membrane system, ten clusters were identified in the water
region: 5 a and 5 b; four at the interface: 2 a and 2 b; and
five at the center: 2C7eq, 2 b, and 1 distorted C7eq cluster.
The larger number of clusters in the water region for this
system was surprising; however, all the additional clusters
beyond the original seven identified for the DOPC 50 and
POPC 50 systems represented fewer than 0.5% of the total
cluster representation. More interestingly, the interfacial
region of the

POPC systems had only a and b clusters; however, the
DOPC interfacial region contains two b clusters whose W

angles are halfway between a typical b or C7eq cluster, hence
their designation as C7eq-b hybrids. These hybrid clusters
may indicate that the phenylalanine dipeptide is being
forced into lower-energy conformations sooner.

Indeed, the oxygen-to-nitrogen atom distances on the ter-
minal blocking groups, as plotted in Figure 8, indicate that
these two atoms are coming closer together to form a lower
energy C7eq cluster at a z-distance of 0.7 nm, whereas the
POPC systems do not begin this process until around 0.5 or
0.6 nm. In the water region, all systems adopt an oxygen/
nitrogen distance between 3 to 5 nm and do not exhibit a
strong preference. However, at the center of the membrane,
all lipids and sizes indicate a strong preference for a very
small oxygen/nitrogen distance around 2.8 to 3.1 nm as the
polar dipeptide backbone attempts to either minimize its
interfacial free-energy with respect to the non-polar environ-
ment at the membrane center or to potentially maximize
their dipole or hydrogen bonding interactions.

Molecule shapes and sizes

All three systems indicate little variation in both the radius
of gyration (Rg) and the solvent-accessible surface area
(SASA) of the phenylalanine dipeptide with depth of lipid
insertion (data not shown). This is not surprising due to the
small size of the peptide.

Specific interactions

The phenylalanine dipeptide interacts with a different envir-
onment at varying distances from the center of the model
DOPC or POPC membrane. The number of water molecules
within 0.3 nm of any part of the dipeptide is plotted in
Figure 9. In the aqueous region 3.0 nm from the center of
the model membranes, all three peptides were surrounded
by around 45 water molecules, with the POPC and DOPC 50
systems at nearly the same value; whereas, the POPC 40 sys-
tem has a slightly larger number. As the dipeptide moves
closer to the membrane interface, the number of closely
coordinated water molecules gradually decreases to around
20 at z¼ 1.5 nm.

As expected for relatively small and non-ionic permeants,
there are few, if any, water molecules surrounding the

Figure 8. The distance between the oxygen and nitrogen atoms of the respective blocking groups – the oxygen atom of the acetylated N-terminus and the nitro-
gen atom of the amidated C-terminus – are plotted for each simulation window in terms of their associated probability distributions. Blue represents a small or
zero likelihood of the phenylalanine dipeptide adopting a conformation with that particular oxygen/nitrogen distance, whereas red indicates a high likelihood.
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dipeptide at the center of the membrane. However, it is
interesting to note that at z¼ 0.0 nm from the membrane
center, the DOPC 50, POPC 50, and POPC 40 systems possess
the following number of nearby water molecules:
0.690 ± 0.007, 0.006 ± 0.124, 0.006 ± 0.114. The numbers for
the POPC systems are essentially zero; however, the DOPC
50 system is statistically above zero. This may indicate a
slightly greater permeability for the DOPC system due to its
less ordered lipid tails.

Radial distribution functions (RDF) between either the
backbone or sidechain moiety of the phenylalanine dipeptide
interacting with the non-hydrogen atom components of
water, the lipid tails, or the remaining lipid headgroup atoms
for the POPC 50 system are plotted in Figure 10. The

corresponding figures for the DOPC 50 and POPC 40 systems
are not included since they are indistinguishable to any but
the most discerning eye. At the top of panel 10A and panel
10B, both moieties of the peptide are surrounded by a rela-
tively uniform distribution of water molecules. However, this
uniformity comes to a gradual stop at 2.0 nm from the mem-
brane center for the sidechain, whereas, the backbone con-
tinues to interact with the aqueous region until a distance of
1.0 nm. This trend is corroborated by the insertion angle data
in Figure 5 where the peptide backbone remains oriented
towards the aqueous region at greater membrane insertion
depths. Similarly, both peptide moieties strongly associate
with the lipid headgroups in the interfacial regions between
0.8 and 2.0 nm; however, the sidechain possesses a more

Figure 9. The number of water molecules within 0.3 nm of the phenylalanine dipeptide in all three membrane systems is displayed. At each membrane position,
the standard error of the sample mean was calculated at a 95% confidence level and was less than 0.06 water molecules – too small to appear on this figure.

Figure 10. Radial distribution functions for either the peptide backbone or the peptide sidechain with water, lipid headgroups, and lipid tails are plotted at differ-
ent NAFA insertion depths. Data shown is for POPC 50 systems; results for DOPC 50 and POPC 40 are highly similar and are not shown.
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abrupt transition away from the lipid headgroups at 1.0 nm,
as opposed to 0.4 nm for the backbone. Finally, the opposite
trend is noticed with the lipid tails: the sidechain remains
closer to them over a greater membrane distance (0.0 to
1.9 nm); whereas, the backbone strongly associates with the
tail groups near the membrane center (0.0 to 1.0 nm.)

