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3 ABSTRACT: Accurate and efficient prediction of drug partitioning in model membranes is of significant interest to the
4 pharmaceutical industry. Herein, we utilize advanced sampling methods, specifically, the adaptive biasing force methodology to
5 calculate the potential of mean force for a model hydrophobic anticancer drug, camptothecin (CPT), across three model interfaces.
6 We consider an octanol bilayer, a thick octanol/water interface, and a model 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
7 (POPC)/water interface. We characterize the enthalpic and entropic contributions of the drug to the potential of mean force. We
8 show that the rotational entropy of the drug is inversely related to the probability of hydrogen bond formation of the drug with the
9 POPC membrane. In addition, in long-time microsecond simulations of a high concentration of CPT above the POPC membrane,
10 we show that strong drug−drug aromatic interactions shift the spatial orientation of the drug with the membrane. Stacks of
11 hydrophobic drugs form, allowing penetration of the drug just under the POPC head groups. These results imply that
12 inhomogeneous membrane models need to take into account the effect of drug aggregation on the membrane environment.

1. INTRODUCTION

13 Biopharmaceutical investments cost about $90 billion,
14 surpassing other industrial investments in 2016.1 However,
15 phase I,2 II,3 and III4 trials are mostly limited because of the
16 poor bioavailability and efficacy of current R&D models.5

17 Knowing how to fine-tune permeability of small compounds
18 across the membrane is of significant interest to the
19 pharmaceutical industry. Over one century ago, Overton’s
20 rule6 first established a quantitative relationship between
21 membrane permeability and the partition coefficient of small
22 compounds. Using the 1-octanol (octanol) partition coefficient
23 in pharmacology is an efficient means to quickly predict the
24 permeability of hundreds of small molecular compounds.
25 Indeed, this becomes a daily routine in most drug discovery
26 laboratories. Quantitative structure−property relationship
27 (QSPR) models,7 as well as quantitative structure−activity
28 relationship (QSAR) models,8 have also proved their potential
29 as quantitative methods to assess the permeability of small
30 molecules based on their physiochemical properties such as
31 oral bioavailability,9 intestinal absorption,10 as well as ability to
32 cross the blood-brain barrier.11 Notably, there has been an
33 increasing interest in the computational chemistry field to

34harness the power of statistical methods, such as machine
35learning approaches, to predict small drug permeability in
36membranes.12−14

37At the simplest level a membrane can be considered a
38homogeneous slab, where the permeability of a solute through
39the membrane is inversely proportional to the thickness of the
40membrane. The membrane permeability, P, can be expressed

41in terms of the bulk properties, such that =P KD
L2
, where D is

42the diffusion coefficient of the solute in the membrane, K is
43membrane/water partition coefficient, and 2L is the thickness
44of the membrane.15,16 However, the solute, or drug, can
45possess multiple degrees of freedom. The effect of the drug
46conformation on the free energy profile across a membrane
47interface can be explored with advanced sampling methods in
48molecular dynamics.17 Likewise, the solubility-diffusion model
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49 can be expanded in terms of the translational and rotational
50 degrees of freedom of the solute.15,18 Furthermore, inhomoge-
51 neous membrane models that consider variation of phospho-
52 lipid composition in realistic membranes must also be
53 considered.19−21

54 With the increase in current state-of-art computational
55 power, molecular dynamics (MD) simulations offer a powerful
56 tool to probe the multitudes of length-scales22,23 and time-
57 scales,24−26 especially in biological phenomena such as
58 membrane permeability and transport across membrane
59 interfaces. In particular, enhanced sampling methods in
60 molecular dynamics offer emerging and powerful tools to
61 probe the membrane permeability of small molecular
62 compounds.17,27−32 Several enhanced sampling methods that
63 can characterize the free energy profile across the membrane
64 interface are thermodynamic integration,33,34 metadynam-
65 ics,35−38 umbrella sampling,39 and the adaptive biasing forces
66 (ABF) method.31,40−43 In the ABF method, an on-the-fly force
67 to counter the internal system force is continuously updated,
68 requiring no a-priori knowledge of the free energy profile.
69 Camptothecin44 (CPT), a model hydrophobic anticancer
70 drug, is a topoisomerase I inhibitor.45,46 CPT possesses a
71 planar pentacyclic ring structure. A molecular diagram of CPT
72 is included in Supporting Figure 1. Notably, the pKa of the
73 hydroxyl oxygen is 11.69, thus the hydroxyl oxygen will remain
74 deprotonated across the interfaces, unless there are significant
75 shifts in the pKa value.

47 A unique property of CPT is that it is
76 known to self-assemble in solution into filamentous
77 assemblies.48,49 Herein, we characterize in the free energy
78 profile of this model hydrophobic anticancer drug, CPT, across
79 three model interfaces of varying thickness: an octanol bilayer/
80 water interface (∼20 Å) (interface I), a thick octanol slab/
81 water interface (∼80 Å) (interface II), and a model
82 phospholipid bilayer membrane composed by 1-palmitoyl-2-
83 oleoyl-sn-glycero-3-phosphocholine (POPC)/water interface
84 (∼40 Å) (interface III). Together with hydrogen bonds,
85 rotational angle of the drug, as well as drug enthalpy, we
86 characterize the interaction of this model hydrophobic drug
87 with these three model interfaces using advanced sampling
88 methods, specifically the ABF method. Moreover, on the basis
89 of the Schlitter method,50−52 we also characterize the
90 rotational entropy of the drug across each model interface.
91 The Schlitter method estimates the upper value of configura-
92 tional entropy by diagonalizing the covariance matrix of the
93 Cartesian positional fluctuations of atoms obtained from MD
94 simulation. Here, we apply a modified version of this method,
95 described in further detail in the methods section, to
96 characterize the rotational entropy of the hydrophobic cancer
97 drug, CPT. We next suggest that the strength of hydrogen
98 bonding of this model drug with a model phospholipid bilayer
99 is inversely correlated with the rotational entropy of the drug.
100 Finally, we show that CPT can form strong aromatic
101 interactions with itself at high concentrations above this
102 model phospholipid bilayer. The strong aromatic interactions
103 lead to the formation of stacks of drug above the membrane
104 interface, modulating the interaction of the drug with the
105 phospholipid bilayer. This shift allows penetration of the drug
106 just under the POPC head groups. We suggest that this
107 mechanism of membrane permeation may apply to other
108 hydrophobic compounds with strong aromatic interactions.

