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ABSTRACT: A protocol that accurately assesses the intestinal
permeability of small molecule compounds plays an essential role in
decreasing the cost and time in inventing a new drug. This manuscript
presents a novel computational method to study the passive permeation
of small molecule drugs based on the inhomogeneous solubility-di� usion
model. The multidimensional free energy surface of the drug transiting
through a lipid bilayer is computed with transition-tempered metady-
namics that accurately captures the mechanisms of passive permeation.
The permeability is computed by following the di� usion motion of the
drug molecules along the minimal free energy path found on the
multidimensional free energy surface. This computational method is
assessed by studying the permeability of� ve small molecule drugs
(ketoprofen, naproxen, metoprolol, propranolol, and salicylic acid). The
results demonstrate a remarkable agreement between the computed permeabilities and those measured with the intestinal assay. The
in silicomethod reported in this manuscript also reproduces the permeability measured from the intestinal assay (in vivo) better than
the cell-based assays (e.g., PAMPA and Caco-2) do. In addition, the multidimensional free energy surface reveals the interplay
between the structure of the small molecule and its permeability, shedding light on strategies of drug optimization.

1. INTRODUCTION
Small, synthetic organic molecules (i.e., molecular weight less
than a few hundred Daltons) account for about 90% of the
commercially available pharmaceutical drugs;1 for example, in
2014, 17 of the top 20 most prescribed drugs in the U.S. were
small molecule drugs. In comparison to biomolecules,
including peptides and oligomers such as siRNA, small
molecules are more chemically stable and much more
permeable through biological membranes, allowing them to
be administered orally.2� 4 The intestinal region, which has the
largest surface area in the human gastrointestinal tract, is the
main target for absorption of small molecule drugs.5 The
primary mechanism of intestinal absorption of small molecule
drugs is mediated by passive permeation (i.e., concentration
gradient driven mass transport) through the membranes of the
enterocyte cells that line the intestinal tract.6 Therefore, a good
understanding of the passive permeation of small molecule
drugs is of great interest to the pharmaceutical industry.
Furthermore, anin silicomethod that is able to screen a large
number of small molecule compounds and also shed light on
the dependency between the structure of the molecule and
permeability mechanism can play a pivotal role in decreasing
the cost and time of discovering and developing a new drug.

The passive permeation of small molecules through
membranes has been studied extensively bothin vitroandin
vivo (e.g., two recent review articles7,8). Typically,in vitro
studies employ a system with two chambers, donor and

acceptor, separated by a thin layer that mimics the biological
membrane. The two most usedin vitro assays are (1) cell-
based assays, where the permeation layer is a live membrane,
such as the Madin� Darby Canine Kidney (MDCK)9 cells or
the heterogeneous human epithelial colorectal adenocarcinoma
cells (Caco-2),10 and (2) an arti� cial membrane assay where
the permeation barrier is some thin lipid layer, such as the
parallel arti� cial membrane permeation assay (PAMPA).11

Both systems have been widely adopted by both academia as
well as the pharmaceutical industry over the past 30 years
despite the fact that it is well recognized thatin vitro
permeability is not a reliable measure ofin vivopermeability
and thus human oral absorption cannot be accurately predicted
from one singlein vitro permeability measurement.12 The
shortcomings associated within vitro methods include
adsorption onto surfaces of the experimental chamber,
potential leakage through paracellular pathways,13 unphysio-
logical phases formed in PAMPA,14 and others.15 These
limitations unavoidably decrease the reproducibility ofin vitro
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experiments and in turn the reliability ofin vitropermeability
as a measure ofin vivo permeability and will be further
addressed later in the manuscript. In regard toin vivostudies,
the permeability of small molecule drugs is measured by
regional intestinal perfusion techniques.16,17 Several clinical
tools have been developed, all of which are intrusive and
involve inserting some kind of a multitube into the jejunum.18

Brie� y, in these methods two balloons are inserted into the
lumen to occlude a segment of the intestine, usually the
jejunum. Drug-containing solution is injected into this region
and the di� erence between the input and output perfusate
concentrations is measured. The passive permeability of a drug
is estimated based on the drug loss relative to the estimated
surface area of the occluded jejunal segment.17 In comparison
to in vitro methods,in vivo methods show far superior
correlation to human oral absorption; however, there is much
lessin vivopermeation data available as the experiments are far
more expensive and intrusive on the subject. Despite their
di� erences, bothin vitroand in vivomethods have revealed
correlations between the structure of the small molecule drug
and the rate and extent of oral absorption. This correlation has
signi� cantly contributed to the development of a“rule of
thumb” for evaluating whether a chemical compound has
certain chemical and physical properties that would likely make
it an orally active drug (e.g., Lipinski’s rule of� ve).19 However,
there are many exceptions to Lipinski’s rule of � ve,20,21

indicating that more complicated models are necessary for
estimating the passive permeation of small molecules.

In contrast toin vivoand in vitrostudies,in silicostudies
approach the passive permeation of small molecule drugs with
models and simulations. Molecular dynamics (MD) simu-
lations are one of the most commonly usedin silicomethods to
study biophysical processes and are particularly useful in the
study of permeation.22 Numerous MD methods have been
developed to compute the free energy of permeation,W(R),
and the di� usivity of a small molecule drug,D(R).22� 27 These
two quantities can be used to calculate the permeability (P)
according to the inhomogeneous solubility-di� usion
model.28� 30 Developed from the steady-state� ux, this model
assumes di� usion of the drug during the permeation and takes
into account the fact that the di� usivity of the drug varies with
respect to its position relative to the bilayer. According to this
model, the inverse of the permeability is computed as

� �
=

[ ]

P

W R

D R
R

1 exp ( )

( )
d

(1)

R is a coordinate along the path of the permeation, usually
de� ned as the scaled relative (center of mass) position of the
permeant with respect to the lipid bilayer; for example,
positionsR = 0 andR = 1 represent the drug molecule on
opposite sides outside the lipid bilayer, whileR = 0.5
represents the drug at the center of the lipid bilayer. Various
MD enhanced sampling methods such as umbrella sampling,31

metadynamics,32 adaptive biasing force,33 and etc., have been
employed to computeW(R), and their performances are
generally comparable.34 With regard to the di� usivity,D(R),
although its physical interpretation remains debatable, e.g.,
di� usion versus subdi� usion,27 there have been several
methods that are able to estimate the di� usivities of small
molecule drugs.25 Importantly, in addition to estimating the
passive permeability, MD simulations can also shed light on
the mechanism of passive permeation at an atomistic or

molecular level, potentially leading to solutions for overcoming
the limitations of Lipinski’s rule of� ve.