Coordination numbers representing the average number
of atoms belonging to each of the previously mentioned
groups within 0.5 nm of the backbone or sidechain are plot-
ted in Figure 11. In Figure 11(A), the coordination number
between water and the backbone gradually decreases; how-
ever, in Figure 11(D), the sidechain undergoes a more dis-
tinct transition and rapidly loses coordinating water atoms at
2.1 nm. In Figure 11(B), the backbone is coordinated by a sig-
nificant number of headgroup-atoms over a large distance
(0.6 to 2.5 nm) as compared to the sidechain (1.7 to 2.2 nm)
in panel 11E. Finally, the sidechain rapidly associates with
the lipid tails at around 2.0 nm, in Figure 11(F), before com-
pleting said transition at 1.0 nm; whereas, the backbone
undergoes a more gradual process. Again, this matches both
the RDF and z-insertion angle data demonstrating that the
phenylalanine sidechain enters the membrane first, and the
backbone follows. Interestingly, there is not a significant dif-
ference in coordination number between the choice of lipid
type (DOPC 50 in blue as compared to POPC 50 in green) or
system size (POPC 50 in green and POPC 40 in red).

Conclusions

In this investigation, we have carried out both experiments
and computer simulations to better understand the passive
membrane transport of a neutral aromatic dipeptide, NAFA
in two types of lipid bilayers, DOPC and POPC.
Experimentally, we have measured the rate of transport
monitoring change in fluorescence intensity with time using
the PAMPA method. Analysis of the experimental results
showed that NAFA transport is substantially faster in POPC at

pH 7.2 compared to DOPC at an identical pH. Whereas in a
protonated environment, at pH 4.8, NAFA permeation
becomes independent of membrane composition, producing
transport rates that are almost identical in both DOPC and
POPC. Computationally, we have conducted a wide variety of
analyses to determine the effect of system size and lipid
composition on the passive permeation of the phenylalanine
dipeptide. This was undertaken in the broader context of
exploring and explaining the passive permeation of aromatic
amino acids through model cell membranes. In terms of the
effect of system size, the potential of mean force was low-
ered slightly by about 3 kJ mol$1, in a larger bilayer, poten-
tially indicating that membrane fluctuations are not being
well sampled with only 40 POPC lipids or indicating that a
simulation length of 50 ns per window is insufficient to sam-
ple these fluctuations. A similar trend was also noticed for
the mean first passage time, which is highly coupled with
the results for the potential of mean force. Along these lines,
it was more difficult to achieve convergence in the rotational
sidechain anisotropy studies, even with simulations of 250 ns
in length. A greater number of v1 and v2 sidechain confor-
mations were observed in the interfacial region for POPC 50,
indicating that the larger membrane system may accommo-
date more rarely sampled configurations. No difference was
found in permeation coefficients, translational diffusion,
insertion angles, Ramachandran plots, clustering, backbone
oxygen-to-nitrogen distance, radius of gyration, solvent
accessible surface area, radial distribution functions, and
coordination numbers.

In terms of lipid composition, DOPC contains two, singly
unsaturated acyl chains, and POPC has only a single unsatur-
ated acyl chain. The addition of a double bond creates
greater disorder within the lipid structure. This effect is most
easily seen within the potential of mean force for DOPC
where the PMF is broader than that for either of the POPC
systems. This then affects the mean first passage time which
is highly sensitive to changes in the PMF. The clustering and
backbone oxygen-to-nitrogen distance analyses also indicate

Figure 11. Coordination numbers are displayed and represent the average number of the specified sub-groups within 0.5 nm of either the dipeptide backbone or
sidechain. The peptide sidechain was defined as all the non-hydrogen atoms of the phenylalanine R-group, and the backbone consists of the remaining non-hydro-
gen atoms in the dipeptide, including those of the terminal blocking groups. Sub-groups were defined, as follows: water, lipid oxygen atoms; lipid tail, all of the
carbon atoms in the acyl group of the lipid; lipid headgroup, all of the non-hydrogen and non-tail atoms remaining in the lipid. Panel 11A displays the coordinating
number of water groups around the backbone; Panel 11B, the backbone, and lipid headgroups; Panel 11C, the backbone and lipid tails; Panel 11D, the sidechain,
and water; Panel 11E, the sidechain and lipid headgroups; Panel 11F, the sidechain and lipid tails.
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that the DOPC system transitions to a C7eq conformation
sooner within the membrane. This also indicates a greater
degree of disorder which allows the phenylalanine dipeptide
to adopt this low energy conformation in more shallow
regions of the lipid bilayer. No difference was observed in
terms of permeation coefficients, translational diffusion,
insertion angles, Ramachandran plots, radius of gyration,
solvent accessible surface area, radial distribution functions,
and coordination numbers.

Although only a few differences were present in terms of
system size and lipid type, a wide variety of observations were
made in terms of the general permeation process. The poten-
tial of mean force exhibited the typical pattern for amphiphilic
molecules: an energy minimum near the interface and an
energy maximum in the interior. Translational diffusion coeffi-
cients were largely unchanged with insertion depth, with a
small decrease near the interfacial region. Accordingly, the
mean first passage time closely followed the trend in terms of
the potential of mean force at the center of the membrane.
The computation of permeability coefficients was challenging
due to variation with the choice of starting location within the
aqueous simulation region. Sidechain rotation was more inhib-
ited near the interfacial region and freer in either the aqueous
or central membrane regions. In the permeation process, the
sidechain enters the membrane first, then followed by the
backbone, adduced by the insertion angle, radial distribution
function, and coordination number analyses. Analysis of con-
formational dynamics indicates the presence of more freedom
of movement within the aqueous region and more restricted
conformational freedom within the center of the membrane.
Overall, our studies have provided an experimental baseline
and mechanistic interpretation for unassisted transport across
lipid bilayers of a small di-peptide system.
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