2. METHODS
1092.1. Simulation Setup. 2.1.1. Bilayer of 1-Octanol
110 f1(Interface I). A 20-Å bilayer (Figure 1) of 1-octanol was

111preassembled using Packmol.53 The 1-octanol was para-
112metrized using CHARMM36.54−57 The hydrophobic cancer
113drug CPT was based on the General Automated Atomic
114Model Parameterization (GAAMP) method developed by
115Huang and Roux.58 This automated parametrization server
116optimizes electrostatic potential and “soft” dihedrals (con-
117formational changes) via quantum mechanical results (as used
118in AMBER) and water interactions (as used in CHARMM).
119Overall, this system contained 20 350 atoms, which included
120200 1-octanols, 4954 TIP3P waters; and one CPT molecule
121placed 35 Å above the center of mass (COM) of the octanol
122bilayer. Additionally, 150 mM of NaCl was added to the
123simulation box. The final box, after 40 ns of equilibration, was
12456 Å × 56 Å × 65 Å.
1252.1.2. Thick 1-Octanol Layer (Interface II). A layer of 1-
126 f2octanol with the thickness of 100 Å (Figure 2) was
127preassembled using Packmol.53 The 1-octanol and the CPT
128parameters were the same as interface I. Overall, this system
129contained 31 719 atoms, which included 620 1-octanols and
1304963 TIP3P waters. We set up the initial concentration of
131∼0.26 mole fraction of water; however, after ∼80 ns, the
132system equilibrated with a mole fraction of ∼0.23. The system
133reached stable dimensions of 46 Å × 38 Å × 172 Å. In
134addition, 150 mM NaCl was added to the simulation box. One
135CPT was placed at the center of mass (COM) of the bulk
136octanol.
1372.1.3. Model Phospholipid Bilayer (Interface III). A pure 1-
138palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
139 f3membrane bilayer (Figure 3) was setup using Packmol.53

140The CHARMM36 membrane force field was used for POPC.55

141The CPT parameters were the same for interface I and II. In
142total, the membrane bilayer system contained 23 782 atoms,
143which contained 59 POPCs and 5268 TIP3P waters. Also, 150
144mM of NaCl was added to the system. The area per lipid was
145approximately 59.9 ± 1.8 Å2, and its thickness was
146approximately 40 Å at 310 K. The area per lipid was calculated
147with a block averaging approach with 9 blocks of 1.9 ns. These
148characteristics agree well with experimental measurements for

Figure 1. (A) Interface I: A snapshot of the octanol bilayer and CPT
interface. The oxygen atoms are highlighted in red and the CPT is
shown in magenta licorice representation. Waters are shown in blue.
(B) The PMF profile, ΔG, in kcal/mol, of transferring the CPT along
the z-direction of the octanol bilayer averaging over three separate
replicas, where dz is the distance from the center of mass of the
octanol bilayer in ångstroms. Error bars (based on the 95% confidence
interval) are shown in light blue. The shaded area indicates the
thickness of the bilayer based on electron density.
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149 POPC bilayer.59 Our simulations are at 310 K, far above the
150 gel transition temperature for POPC, which is 271 K. After 80
151 ns of equilibration, the box dimensions were stable at 43 Å ×
152 40 Å × 133 Å. One molecule of CPT was placed 35 Å above
153 the COM of the POPC bilayer membrane.
154 2.1.4. High CPT Concentration. The system contained 84
155 CPT molecules, 163 POPCs, 13 097 TIP3P waters, and 37
156 NaCl molecules. In total, the system had 65,743 atoms. The
157 box dimensions were 92 Å × 92 Å × 125 Å. The simulation
158 time was 1.6 μs, at 310 K with anisotropic pressure. The
159 bilayer thickness was approximately 40 Å at 310 K.
160 2.2. MD Simulation Parameters. 2.2.1. Simulation
161 Parameters. All MD simulations were carried out using