Like many computational-based methods, MD simulations
of the passive permeation of small molecule drugs su� er from
inconsistent agreement with experimental observations.24� 26

For example, the permeabilities of urea, benzoic acid, and
codeine were computed with various enhanced sampling MD
and resulted in a variation within 1.5 log units (� 30-fold
di� erence) of experimental values.25 Bennion et al.35 employed
umbrella sampling to study the permeation of a range of
compounds, and their results di� ered fromin vitroresults by
about 5.0 log units (� 105-fold di� erence). Several factors to
varying degrees can contribute to these large di� erences: (1)
the inaccuracy of the force� eld, (2) the error associated with
the convergence of the enhanced sampling MD, (3) the
uncertainty introduced in the calculation of di� usivity, (4) the
oversimpli� ed model of the lipid bilayers, and (5) the
protonation/deprotonation of the small molecule drug. It is
well-known that the permeability calculation is very sensitive to
(1) and (2) as they dictate the quality of the free energy of the
permeation,W(R), which is scaled exponentially ineq 1. Error
related to the di� usivity (factor 3) arises from the di� erent
methods of computingD(R), but sinceD(R) is scaled linearly
in eq 1, it is unlikely to be the source of the error that is of a
few orders of magnitude in size.25 With regard to the structure
and composition of the membranes (factor 4), even though
some e� orts have been made to mimic a heterogeneous lipid
bilayer,23 the membranes employed in MD simulations remain
far from physiological conditions (lack of curvature, lipid
diversity, phase behavior, etc.). Finally for the ionization state
of the drug molecule (factor 5), it is very di� cult for charged
species to passively permeate through a lipid bilayer.36� 38

Therefore, according to its pKa value (e.g., propranolol, pKa =
9.5), there could be less than 1% of the molecules in the
neutral form when solvated in bulk water, but this less than 1%
is favored to partition into the lipid bilayer and eventually
permeate. To address this issue, specialized MD, i.e., constant
pH, simulations with the ability to model protonation/
deprotonation is necessary,39,40 and a pioneer research paper
on this subject can be found in ref41. The above discussion on
the pitfalls of MD simulations leads to the realization: it
remains very challenging to directly compare permeabilities of
small molecule drugs calculated from simulations to those from
experiments. Particularly, an agreement between the gold
standard (in vivopermeability) and a testing method (in vitro
or in silico) within 1 order of magnitude is considered to be
state-of-the-art.25,42

This manuscript aims to improve the accuracy and reliability
of MD simulations in predicting passive permeabilities by
targeting the� rst three of the� ve issues mentioned in the
previous paragraph. To address the inaccuracy of the force� eld
(no. 1), the partial charges of the small molecule drug will be
reparametrized when deemed necessary.43 With regard to the
convergence of the free energy calculation (no. 2), transition-
tempered metadynamics, an enhanced sampling method that
e� ciently and reliably computes the multidimensional free
energy of the permeation of small molecule drugs, is utilized.44

Further, two collective variables (CVs) that characterize the
relative position and orientation of the drug with respect to the
bilayer are employed. Traditionally, the center of mass distance
between the drug and bilayer has been employed as the sole
CV in the permeability calculation,25,34,35 but the inclusion of
the additional orientational CV assists the convergence of the
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free energy calculation.45,46 This additional orientational CV
also describes the di� usion motion (no. 3) of the small
molecule along the minimal free energy path of the permeation
much more accurately. For example, as shown later in the
manuscript, the small molecule drug is largely in a“locked”
orientation near the water� bilayer interface, thus the addi-
tional orientational CV enables the characterization of the
di� usion while holding the drug in the favored orientation.45,46

In addition, the inhomogeneous solubility-di� usion
model28� 30 is re-examined, and a computationally more
e� cient model is proposed, where only the major permeation
barriers instead of the entire minimal free energy path are
considered. The passive permeation of� ve small molecule
drugs (ketoprofen, naproxen, metoprolol, propranolol, and
salicylic acid) are studied in this manuscript, and theirin silico
permeabilities show very good agreement to those measured
with the intestinal assay (in vivo). It is important to
acknowledge that the complexity of the bilayer and the
protonation of the drug molecule (issue nos. 4 and 5) also
impact the reliability of thein silicopermeability; nonetheless,
the aforenoted methodology improvement can be applied to
any lipid bilayer and protonated/deprotonated drug molecules.

The manuscript is organized as follows: the methodology
section brie� y introduces the method of computing the
multidimensional free energy of permeation and di� usivity
[W(R) andD(R) in eq 1], the setup of the MD simulation, and
a protocol of reparameterizing the partial charge of a small
molecule drug. TheResultssection reports the analysis of
transition-tempered metadynamics simulations and the dif-
fusivity calculations and eventually the prediction of the
permeabilities. This manuscript concludes with a discussion
comparing thein silicoresults to the permeability measured
with the intestinal assay (in vivo), which is considered to be the
most reliable indicator to the bioavailability of a drug molecule.

2. METHODOLOGY
2.1. Multidimensional Free Energy of Passive Per-

meation, W(R): Transition-Tempered Metadynamics.
Metadynamics (MetaD) adds bias energy to ann-dimensional
space de� ned by collective variables (CV1, CV2, ···, CVn), in
which CVi is transformed from coordinates of the system ofN
atoms, � �5Q N3 , through a functionsi, i.e., CVi = si(Q).47 CVs
are chosen to represent the transition of the system, e.g.,
protein folding, substrate binding, etc., which is rare/slow. At
every� th MD integration step, a Gaussian-shaped bias energy
is added to the Hamiltonian of the system. Thekth Gaussian-
shaped bias energy is centered at:

� � � �

� � �

� =

= ] � �5

S k k k k

s Q k s Q k s Q k

( ) (CV( ), CV ( ), ..., CV ( ))

( ( ( )), ( ( )), ..., ( ( ) )

n

n
n

1 2

1 2
(2)

in which S� is the time evolution of the system in then-
dimensional space of CVs (i.e., CV space). At timet (assume
(k � 1)� < t < k� ), the systemQ(t) � S�(t) is experiencing the
bias energyVG computed as

� � �

�
� = × Š

Š

�< =

V S t t w
s Q j s Q t

( ( ), ) exp
( ( ( )) ( ( )))

2G
j t i
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i/ 1

2

2

�L

�N

�M�M�M�M�M�M

�\

�^

�]�]�]�]�]�]

(3)

in whichw and� i are de� ned as the height and width of the
Gaussian bias along theith CV, respectively. Due to the bias

energy, the system is discouraged from revisiting the regions in
the CV space that have been visited previously and instead
explores regions that have not yet been sampled. After some
time tD, the bias energyVG eventually o� sets the underlying
free energy surface, making the system move in the CV space
in a di� usive and ergodic fashion.32,48 The estimate of the free
energy surface of the system is the time average of VG(S�(t),t)
overt > tD.

In MetaD, the bias energy is added to the system at a
constant rate (i.e.,w/ � ) regardless of the progress of the
simulation. It is important to note that the constant energy
in� ow has been reported to contribute to false convergence
and instability of the simulation.46,49 In response, well-
tempered MetaD (WTMetaD) was proposed, which tempers
the height of the Gaussian exponentially with respect to the
local bias energyVG(S�(t),t).50,51 For example,w in eq 3 is
replaced byw(t), which is computed as

= · Š
�

�
w t w

V S t t

k T
( ) exp

( ( ), )G

B

�L

�N

�M�M�M�M�M
�\

�^

�]�]�]�]�]
(4)

� T is called the bias factor that tempers the height of the
Gaussian (w), and it should neither temper too early (i.e., the
exploration of the CV space would be delayed due to being
stuck in a local minima) nor too late (i.e., the bias energy does
not converge).� T is suggested to ensure that (� T + T)kB is
close to the highest free energy barrier in the CV space.52

However, the barrier height is usually the very quantity to be
sought, and previous experience has shown a poor estimate of
� T could dramatically decrease the e� ciency and reliability of
WTMetaD.53,54

In contrast to WTMetaD, transition-tempered metadynam-
ics (TTMetaD)44 seeks a balance between the exploration of
the CV space and the convergence of the bias energy. Instead
of estimating the height of the free energy barrier, TTMetaD
requires the user to estimate the position of the minima on the
free energy surface, a requirement that is usually easier to ful� ll.
In TTMetaD, a transition path in then-dimensional CV space
is de� ned as the trace ofS�(t), starting from one of the minima,
that connects all the predetermined minima. TTMetaD adds
the bias energy to the system the same way as MetaD does,
then tempers the heightw as soon as at least one such
transition path is found. The height of the Gaussian in
TTMetaD is de� ned as follows:

= × Š
[ * ]
�

w t w
V t

k T
( ) exp

min ( )

B

�L

�N

�M�M�M�M�M
�\

�^

�]�]�]�]�] (5)

When there are multiple transition paths, the maximally biased
one is identi� ed. The minimum bias on this maximally biased
path is de� ned asV*(t) in eq 5.44 Observing at least one
transition path indicates that the wells in the free energy
surface are roughly� lled, then TTMetaD tempers the height of
the Gaussian aggressively. It is designed to explore the CV
space at a fast rate (MetaD-like) and still converges
asymptotically (WTMetaD-like). Previous research has
shown that TTMetaD is an ideal enhanced sampling method
to study the passive permeation of small molecule drugs.45,46

In a majority of the previousin silicostudies,22� 26 a change
in R in eq 1represents the center of mass translation between
the small molecule drug and the lipid bilayer, i.e.,

= Š � �5R C. M. (drug) C. M. (lipid) . Recently, Sun et
al.46 have shown that the orientation of the small molecule
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drug could have a signi� cant impact on its interaction with the
lipid bilayer. A new pathRthat includes this degree of freedom
improves the e� ciency and reliability of the calculation of
W(R). Therefore, � �5R 2 is adopted for this study and is
de� ned by two CVs depicted inFigure 1. The relative position
and orientation between the small molecule drug and the lipid
can be identi� ed with the average value of the two CVs and the
di� erences between them, respectively. Similar to Sun et
al.,45,46 R is the minimum free energy path (MFEP) calculated
from the string method at zero Kelvin.55 The origin and the
end ofRrepresent the drug molecule on opposite sides outside
the lipid bilayer, thus a full transition alongR indicates a full
permeation event. The free energy of the passive permeation,
W(R), is evaluated fromVG(R) after the TTMetaD simulation
converges.

2.2. Di� usivity of the Permeant, D(R): Two-Dimen-
sional Umbrella Sampling.The di� usivity,D(R), character-
izes the speed of the di� usion of the small molecule drug along
the MFEP. To calculateD(R), a series of two-dimensional
umbrella sampling simulations31 are prepared, in each of which
the small molecule drug is restrained to di� erent points along
R (corresponding to di� erent values of CV1 and CV2). For
each simulation, the time evolution of the system in the CV
space,S�(t), is orthogonally projected onto the MFEP. The arc
length between this projected point and the origin ofR is
denoted as � �5l t( ) . l(t) is collected from the simulation, and
D(R) is computed as56

�
�

=
[ ]
�D R

l

C t t
( )

( )

( )dl

2 2

0 (6)

� 2 (l) and Cl(t) are the variance and the autocorrelation
function ofl(t), respectively.Cl(t) is computed as

�=
�
Š

× � Š 	 × × � + Š 	
=

Š �

C t
t

t t
l i t l l i t t l( ) ( ( ) ) ( ( ) )l

s i

t t t

1

( )/s

(7)

in whichts is the length of the umbrella sampling MD after
initial equilibration,� t is the MD integration time step, andl �is
the average ofl(t) over ts.