162NAMD260 version 2.12b. Interface I used an isotropic NPT
163ensemble; interface II used an NPAT ensemble, and interface
164III used an anisotropic NPT ensemble with fixed x/y ratio. A
165temperature of 298 K was used for the octanol−water systems
166(interface I and II) and a temperature of 310 K was used for
167the membrane bilayer (interface III). A damping coefficient of
168γ = 1 ps−1, at a pressure of 1 atm, was used together with the
169Langevin piston Nose−́Hoover method61,62 for the octanol−
170water systems. The Langevin piston Nose−́Hoover method in
171NAMD is a combination of the MTK constant pressure
172algorithm61 with Langevin dynamics for piston fluctuation
173control.62 However, the membrane bilayer used an anisotropic
174piston to allow realistic fluctuations of the membrane. A piston
175period of 200 fs and a damping time scale of 50 fs were used in
176all systems. The SHAKE algorithm63 was used to fix hydrogen
177atoms allowing a 2 fs time step. The particle mesh Ewald
178(PME) algorithm64 was utilized to take full electrostatic
179interactions into account, with full periodic boundary
180conditions. The cutoff for van der Waals interactions was 12
181Å with a smooth switching function at 10 Å used to truncate
182the van der Waals potential energy at the cutoff distance.
183Bonded atoms were excluded from nonbonded atom
184interactions using a scaled 1−4 value. Coordinates were
185saved every 2 ps for analysis. A summary of MD configuration
186 t1parameters is shown in Table 1.
1872.2.2. Free Energy Calculations. The converged free energy
188profiles, or the potential of mean force (PMF), across the three
189model interfaces were calculated using the adaptive biasing
190force or the ABF method.31,40−43 In ABF calculations, an
191external force is continuously estimated and imposed along the
192chosen reaction coordinates, ξ*, to cancel out the total average
193of the acting mean force on the system

Figure 2. (A) Interface II: A snapshot of the octanol layer and CPT (in magenta) placed about 70 Å away from the center of mass of the octanols.
Notice the hydrophilic paths that are created from the hydroxyl groups and some waters are found inside those paths. (B) A snapshot shows the
“overlapping elongated inverse micelles” region (circled). (C) The PMF of the CPT along the z-direction of the octanol bilayers after 60 ns. Error
bars (based on the 95% confidence interval) are shown in light purple. The electron density shows the thickness of the bulk octanol layer. The
shaded area indicates the thickness of the bilayers based on its electron density.

Figure 3. (A) Interface III: A snapshot of the POPC membrane
bilayer and CPT (in magenta). (B) The PMF profile, ΔG, in kcal/
mol, of transferring the CPT along the z-direction of the POPC
bilayer averaged over two replicas, where dz is the distance from the
center of mass of the POPC bilayer in Angstroms. Error bars (based
on the 95% confidence interval) are shown in light pink. The shaded
area indicates the thickness of the bilayer based on electron density.
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194 Here, Fξ is the total acting force, and A is the free energy
195 along ξ*. The standard deviation in the PMF profiles,
196 SD[ΔA(abf)], were approximated using the method by
197 Rodriguez-Gomez et. al,65 where κ is the correlation length,66

198 ξb − ξa is the width of each window or bin, σ2 is variance[Fξ],
199 and K is the number of steps

ξ ξ σ κ[Δ ] ≈ − +A
K

SD ( ) (1 2 )abf
b a

( )
1/2

1/2

200 To increase the efficiency the reaction coordinate, ξ, was
201 truncated into smaller distances, (ξb − ξa). The octanol bilayer,
202 bulk octanol, and membrane bilayer were divided evenly into
203 15, 35, and 12 windows with the widths of 2, 3.5, and 3 Å,
204 respectively. The initial configurations of each window were
205 selected from trajectories obtained from steered molecular
206 dynamics (SMD) simulations.67 During SMD simulations, a
207 harmonic constraint was placed on the COM of the POPC
208 phospholipid bilayer with a spring constant of 50.0 kcal/mol/
209 Å2 to minimize upward and downward motion of the bilayer
210 throughout the trajectory. Three replicas of the PMF were
211 calculated across an octanol bilayer/water interface (interface
212 I), two replicas of the PMF were calculated across a thick
213 octanol slab/water interface (interface II), and two replicas of
214 the PMF were calculated across a model phospholipid bilayer
215 membrane (POPC/water) interface (interface III). The first
216 replica of each of the free energy profiles of the CPT with the
217 octanol bilayer, bulk octanol, and membrane bilayer were
218 converged after 35, 60, and 142 ns, respectively. A summary of
219 system setup and sizes are in Table 1.
220 2.2.3. Orientation Angle. The angle θ between the CPT
221 and the interface in question was calculated using

θ⃗ · ⃗ = ·| ⃗|·| |⃗A z A zcos

222Here, θ is the angle between the vector A on CPT, which was
223defined by C16−O2 (numbering was solely based on PDB, see
224Supporting Figure 2), and the unit vector z  of the box. All
225physical fluctuations of the bilayer or the thick octanol were
226disregarded to simplify the angle calculations.
2272.2.4. Partition Coefficient. The partition coefficient was
228calculated with two different methodologies. The first method
229of calculating the partition coefficient, log P, of CPT in each
230system was extrapolated using the free energy profile from ABF
231calculation

=
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232where R is the gas constant and T is the temperature. In the
233second method, the partition coefficient of CPT in each system
234was calculated from

∫= −ΔK e z2 d
L

G z RT

/2

0
( )/

235where L is the width of the interface.68 Here, log P is the same
236as log K.
2372.2.5. Rotational Entropy. The rotational entropy of the
238CPT drug is estimated from the principal root-mean-square
239(rms) fluctuations of Euler angles. We utilize the method from
240Carlsson and Aqvist et al.69 Rotational entropy of any molecule
241can be written as

∫= −S
R
h

p r p r p dp( , )ln( , ) d rrot
3

242where p(p, r) is the position and momentum in rotational
243phase space. The above equation can also be written as
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244where R is the gas constant, kB is Boltzmann’s constant, e is
245Euler’s number, T is the temperature, σs is the symmetry
246number, Ia, Ib, Ic are the time average moment of inertia along
247the three principal axis, and Prot(Θ) is the probability density
248of positions in rotational phase space. It is very difficult to
249obtain the correct Prot(Θ) from molecular dynamics simulation
250trajectories, especially for complex systems. Thus, we use a
251Gaussian distribution to calculate Prot(Θ).52 The Gaussian
252p r o b a b i l i t y d i s t r i b u t i o n c a n b e w r i t t e n a s