Hummer et al. and Woolf et al. have shown that the
di� usivity calculated with umbrella sampling MD is independ-
ent of the force constant of the harmonic potential, as long as it
overwhelms the underlying potential energy of the system.56,57

As a result, a relatively large force constant, 1913 kcal/(mol/
Å2) [i.e., 800,000 kJ/(mol/nm2)], is purposely chosen to
con� ne the sampling of� � �5S t( ) 2 to a relatively small area in
the CV space, which enhances the accuracy and reliability of
theS�(t) � l(t) projections (from a random point in the two-
dimensional CV space to the one-dimensional MFEP in this
space). A more detailed description of generating� �5l t( ) from
S�(t) can be found elsewhere.45

2.3. Details of the Molecular Dynamics Simulation.
The lipid bilayer in this research is composed of two lea� ets of
16 POPC molecules each. The lateral dimension of the bilayer
(i.e.,x� y plane) is approximately 3.3× 3.3 nm, a size that has
been shown to be large enough for the permeation of small
molecule drugs.46,45 The bilayer is solvated with a hydration
ratio of 80 (total of 2560 water molecules, making thez
dimension 11.1 nm), and periodic boundary conditions are
enforced in every direction. One small molecule drug is
solvated into the system. CHARMM36,58 CHARMM general
force� elds (CGenFF),43 and TIP359 force� elds are used to
model the lipids, small molecule drugs, and water molecules,
respectively. The Nose-Hoover thermostat59 is applied to the
system at physiological temperature (310 K) and the semi-
isotropic Parrinello� Rahman barostat60 is applied to hold the
system at 1.0 bar. The hydrogen bonds are constrained by the
linear constraint solver (LINCS),61 and the MD integration
time step is 2 fs. The con� gurations are set up using the
CHARMM-GUI membrane builder,62 and the MD simulations
are carried out using GROMACS-2019.263 patched with
PLUMED2.464 (including TTMetaD44 developed by the
Voth research group). For every small molecule drug,� ve

Figure 1.Illustrations of the collective variables. For each small molecule drug, the centers of mass are calculated for two select groups of atoms
(marked as balls), and they are designated as the terminal ends of the molecule. The distances between each of the terminal ends to the center of
mass of the lipid bilayer are employed as collective variables in the TTMetaD simulations.
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one-microsecond replicas of TTMetaD simulations are carried
out to reach di� usive motion (seeFigure S1for an example)
andW(R) is calculated from the ensemble average (seeSection
3.1). These replicas start from the same initial con� guration,
but the velocities of the atoms are randomly generated from a
Boltzmann distribution. The Gaussian bias energy deposition
rate is every 500 steps with a height of 0.015 kcal/mol and a
width of 0.22 nm. The height of the Gaussian is tempered with
a bias factor of 10 (i.e.,� T in eq 5). The TTMetaD wells are
located at (0.0, 0.0) and (0.48, 0.48) in reduced CV
coordinates, and the bias threshold is 6.0 kJ/mol (refer to
the Supporting Informationfor more details). The two-
dimensional umbrella sampling is also carried out with the
same computer program. The small molecule drug is� rst
pulled to the desired position with the“MOVINGRES-
TRAINT” function in PLUMED and then restrained by a
harmonic bias for a total of 200 ns. To make sure the system is
fully relaxed, the autocorrelation function is collected from
only the last 100 ns. The total simulation time for this research
exceeds 26� s.

2.4. Reparameterization the Partial Charges.The
CHARMM General Force Field43 parameters for the small
molecule drugs are generated through a program distributed by
SILCSBIO, LLC, freely available to academic researchers. The
input of the executable is the structure of the molecule, and the
output contains force� eld parameters assigned according to
chemically similar structural motifs in the CGenFF database. A
penalty score associated with each of the parameters indicating
the level of uncertainty is also printed out. In accordance with
CGenFF,43 a penalty score of less than 10 indicates that the
analogy pairing is“fair”, between 10 and 50 requires self-
validation to determine whether the analogy is appropriate,
and anything above the score of 50 means that the analogy is
poor and optimization of the molecule is recommended. In this
manuscript, only the partial charges are reparameterized when

necessary. A brief introduction of the procedure is listed as
follows.

2.4.1. Step 1.Assign partial charges according to MP2
calculations. The geometry of the molecule is optimized in
Gaussian65 at the MP2/6-31G(d)66,67 level of theory. Merz�
Kollman charges from the MP2 geometry optimization are
used to update the initial partial charges from CGenFF (of
high penalty) while following the standard CHARMM all-atom
force� eld convention.68

2.4.2. Step 2.Identify benchmark interaction energies with
Hartree-Fock.69 The interaction energy between every atom
(of the small molecule that could form a hydrogen bond) and
water is calculated with Hartree-Fock restrained geometry
optimization. For compliance with CHARMM, 6-31G(d) basis
sets are used, and the water molecule holds a TIP3 structure.
One water molecule is aligned linearly with the atom of
interest (atom X), and the interaction energy between H� X (if
X is a proton acceptor) or O� X (if X is a proton) is calculated
with a restrained geometry optimization: only the distance
between H� X or O� X is subject to variation while all else
remains � xed. The optimized distances and interaction
energies are then scaled following the CHARMM all-atom
force� eld convention and used as the benchmark data.

2.4.3. Step 3.Fit the partial charges (initially from step 1) to
match the benchmark interaction energies from step 2. The
molecular mechanics (MM) interaction energies are calculated
with the partial charge adjusted to match the benchmark. The
standard CHARMM all-atom force� eld convention is still
strictly observed in this step.

It is important to note that Vanommeslaeghe et al.43 have
developed a full parametrization of all force� eld parameters
(i.e., partial charges, van der Waals, bond, angle, dihedral, etc.)
involved in a small molecule, and the presented procedure of
re� tting the partial charges is derived from Vanommeslaeghe et
al.43 This manuscript focuses on only the partial charges for

Figure 2.Two-dimensional free energy surface for the permeation of� ve small molecule drugs through a POPC bilayer. The CVs are de� ned in
Figure 1. The unit of the free energy is kcal/mol. The black, solid curves denote the MFEP of the permeation. The dashed curve is the central
symmetry image of the solid curve. For more information regarding the dashed curve, please refer toFigure S5.
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two reasons:� rst and foremost, the partial charges dictate the
hydrophobicity of the small molecule and, therefore, largely
contribute to the free energy of permeation (W(R)) that
dominates the estimated permeability. In addition, reparame-
trizing all force� eld parameters entails many iterations of QM
and MM calculations. It would go against the purpose of this
manuscript which is to develop an e� cient in silicomethod
that screens the permeability of a large set of molecules.
Among the� ve small molecule drugs, only propranolol’s partial
charges are reparameterized due to their large uncertainties.
The results of the charge reparameterization are summarized in
Table S1andFigure S2.