χ χ σ χ χΘ = − − ̅ − ̅π σ
−P ( ) exp ( ) ( )rot

1
(2 ) det( )

1
2

1
3/2 1/2

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ, where χ

253is the rotational variable (the Euler angles) and σ is the
254covariance matrix of the Euler angles. Finally, the rotational
255entropy can be written as51,69
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256where R is the gas constant, e is the Euler number, σs is the
257symmetry number, which normalizes the number of different
258molecular conformations by rotation,70 kb is the Boltzmann’s
259constant, h is the Planck’s constant; Ia, Ib, Ic are the principal
260moments of inertia, and θ is the average value for θ from 0 ≤ θ

Table 1. Summary of Initial Set-up of ABF Configurations
for All Interfaces

system
octanol bilayer
(interface I)

thick octanol
layer

(interface II)
POPC membrane

bilayer (interface III)

Box
dimensions
(Å)

56 × 56 × 65 46 × 38 × 175 43 × 40 × 133

atoms 20 350 31 719 23 782
water
(molecules)

4954 4967 5268

other
(molecules)

200 octanols 620 octanols 59 POPCs

number of
replicas

3 2 2

temperature
(K)

298 298 310

pressure isotropic anisotropic anisotropic
constant area N/A yes partially (constant

ratio)
window width
(Å)

2 2 3

number of
windows

15 35 12

distance (dz)
(Å)

30 75 36

total run time
(ns)

35 (rep1) and
40 (rep2,3)

60 (rep1,2) 142 (rep1) and 145
(rep2)

mole fraction
of water

0 ∼0.23 0
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261 ≤ π. Here, 0 ≤ φ ≤ 2π, 0 ≤ ψ≤ 2π, and 0 ≤ θ ≤ π are the
262 Euler angles. The formula includes deformation of the drug
263 structure accounted for in the principal moments of inertia.
264 2.2.6. Drug Enthalpy. The average drug enthalpy, ΔHdrug
265 for each window was calculated as

= +H E Edrug van der Waals electrostatics

266 For Hdrug, we include the interactions between CPT and its
267 surrounding species, such as CPT−water, CPT−POPC,
268 CPT−octanol, and CPT−ion. All other interactions between
269 non-CPT molecules were excluded. These interactions
270 between non-CPT molecules should be included in the total
271 enthalpy Htotal = Hdrug + Henvironment, where Henvironment includes
272 the surrounding molecules, such as phospholipid, the octanol,
273 and water.
274 2.2.7. Hydrogen Bonds. The hydrogen bond analysis was
275 performed using the Cpptraj package71 from AmberTools. The
276 cutoff angle was 120°, and the cutoff distance was 3 Å. Since
277 CPT and octanol can both be hydrogen donor and acceptor,
278 we consider both cases. The atoms used to calculate the H
279 bonds are the oxygen from the hydroxyl on the CPT, the
280 oxygen from the hydroxyl on the octanol, and either the
281 oxygen from the phosphate or nitrogen from the choline group
282 on the POPC.

3. RESULTS AND DISCUSSION
283 In the present work, we characterize the free energy profiles of
284 a model hydrophobic anticancer drug, CPT, across three
285 different interfacesan octanol bilayer/water interface (inter-
286 face I), a thick octanol slab/water interface (interface II), and a
287 model phospholipid bilayer membrane composed by 1-
288 palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/
289 water interface (interface III)using the ABF methodology.
290 We next characterize the enthalpic and entropic energetic
291 contributions of CPT with these three interfaces (interfaces I,
292 II, and III).
293 3.1. Calculation of Free Energy Profiles. To begin with,
294 we calculate the potential of mean force profile, ΔG, in kcal/
295 mol, across three replicas of interface I. As shown in Figure 1A,
296 the octanol bilayer exhibits significant fluctuations, but the
297 octanol is still fairly ordered at the interface. Moreover, the
298 octanol bilayer is significantly thinner (∼20 Å) than a model
299 phospholipid membrane bilayer (∼40 Å). See Supporting
300 Figure 3, for a snapshot of the system setup and the electron
301 density. To address the convergence of the free energy profiles,
302 we show the time evolution of the first replica of the free
303 energy profile, the variations in the gradient forces, as well as
304 the total counts in Supporting Figure 4. The ΔGtransfer, as
305 indicated in Figure 1 B, calculated is 5.5 kcal/mol. At the
306 hydrophobic center of the octanol bilayer, CPT experiences a
307 very small energy barrier, ΔGbarrier, 0.5 kcal/mol. The
308 corresponded partition coefficient, log P, was calculated from
309 the ΔGtransfer to be 4.0. The second method of calculating the
310 partition coefficient, from ∫ ePMF/RT gives log K = 1.8. In
311 comparison, the octanol/water partition coefficient of CPT is
312 known to be 1.74.72 The second method, integrating the values
313 of the local partition coefficients across the interface, gives very
314 close agreement with experimentally reported results, even
315 though we are simulating a very thin octanol bilayer.
316 Next, we construct a thick layer of octanol (∼80 Å) to
317 characterize the effect of increased thickness on the free energy
318 profile across interface II. We calculate the potential of mean
319 force profile, ΔG, in kcal/mol, across two replicas of this