3. RESULTS
3.1. Free Energy of Passive Permeation of Small

Molecule Drugs. As discussed to a great extent in previous
research,25,45,46,70 since the lipid bilayer is homogeneous and
symmetric, the drug/top-lea� et and drug/bottom-lea� et
interactions should be identical, [i.e.,W (CV1,CV2) =
W(� CV1, � CV2)]. As a result, the level of the convergence
of the free energy calculation could be assessed by the level of
symmetry with respect to the center of the membrane (i.e.,
CV1 = 0; CV2 = 0). The 2D free energy surfaces from each of
the � ve replicas are shown inFigure S3(ketoprofen is
employed as the example drug). Although details of the free
energy surface vary from one replica to another, these replicas
portray very similar features of the permeation. The level of
convergence can further be seen from the inserted� gure
“average” (average over the free energy surfaces from each
replica without symmetrizing), which already naturally holds
almost perfect central symmetry. Another commonly adopted
method of assessing the level of the convergence of the free
energy calculation is to measure how di� erent these
independent replicas are as depicted inFigure S4(ketoprofen
is again employed as the example drug); the error bar
associated with the two-dimensional free energy surface is
mostly between 0� 1 kcal/mol, with an average of only 0.22
kcal/mol.Figures S3 and S4demonstrate that each individual
TTMetaD replica is trustworthy, but to take full advantage of
the symmetric nature of the system, the� nal estimate of the
free energy of the permeation is computed as the average of
the free energies calculated from each replica after they have
been symmetrized with respect to the center of the lipid
bilayer. The two-dimensional free energy surface of the passive
permeation of� ve small molecule drugs (ketoprofen,
naproxen, metoprolol, propranolol, and salicylic acid) through
a POPC lipid bilayer is depicted inFigure 2, which is zoomed
in from the full-scale version (shown inFigure S5) to highlight
the regions where the free energy changes rapidly. The MFEP
of the permeation (black curve inFigure 2) is calculated from
the string method at zero Kelvin,55 which represents the
predominant pathway over a large number of permeations.

As discussed insection 2.2, the MFEP from the two-
dimensional free energy surface (Figure 2) corresponds to
W(R) in eq 1and is depicted inFigure 3, in which only half of
the permeation (from outside the lipid bilayer to its center) is
shown. The MFEP also demonstrates the correlation between
the hydrophobicity of the drug and its permeation dynamics.
Shown inFigure 4, a zoomed-in� gure of the free energy
surface of the permeation of ketoprofen fromFigure 2is an
example: the blue-dashed diagonal line (i.e., CV1 = CV2) on
the two-dimensional free energy surface indicates the long axis
of the drug being parallel to the surface of the bilayer. The

position of the MFEP relative to this diagonal line reveals the
orientation of the drug. In the denoted region of the MFEP in
Figure 4(from points a to h), when the drug molecule
approaches the lipid bilayer, the MFEP� rst lies above the
diagonal line (i.e., CV1 < CV2). Recall the de� nition of the
CVs inFigure 1: CV1 is the center of mass distance between
the carboxyl group (hydrophilic) and the lipid bilayer, while
CV2 is the center of mass distance between the benzene group
(hydrophobic) and the lipid bilayer. Therefore, the con� g-
uration change, a� b, indicates that the head groups of the
lipids “pull” ketoprofen closer through the hydrophilic
interaction with the carboxyl group. After the carboxyl group
further submerges into the head groups (con� guration b� c),
the benzene group� ips from the aqueous phase into the tail
groups of the lipid (con� gurations c� d � e), maximizing the
hydrophobic� hydrophobic interaction between them. This� ip
has reversed the orientation of the drug with respect to the
lipid bilayer and has brought the MFEP below the diagonal
line (i.e., CV1 > CV2). Through establishing both hydro-
philic� hydrophilic (carboxyl/head) and hydrophobic� hydro-
phobic (benzene/tail) interactions, it results in the global
minimal of the free energy at con� guratione. As the drug
moves further into the lipid bilayer (con� gurations e� f � g
� h), this orientation holds in order to minimize the distance
between the head groups of the lipids and the carboxyl group
of ketoprofen while maintaining the favored hydrophobic
interaction between the lipid tails and the benzene group of
ketoprofen. It is of interest to note that the free energy change
associated with the orientation of ketoprofen, which can be
seen as the change in the free energy along the direction
orthogonal to the CV1 = CV2 line, is much stronger when the
drug is near the head groups as compared to in bulk water and
in the lipid tails. This result indicates that ketoprofen is� rmly
“locked” into the preferred oreintation (con� gurationseandf
in Figure 4) when it is at the interface between the lipid bilayer
and the bulk water. Herein we also clarify the origin of the

Figure 3. Free energy (in kcal/mol) of permeation of� ve small
molecule drugs. The values of the free energy are obtained from the
MFEP from the two-dimensional free energy surface inFigure 2. The
initial point of MFEP (i.e.,R = 0.0) is chosen where the drug is
outside the head groups (CV1 and CV2 are less than� 4.5 nm). The
large green spheres represent the head groups of the bilayer, and the
smaller gray spheres represent the tails.
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dashed black curve inFigure 2, which is a central symmetric
image of the MFEP (solid black curve): the dashed black curve
is a result of the artifact of the string method at zero Kelvin.55

As depicted inFigure S6, the center of the lipid bilayer (i.e.,
CV1 = 0; CV 2 = 0) is a local maximum on the free energy
surface due to the small free energy barrier associated with the
change in the orientation of the molecule. Consequently, the
MFEP located by the string method at zero Kelvin avoids
crossing the center but, instead,� nds a path that goes around it
to connect the free energy well in the opposite lea� et. As a
result, the MFEP itself inherently does not have central
symmetry and its central symmetric image (dashed black
curve) is just as valid of a path as the MFEP.