320interface. We start the free energy calculation at the COM of
321the bulk octanol layer. The octanol slab exhibits tail and head
322enriched regions; which are scattered throughout the bulk
323octanol layer (see Figure 2A), first described as “overlapping
324elongated inverse micelle” regions by Tieleman et al.73 (see
325Figure 2B). The hydroxyl groups line up to form hydrophilic
326paths so that water molecules penetrate the bulk phase from
327both sides of the octanol layer. According to the electron
328density profile (see Figure 2C), at ∼55 Å away from the COM
329of the octanol, we see the effects of the neighboring bulk water
330on the ordering of the octanol at the interface, with the 1-
331octanol at the surface forming an ordered monolayer. To
332address the convergence of the free energy profiles, we show
333the time evolution of the first replica of the free energy profile,
334the variations in the gradient forces, as well as the total counts
335in Supporting Figure 5. After 60 ns, the PMF profile converges.
336We calculate the potential of mean force profile, ΔG, in kcal/
337mol, across three replicas of the thick octanol interface (Figure
3382C). The ΔGtransfer calculated at 70 Å from the COM of the
339slab with a value of 6.2 kcal/mol. This corresponds to an
340overestimated partition coefficient of 4.6. The second method
341of calculating the partition coefficient, from ∫ ePMF/RT gives
342log K = 2.2; however, it is much closer to the experimentally
343reported partition coefficient of 1.74.72 We note that the
344ordering of the 1-octanol across the interface corresponds to
345multiple barriers within the free energy profile. Here, the
346influence of the thickness of the octanol layer plays multiple
347roles. To begin with, the interface is wider by a factor of 4.
348Moreover, the ordering of the octanol across the interface in
349both cases, the octanol bilayer as well as the thick octanol layer,
350is substantially different.
351We next calculate the potential of mean force profile, ΔG, in
352kcal/mol, across two replicas of the POPC bilayer/water
353interface (Figure 3 B). The CPT was initially placed 35 Å away
354from the COM of a model POPC phospholipid membrane
355bilayer (see Figure 3A). See also Supporting Figure 6 for
356additional snapshots of the system setup and electron density.
357We show the time evolution of the first replica of the free
358energy profile, the variations in the gradient forces, as well as
359the total counts in Supporting Figure 7. In addition, the time
360dependent violin plot of the orientation angles for both replicas
361are shown in Supporting Figures 8 and 9. The free energy to
362transfer CPT across interface III is found to be 5.8 kcal/mol
363(see Figure 3B) after nearly 166 ns ABF calculations. From the
364ΔGtransfer, the partition coefficient was calculated to be 4.05. To
365our knowledge, there is no available experimental partition
366coefficient for CPT with POPC. However, a value of 1.67 was
367reported with DOPC.74 The second method of calculating the
368partition coefficient, from ∫ ePMF/RT gives log K = 1.9. This is a
369difference of 13% from the reported value for the partition
370coefficient with DOPC, which seems reasonable. The barrier
371free energy for CPT to cross the hydrophobic core from one
372leaflet to another is approximately 3 kcal/mol. To summarize,
373here, we calculate the partition coefficient for a model
374hydrophobic drug across three different model hydrophobic
375interfaces with increasing degrees of thickness and hetero-
376geneities in composition. Slow convergence of the free energy
377profiles, in particular across the model POPC phospholipid
378bilayer suggest multiple hidden reaction coordinates.
3793.2. Spatial Orientation of Drug. To characterize one of
380the first most probable hidden reaction coordinates, we
381characterize the spatial orientation of CPT with respect to
382the normal vector of the model interfaces, along the reaction
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383 coordinate, dz. We consider the interfaces to be rigid and
384 neglect vertical fluctuations of the layers. Thus, the calculated
385 angle of the drug reflects its relative orientation to each
386 respective layer.

f4 387 In Figure 4, violin plots show the distribution of angles
388 between the three interfaces and CPT. In Figure 4A, for the

389 octanol bilayer (interface I) CPT is slightly tilted parallel to the
390 acyl chains as shown by higher population of angles around
391 25° and 130°. Most likely, this is to minimize the local steric
392 hindrances within the hydrophobic core. However, when CPT
393 is in the interfacial region, approximately from 5 Å away from
394 the COM of the octanol bilayer, interactions between the CPT
395 and the octanol bilayer, such as hydrogen bonds, shifts the
396 distribution of the angles to around 80−110°. This implies that
397 the CPT is almost parallel to the octanol bilayer, with the only