The two-dimensional free energy surfaces inFigure 2also
detail the di� erences in the permeation mechanism as a result
of the variations in the structure of small molecule drugs. For
example, compared to ketoprofen, naproxen is of similar size
and molecular weight, sharing the same hydrophilic functional
group for one terminal end (CV1) but connecting to a less
hydrophobic functional group (ether) in the other terminal
end (CV2). As a result, the free energy di� erence associated
with the orientation of the drug near the headgroup is not as
strong as ketoprofen: there exists a shallower well above the
diagonal line, indicating the mildly favored interaction between
headgroup and ether oxygen (compared to the strongly
favored interaction between headgroup and carboxyl group
on the other terminal end). The permeation of propranolol
also shows a smaller free energy di� erence associated with the
orientation near the headgroup compared to ketoprofen,
though its reasoning is almost opposite: propranolol shares a
terminal end with similar hydrophobicity as ketoprofen
(naphthalene vs benzene, CV2), but the hydrophilicity of the
other terminal end is much weaker (secondary amine vs
carbonyl, CV1), decreasing the relative di� erence between
depths of the wells below and above the diagonal line. With
regard to metoprolol, both terminal ends show similar
hydrophilicity (ether oxygen, CV1; secondary amine, CV2),
making them almost equally likely to interact with the head
groups of the lipid. Last, the free energy of permeation of
salicylic acid is very similar to the permeation of ketoprofen in
the sense that the CV1/headgroup’s hydrophilic interaction is
highly favored. Another feature of the permeation of salicylic

acid is its much narrower spread due to it being smallest in size
among the� ve drugs.

3.2. Free Energy Barrier That Determines the
Permeability. The permeability of ketoprofen computed
fromeq 1is shown inFigure 5. It is numerically evaluated with

the trapezoidal rule at 100 discrete points along the MFEP. As
stated in the previous section, the di� usivity,D(R), in eq 1is
evaluated through the drug’s � uctuation along the MFEP with
two-dimensional umbrella samplings. The small molecule drug
is � rst restrained at various positions on the MFEP, and a 100
ns (umbrella) sampling is collected after an equilibration of
100 ns. The evidence provided in the next section shows that
the 100 ns (umbrella) sampling is appropriate for the
di� usivity calculation. Note that inFigure 5, only a small
portion (in this case, about 20%) of the points has a
meaningful contribution to the result of the integral. Thus,
evaluating the integral numerically for the entire MFEP, which
demands the di� usivity calculation of the drug at various
positions, is a waste of computational resources. Previous
research has shown that the di� usivity of small molecule drugs
is about 1 order of magnitude larger in bulk water than it is
inside the bilayers, but it varies insigni� cantly within the lipid
bilayers (e.g., as long as the drug is close to the center of the

Figure 4.A demonstration of the con� gurations along the MFEP of the permeation of Ketoprofen (zoomed in fromFigure 2). The CVs are
de� ned inFigure 1. The diagonal (blue dash) line indicates that the long axis of the drug is parallel to the surface of the membrane. The unit of the
free energy is kcal/mol. Ketoprofen is in its neutral form with the hydrogens not depicted explicitly for clarity.

Figure 5.The purple line represents the permeability computed from
eq 1. The dashed lines denote the permeabilities computed fromeq 8
with varying number ofkBT as the cuto� of the integral. The inset
� gure is the di� erence in permeability betweeneq 1(the asymptotic
limit) andeq 8with di� ering numbers ofkBT.
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bilayer, its permeability changes little).25,45 Further, the
exponential factor ofW(R) in eq 1suggests that regions of
high free energy alongR dominate the integral (and thus the
permeability). For example, in the study of the permeation of
trimethoprim,46 the integral over the permeation free energy
barrier, which accounts for less than one tenth of the entire
permeation path, contributes to more than 90% of the whole
integral. Therefore, it is reasonable to expect that the integral
of eq 1is largely dominated by the integral for regions of high
free energy.

Before quantitatively de� ning the “regions of high free
energy”, it is important to examine the rate-limiting factors of
the permeation from the perspective of the free energy. As
shown inFigure 3, all� ve small molecule drugs studied in this
manuscript prefer to stay between the water/lipid interface and
the bilayer center, corresponding to aR value of� 0.35.
Therefore, starting aroundR = 0.35, the transition of the drug
in either direction would go up against the free energy, which
could potentially be rate limiting. Two permeation barriers are
present for each drug and they are shown in the left column of

Figure 6.Left column:“region of high free energy” for the MFEP integral (eq 8). The bottom of the shaded area shows 2kBT cuto� from the global
maximum of the MFEP, which is relevant to the integral of the permeability (eq 8). Note that for some drugs, a second barrier is not necessary.
Middle and right columns: autocorrelation function (Cl(t)) of small molecule drugs at permeation barriers (1 is the water� bilayer interface and 2 is
the center of the lipid). The thin gray lines areCl(t) of each individual window of 20 ns long. The bold, colored line is the� t of the averagedCl(t),
Cl.fit(t).

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://doi.org/10.1021/acs.jctc.1c00661
J. Chem. Theory Comput.XXXX, XXX, XXX� XXX