398hydroxyl group of the CPT pointing toward the hydroxyl
399groups of the octanols. In Figure 4B, for the thick octanol layer
400(interface II), the distribution of angles is quite different from
401the ordered octanol bilayer. As expected, the “overlapping
402elongated inverse micelles” influence the orientation of CPT.
403Until about 40 Å away from the COM, CPT rotates freely.
404However, at 42−46 and 60−63 Å, there are strong interactions
405that correspond to minima in the PMF (see Figure 2B).
406The distribution of angles of CPT with respect to the
407phospholipid membrane bilayer (interface III) suggests strong
408interactions of the CPT with the phospholipids in the
409interfacial region (see Figure 4C). Compared to the other
410two systems, the POPC head groups have more pronounced
411effects on the orientation of the CPT. CPT is slightly tilted
412parallel to the acyl chains in the center of the membrane
413indicated by the higher population of angles around 25° and
414150°, with a distinct lack of CPT oriented at an angle of 90°.
415However, we find that CPT can make a nearly 180° flip as a
416rare event in the simulation trajectory. Indeed, the strong
417orientational dependence of the CPT in the membrane causes
418slow convergence of the PMF profile in this region (see Figure
4193B). It is possible that spatial orientation can be used as the
420second reaction coordinate for the free energy surface across
421the phospholipid membrane bilayer in future studies. Figure
4224C also demonstrates that within the interfacial region, CPT is
423not as parallel to the membrane as in the other two model
424interfaces. Instead, the CPT points its hydroxyl group toward
425the POPC head groups. Since the POPC is zwitterionic,
426electrostatic interactions can also play a role. For example, the
427drug can exhibit multiple electrostatic interactions with the
428dipole layer of the POPC membrane. Next, we further explore
429the relationship between the strength of hydrogen bonds
430between the drug and the interfaces (I, II, and III) and how
431this affects the rotational entropy of the drug. In addition, we
432characterize the van der Waals and electrostatic contributions
433to the enthalpy.
4343.3. Hydrogen Bonds, Rotational Entropy, and
435Enthalpy. Next, from the ABF trajectories, we quantify the
436average numbers of hydrogen bonds, ⟨H bonds⟩, and the
437rotational entropy of the CPT, Srotational, for all three interfaces,
438averaging over the first replica. One should note that both CPT
439and octanol molecules can be hydrogen bond donors and
440acceptors. As mentioned above, to be consistent and compare
441all three systems, CPT and octanols were both analyzed as a
442donor and acceptor while POPC was only considered as a
443donor. With the octanol bilayer (interface I), there are two
444minima of the Srotational (see Supporting Figure 10) as the CPT
445approaches the membrane. One of them matches the
446minimum in the PMF profile, while the other is close to the
447interfacial region. As shown in Supporting Figure 11, which
448includes a detailed cross correlation coefficient matrix between
449the electrostatic energy, H-bonding, the PMF, the rotational
450entropy, and the van der Waals energy for the thin octanol
451bilayer, the PMF is very weakly anticorrelated with the
452rotational entropy. With the thick octanol layer (interface II),
453H bonds consistently form everywhere, especially in the
454interfacial region, as well as inside the thick octanol phase. One
455might suspect that CPT is then locked into a specific spatial
456orientation. However, the angle analysis and the Srotational
457indicate otherwise. CPT rotates freely in the bulk octanol
458 f5phase (see Figures 4B and 5). Whereas there are three minima
459in the PMF profile, the Srotational profile possesses multiple
460minima with a maximum in the water. We find that the lower

Figure 4. (A) Violin plots showing the distribution of θ angles
between CPT and the normal vector of the octanol bilayer (interface
I) for the first replica. Each plot is calculated on each window. The
white dots are averaged angles. The black bars indicate the 95%
confidence interval. (B) Violin plots showing the distribution of θ
angles between CPT and the normal vector of the thick octanol
(interface II) for the first replica. Each plot is calculated on each
window. The white dots are averaged angles. The black bars indicate
the 95% confidence interval. (C) Violin plots showing the distribution
of θ angles between CPT and the normal vector of the POPC bilayer
(interface III) for the first replica. Each plot is calculated on each
window. The white dots are average angles. The black bars indicate
the 95% confidence interval.
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461 free energy within the thick octanol layer is favorable from
462 electrostatic, enthalpic, and entropic contributions due to the
463 rotational entropy of the drug. As shown in Supporting Figure
464 12, which includes a detailed cross correlation coefficient
465 matrix between the electrostatic energy, H-bonding, the PMF,
466 the rotational entropy, and the van der Waals energy for the
467 thick octanol bilayer, the PMF is also very weakly
468 anticorrelated with the rotational entropy, which is similar to
469 the thin octanol bilayer.
470 With the POPC membrane bilayer (interface III), the
471 average number of hydrogen bonds is lower than the other two

f6 472 systems (see Figure 6A). Interestingly, similar to the octanol
473 bilayer, the two minima of Srotational were similar to those in the
474 PMF profile (see Figure 6B and C). Importantly, when the
475 CPT loses its rotational entropy, the average number of
476 hydrogen bonds increases, with the corresponding minima in
477 the PMF. However, in the inner hydrophobic core of the
478 membrane, CPT regains its rotational entropy due to the
479 spontaneous breaking of C−HCPT···OPOPC hydrogen bonds. As
480 the CPT crosses the phospholipid membrane interface, the
481 dominant hydrogen bond for each position based on its

f7 482 lifetime is shown in Figure 7. At 6−9 Å the dominant hydrogen
483 bond is C−HCPT···OGlycerol/POPC hydrogen bonds. At 12−15 Å
484 the dominant hydrogen bond is O−HCPT···OPhosphate/POPC
485 hydrogen bonds. At 21−24 Å the dominant hydrogen bond
486 is O−HCPT···OGlycerol/POPC hydrogen bonds. In contrast to the
487 thick octanol layer, we find that the lower free energy within
488 the POPC membrane bilayer is unfavorable from electrostatic
489 and enthalpic contributions; however, the rotational entropy of
490 the drug corresponds with the location of the free energy