H

https://pubs.acs.org/doi/10.1021/acs.jctc.1c00661?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00661?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00661?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00661?fig=fig6&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.1c00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 6. The water/lipid barrier (denoted with“1”) hinders
the drug from escaping to the bulk water, while the bilayer
center barrier (denoted with“2”) hinders the drug from
transiting from one lea� et of the bilayer to the other. The
relative height of these two barriers varies between drugs,
ranging from the water/lipid barrier as dominant (e.g.,
metoprolol) to two comparable barriers (e.g., salicylic acid).
In addition, we note two well-adopted practices from previous
studies to further simplifyeq 1: the � rst practice is that a full
permeation event initiates when the drug molecule enters into
one side of the bilayer and ends when the drug molecule exits
from the other side of the bilayer.25,34,35,45,46 As a result, the
transition of a drug in the bulk leading to or following the
permeation does not contribute to the permeability. The
second practice is that the rate of the transition of the drug in a
direction that decreases the free energy is not rate limiting
(e.g.,� 0.2 � � 0.35, but its mirror image,� 0.65� � 0.8 is
rate limiting).25,34,35,45,46 As a result, the drug experiences each
barrier only once in a full permeation process. Combining
these two practices with the existence of multiple barriers,eq 1
could be approximated as
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in whichRm,1 andRm,2 denotes the value ofRat the peak of the
barrier at the water/lipid interface and the center of the bilayer,
respectively (Figure 6). We � rst determine the range of the
integral (the so-called“regions of high free energy”), enclosed
byRm,1 andR0,1as well asRm,2 andR0,2, by making sure that the
integrals ineq 8 approach the same results ofeq 1. The
inserted� gure ofFigure 5depicted the results ofeq 8in which
R0,1 andR0,2 satisfy:

= = Š ×W R W R W R n k T( ) ( ) ( )0,1 0,2 max B (9)

n = 0, 0.5, 1.0,. . . andW(Rmax) = max(W(Rm,1), W(Rm,2)).
Figure 5shows that when only regions within 0.5kBT are
included in the integral ofeq 8, the permeability is within 75%
of the one predicted with the entire integral (eq 1), and asn
increases, this agreement gets better. It is also worth noting
that eq 8does not demand both barriers to be rate-limiting.
For example, in the case of metoprolol, whereW(Rm,1) is larger
than W(Rm,2) by more than 2kBT, the second term ineq 8
vanishes. Overall, applyingeq 8instead ofeq 1to estimate the
permeability has decreased the number of di� usivity
calculations from tens to just one or two.

3.3. Permeability of Small Molecule Drugs.For every
small molecule drug (except for metoprolol and propranolol)
studied in this manuscript, two di� usivities (D(Rm,1) and
D(Rm,2)) are necessary to estimate its permeability. As
discussed in theMethodologysection, the drug molecule is
held at the respective positions on the MFEP corresponding to
Rm,1 andRm,2 by a harmonic potential for 100 ns (i.e., umbrella
sampling). These 100 ns MD simulations are evenly divided
into � ve windows, and their variance and autocorrelation
function (e.g.,� 2 (l) and Cl(t) in eq 6, respectively) are
computed for each window. The con� gurations of the system
(and their corresponding CV values) are recorded every 2 fs.
The results of the autocorrelation function from each window
are depicted in the middle and right columns ofFigure 6. It is

obvious thatCl(t) in the denominator ofeq 6is required to
converge to zero asymptotically otherwise the integral is not
de� ned. Unfortunately, previous research has reported that it
could take up to microseconds forCl(t) to reach zero.25 A
common workaround of the slow converging autocorrelation
function is to integrateCl(t) from 0 tot� instead of to in� nity,
in which Cl(t�) is 5% of the initial value ofCl(t). In this
research, the middle and right columns ofFigure 6indicate
that after 150 ps, the values ofCl(t) have decreased to less than
1% of its initial value. Since the focus of this manuscript is not
to study the di� usion motion of small molecule drugs in lipid
bilayers, but instead, to develop an e� cient screening protocol
to predict their permeabilities, a summation of three
exponentials is chosen to� t the average of theCl(t) from
the aforementioned� ve windows, i.e.,

�= Š 

=
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i

i i i i,fit
1

3

(10)

ai andbi are coe� cients chosen to minimize the error between
Cl,fit(t) and the average of theCl(t). The function form of
Cl,fit(t) ensures its integral converges and the coe� cients are
provided inTable S2. TheCl,fit(t) is shown as the bold curve in
the middle and right columns ofFigure 6and its integral to
in� nity replaces the denominator ineq 6.

It is also of importance to demonstrate that the length of the
umbrella sampling (i.e., 100 ns) is su� cient to characterize the
di� usion motion of the drug atRm,1 and Rm,2. Herein,
ketoprofen is selected as a representative case again, and its
D(Rm,1) is calculated with much longer umbrella samplings up
to half of a microsecond. The autocorrelation functions and
di� usivities calculated from these longer simulations can be
found inFigure S7andTable S3, which indicate that the 100
ns umbrella sampling is su� cient to estimate the di� usivity of
the small molecule drugs with reasonable accuracy. The
di� usivity and permeability of the� ve small molecule drugs
from eq 8is summarized inTable 1.

4. DISCUSSION
It is of interest to compare the permeability estimated fromeq
8 with experimental results. However, identifying a proper
experimental benchmark is far from trivial. As summarized in
Table 2, the permeability of the same drug can vastly di� er
from experiment to experiment. For example, the permeability
of propranolol ranges between 1.28× 10� 6 cm/s (double
arti� cial membrane permeation assay, DAMPA)73 and 170×
10� 6 cm/s (MDCK).78 The permeabilities show strong assay-
dependence (e.g., the arti� cial membrane assays permeability is

Table 1.In silicoDi� usivities and Permeability of the Five
Small Molecule Drugsa

drug
di� usivityD(Rm,1)

(10� 7 cm2/s)
di� usivityD(Rm,2)

(10� 7 cm2/s)
permeability
(10� 6 cm/s)

ketoprofen 5.09 16.3 674
naproxen 8.66 13.3 1530
propranolol 8.17 � 228
metoprolol 7.21 � 91.2
salicylic acid 48.9 32.4 2300

a2kBT is employed to de� ne the region of integral ineq 8, i.e.,W(R0,1)
= W(R0,2) = W(Rmax) � 2kBT. D(Rm,2) of propranolol and metoprolol
is omitted due to the negligible contribution to the integral.
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usually lower than cell-based membrane assay permeability),
but even within the same category of membrane assays, they
can still vary signi� cantly. In addition, experiments also show
ambiguity in distinguishing whether one small molecule drug is
more permeable than another one. For example, in a tri-layer
PAMPA study (TPAMPA),72 Chen et al. reported that
naproxen is slightly more permeable than ketoprofen (6.03×
10� 6 cm/s vs 4.13× 10� 6 cm/s). In contrast, naproxen is
shown to be less permeable than ketoprofen (10.6× 10� 6 cm/s
vs 16.7× 10� 6 cm/s) with the PAMPA.71

Among all the permeabilities summarized inTable 2, since
the in vivo(i.e., intestinal) measured permeability is the gold
standard and correlates best with oral bioavailability,17,18 it is
employed as the benchmark to compare with thein silico
derived permeabilities. It is important to note that the salicylic
acid intestinal permeability has not been measured, thus its
benchmark value is not available. It is also important to note
that thein vivopermeability shown inTable 2is a measure of
the e� ective intestinal permeability. By de� nition, the e� ective
permeability contains contributions from all permeation
mechanisms, the main ones being, passive paracellular, passive
transcellular, and active transcellular. The MD-derived
permeability is anin silicoestimate of the passive transcellular
component of the overall e� ective permeability. Molecules that
have a signi� cant paracellular or active transcellular component
to permeability would not be expected to correlate with the
MD-derived permeability. The compounds inTable 2are all
known to be passive transcellularly absorbed compounds so it
is valid to correlate the e� ective permeabilities of these
compounds with the MD-derived permeability as is done here.
Summarizing the results, the di� erence of the value between
the permeability from the simulation and intestinal-assay
ranges between 43� 680 × 10� 6 cm/s. The permeability
predicted fromeq 8 is (22%� 32%) smaller than those
measured with the intestinal assay, except for naproxen, whose
in silicopermeability is 80% larger than it measured with the
intestinal assay. This level of di� erence might seem large at� rst
sight but should be put into proper perspective by examining
the performance of other commonly used methods in assessing

the intestinal permeability. In comparison toin vitromethods,
none of the results from arti� cial membrane assays or cell-
based membrane assays comes close to reproducing the
intestinal permeability values. For example, the permeability
measured with arti� cial membrane assays (e.g., PAMPA,
TPAMPA, DPAMPA, and PVPA) is about ten to a hundred
times (1,000% to 10,000%) smaller, while the permeability
measured with cell-based membrane assays (e.g., Caco-2 and
MDCK) is on average 12 times (1,200%) smaller. Therefore,
the reportedin silicomethod has shown signi� cant improve-
ment in predicting intestinal permeability in comparison toin
vitromethods.

Unfortunately, to our best knowledge, there has not been a
single MD-based investigation on the permeability of all these
� ve small molecules. Nonetheless, numerous studies have been
carried out on other small organic molecules thus their general
performance could be assessed. A detailed review of the e� orts
of MD-based methods in predicting the permeability of small
molecule drugs can be found in a recently published review22

and herein a few examples of the most relevant studies are
listed: C. Lee et al. studied the permeation of urea, benzoic
acid, and codeine with a similar solubility� di� usion model (eq
1).25 The potential of the mean force of the permeation was
computed with various enhanced sampling methods (umbrella
sampling, replica-exchange, and adaptive biasing force), and
the di� usivities were computed with the generalized Langevin
approach. The computed permeabilities were reported to be
within 1.5 log units (� 3,200%) of the experimental value. In
another recent study, B. Bennion et al. investigated the
permeation of nine small molecule drugs that were categorized
by PAMPA as impermeable or having low-, medium-, or high-
permeability.35 Their simulation successfully put these drugs
into these categories, nonetheless, the MD-predicted perme-
ability is still o� from the experimental value by roughly 4 log
units (1,000,000%). In an e� ort to study the impact of the
composition of the membrane on the permeability of small
molecule drugs, M. Palaiokostas et al. studied 13 permeants
with MD simulations, which included molecules of similar size
such as urea, glycine, and benzoic acid.79 Their MD
permeability accurately represented the experimental perme-
ability of urea (� 0.5 log unit, 316%) but were o� from the
experimental permeabilities of glycine and benzoic acid by
more than 5 log units (10,000,000%). As a summary, it
remains very challenging for MD-based permeabilities to be on
the same order of magnitude (i.e., one log unit) as the
experimental result, therefore, we consider the accuracy of the
permeabilities predicted fromeq 8 (10%� 65% smaller than
those measured with the intestinal-assay) a dramatic improve-
ment from the status quo.
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(Figure S1) Ketoprofen’s di� usive motion for all� ve
TTMetaD replicas, (Table S1) result of the reparamete-
rization of the partial charges of propranolol, (Figure S2)
demonstration of the water-proton donor/acceptor
interactions, (Table S2) coe� cients for the� t of the
average autocorrelation, (Figure S3) two-dimensional
free energy surfaces for each replica of ketoprofen,
(Table S3) di� usivity of ketoprofen predicted from the

Table 2. Experimental Permeability of the Five Small
Molecule Drugs (Unit: 10� 6 cm/s)a

membrane intestinal in silico PAMPA TPAMPA DPAMPA

reference no. 17,18 N/A 71 72 73
ketoprofen 870 674 16.7 4.13 3.27
naproxen 850 1530 10.6 6.03 N/A
propranolol 291 228 23.5 8.64 1.28
metoprolol 134 91.2 3.5 4.29 0.65
salicylic acid N/A 2300 3.3 N/A 0.49

membrane Caco-2 Caco-2 Caco-2 PVPA MDCK

reference no. 74 75 76 77 78
ketoprofen N/A N/A 24.4 N/A 20
naproxen N/A 42.4d 53.1 3.79 N/A
propranolol 21.8 30.6d 47.2 1.76 170b

metoprolol 23.7 N/A 31.8 1.61 150c

salicylic acid 22.0 19.6d N/A 0.54 10
aDue to its superiority in indicating the drug’s bioavailability, the
permeability measured with an intestinal assay was highlighted and
employed as a benchmark to compare with the simulation.bThe dose
form is propranolol HCl.cThe dose form is metoprolol titrate.
dAverage of apical to basolateral and basolateral to apical
permeabilities.
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2D umbrella sampling of di� ering lengths, (Figure S4)
the associated error plot of ketoprofen’s two-dimen-
sional free energy surface, (Figure S5) full two-
dimensional free energy surface, (Figure S6) zoomed-
in two-dimensional free energy surface, highlighting the
“central island” of high free energy, (Figure S7)
autocorrelation functions calculated from the umbrella
samplings of di� erent lengths (PDF)
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