491minimum. Thus, we infer that with more complex and ordered
492interfaces the rotational entropy of the drug can play a
493significant role in the location of the free energy minimum. In
494particular, the rotational entropy of the drug is inversely related
495to the average numbers of hydrogen bonds of the drug with the
496phospholipid headgroups. The cross correlation coefficient for
497the rotational entropy of the drug with respect to the average
498number of hydrogen bonds is −0.48. A detailed cross
499correlation coefficient matrix between the electrostatic energy,
500H-bonding, the PMF, the rotational entropy, and the van der
501Waals energy for the POPC bilayer is shown in Supporting
502Figure 13. We calculate the difference in rotational entropy,
503van der Waals, and electrostatic interactions in the bulk vs the
504minimum in the POPC bilayer. The relative difference in
505rotational entropy is 31.0 kcal/mol, while the difference in van
506der Waals and electrostatic interactions are −18.9 and 17.4
507kcal/mol, respectively. Notably, the rotational entropy
508contribution is nearly twice the van der Waals and electrostatic
509contributions and is playing a critical role. Thus, at the cost of
510decreasing rotational entropy, the minimum in the PMF profile
511is still within the bilayer and the transfer free energy is 5.8
512kcal/mol. This suggests that additional environmental
513contributions to the enthalpy (and entropy) are the
514determining factors in setting the relative minimum for the
515drug in the interface and the overall magnitude of the transfer
516free energy.

4. HIGHER CONCENTRATION OF CPTS
517We next hypothesize that the calculated partition coefficient
518may neglect of cooperative CPT−CPT interactions, as well as
519how this CPT drug stacking will affect the hydrophobic
520environment of the membrane.48,75 To test the degree of

Figure 5. Interface II: (A) The average number of hydrogen bonds
for each window of the thick octanol slab in both situations where
CPT can be a donor (purple) or acceptor (black). The bars indicate
standard deviation. (B) The rotational entropy of CPT (TSrotational),
the enthalpy, which has contributions due to the van der Waals
(vdW), and the electrostatics are plotted along the distance between
the center of mass of CPT and the thick octanol slab. The left axis is
for the rotational entropy of CPT only. (C) The ΔG in kcal/mol of
the CPT along the z-direction of the thick octanol layer after 60 ns.
Error bars are in light purple. The shaded area indicates the thickness
of the thick octanol layer based on its electron density. All data shown
for first replica.

Figure 6. Interface III: (A) The average numbers of hydrogen bonds
bonds for each window along the POPC interface in both situations
where CPT can be a donor (magenta). The bars indicate standard
deviation. (B) The rotational entropy of CPT (TSrotational), the
enthalpy, which has contributions due to the van der Waals (vdW),
and the electrostatics, are plotted along the distance between the
center of mass of CPT and the POPC bilayer. The left axis is for the
rotational entropy of CPT only. (C) The The ΔG in kcal/mol along
the z-direction of the POPC bilayer after 166 ns. Error bars are in
light magenta. The shaded area indicates the thickness of the POPC
bilayer based on its electron density. All data shown for first replica.

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

https://dx.doi.org/10.1021/acs.jctc.9b00541
J. Chem. Theory Comput. XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b00541/suppl_file/ct9b00541_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b00541/suppl_file/ct9b00541_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b00541/suppl_file/ct9b00541_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b00541/suppl_file/ct9b00541_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://dx.doi.org/10.1021/acs.jctc.9b00541?ref=pdf


521 CPTCPT stacking and how the stacking will disrupt the
522 membrane interface, we ran a long-time 1.6 μs simulation of
523 multiple CPTs above a slightly larger POPC bilayer at a
524 concentration of approximately 400 mM (411 mM), as shown

f8 525 in Figure 8. The initial positions of the drug molecules are
526 completely randomly distributed on both sides of the
527 membrane. We find that the drug forms long chains of drug
528 molecules above the membrane surface that gradually push
529 down and permeate the bilayer after approximately 1 μs shown
530 in Figure 8B. A fraction of these drug population breaks off and
531 remain in the bilayer, while the rest of the long chains form a
532 filament above the membrane surface at 1.8 Figure 8C. These
533 long chains locally distort the interfacial concentration of the
534 POPC chains. In Supporting Figure 14, the electron density
535 profile shows the CPT molecules distributed randomly in
536 solution above the membrane about 40 Å away from the COM
537 of the POPC bilayer. As shown, after 1.6 μs, the CPT peak on
538 the electron density profile becomes sharper and shifts 50−65
539 Å away from the COM of the POPC bilayer (location of
540 filament), with a secondary peak due to drugs that break off
541 and insert themselves into the hydrophobic membrane just
542 under the POPC headgroups.
543 The sharper peak of CPT in Supporting Figure 14 is due to
544 well-organized CPT−CPT stacking. As Kang et al. suggests, a
545 dominant feature of CPT in solution is π−π stacking.48 With
546 this highly concentrated system, the CPT−CPT stacking via
547 π−π interactions greatly impacts CPT orientation and also its
548 permeation pathway into the membrane. Hence, it is
549 interesting to compare the orientation of multiple CPTs
550 interacting with the membrane against the singular CPT
551 system. We calculate the θ angles between every CPT and the
552 membrane normal vector, as shown in Supporting Figure 2.
553 Interestingly, with the CPT−CPT stacking the violin plot of θ
554 angles shifts its shape significantly from the singular CPT θ
555 angle. In Supporting Figure 15, contrary to expectation where

556CPTs should rotate freely at 50−65 Å away from the COM of
557the POPC bilayer, the higher concentration of CPTs is given
558by three populations that correspond to three orientations of
559CPTs with respect to the membrane normal vector: parallel
560(∼6°), perpendicular (∼75°−100°), and antiparallel (∼175°).
561These three orientations are caused by pronounced CPT−
562CPT stacking and are absent in the singular CPT systems. To
563test if the formation of filamentous assemblies is dependent on
564the initial concentration of the drug, we next ran three
565additional concentrations. All simulation runs of varying CPT
566concentration above the membrane are summarized in
567Supporting Table 1. We ran two additional high concentration
568systems at 24 and 94 mM. In addition, one additional replica
569containing a single CPT was run, to test passive diffusion for
570one drug only. All three systems at high concentrations (24,
57194, and 411 mM) show the formation of filamentous
572assemblies. The additional replica containing a single CPT
573the drug enters the membrane after 16 ns. The electron density
574over time, as well as the order parameter of the phospholipid
575tails, is shown in Supporting Figures 16−19. We note that the
576trend in these systems is that the drugs penetrate into the
577membrane in groups of 2−3, but longer chains of drugs do not
578insert. Thus, the presence of additional surrounding drugs
579greatly modifies the orientation of each CPT with the
580membrane as the drugs form stacks that lay on top of the
581phospholipid bilayer but do not directly interact. We note that
582the formation of the drugs into these long stacks above the
583membrane effectively reduce the rotational entropy of the
584drug, shifting its contribution to the free energy profile across
585the bilayer and greatly affect the membrane permeation
586pathway. In addition, the hydroxyl group of the CPT cannot
587easily form H bonds with the membrane surface. In
588comparison with experiments, the experimentally reported
589partition coefficients from Selvi et al.74 are at the 0.11 μg/mL
590or around approximately 30 μM concentration. Furthermore,

Figure 7. (A−C) Relative position and orientation of CPT with respect to the POPC membrane bilayer (interface III) at a distance of 6−9, 12−15,
and 21−24 Å. (D−F) The dominant hydrogen bond at a distance of 6−9, 12−15, and 21−24 Å based on its lifetime.

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

https://dx.doi.org/10.1021/acs.jctc.9b00541
J. Chem. Theory Comput. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b00541/suppl_file/ct9b00541_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b00541/suppl_file/ct9b00541_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b00541/suppl_file/ct9b00541_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b00541/suppl_file/ct9b00541_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b00541/suppl_file/ct9b00541_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b00541/suppl_file/ct9b00541_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://dx.doi.org/10.1021/acs.jctc.9b00541?ref=pdf


591 the experimental concentrations by Cheetham et al.49 are in
592 the 50 μM range; however, supramolecular aggregates, as
593 reported by Cheetham et al.,49 expect that a high concentration
594 of CPTs are stable in supramolecular aggregate form at 20 μM.
595 While the lowest concentration we simulate is ∼4 mM is 50
596 nearly times more concentrated than this concentration, the
597 local concentration of CPT’s may be increased if interactions
598 with the membrane destabilize individual supramolecular
599 aggregates. Effectively, the membrane may serve as a surface
600 that is nucleating and growing unidimensional drug crystals.
601 The membrane itself may lower the critical concentration for
602 growth of these supramolecular aggregates.

5. CONCLUSION

603We summarize the results of the calculated partition coefficient
604for the three model systems as calculated with the adaptive
605 t2biasing force (ABF) methodology in Table 2. In comparison
606with experimentally reported partition coefficients, the value
607for log Poctanol/water that we calculate from the transfer free
608energy are off by a factor of 2. However, calculation via the
609second methodology, from integration over the potential of
610mean force, gives a closer agreement (2.2) with the
611experimentally reported value (1.74). Surprising, calculation
612of the partition coefficient using the second methodology,
613integrating over a thin octanol bilayer gives excellent
614agreement (1.8) with experimental partition coefficient
615(1.7472). For the POPC membrane, we find that the value of
616the partition coefficient calculated from the transfer free energy
617(4.1) is extremely high compared to the experimentally
618reported value for a model DOPC membrane (1.6574).
619However, recalculation via the second methodology (1.9)
620gives closer agreement. The closer agreement of the calculated
621partition coefficient, log K, with experimentally reported values
622for the partition efficient implies that interfacial structure plays
623a critical role in all three interfaces. Indeed, the minima in the
624PMFs for the first and third interface are 5 Å or less from the
625thickness of the interface as defined by the density profile. For
626the second interface, the minimum in the PMF is ∼20 Å from
627the bulk octanol surface. Therefore, in all three cases, one can
628infer that the drug will be interfacially active, with more drug
629partitioning close to the interface, as opposed to the bulk.
630We note that the lack of polarization in the TIP3P water
631model may provide the wrong baseline for partitioning and the
632lack of polarization may impact transfer free energies. While
633force fields that include polarizability may lead to higher
634accuracy for the transfer free energies, this would come at an
635increased computational cost. Including polarizability of the
636water, or else the phospholipids, could impact the permeation
637pathways.76,77 Herein, we attempt to correlate the strength of
638hydrogen bonding of this model hydrophobic cancer drug,
639CPT, with a model phospholipid bilayer with the rotational
640entropy of the drug. We show that the two are inversely
641correlated, with an anticorrelation coefficient of −0.47. In
642particular, the orientation of the drug with respect to each
643model interface is determined to some degree due to the
644strength of hydrogen bonding at each respective interface.
645Most notably, because of the planar pentacyclic structure of
646CPT, it can form strong aromatic interactions with itself. We
647show that these strong aromatic interactions lead to the
648formation of stacks of drug that form across the membrane at
649higher concentrations. The formation of CPT drug stacks
650modulates the interaction of the drug with the phospholipid
651bilayer, shifting the orientation of the drug with respect to the
652membrane, changing the membrane permeation pathway.

Figure 8. (A) Snapshot of the CPTs at high concentration, starting
configuration at 0 μs. POPC is shown in Licorice representation. CPT
is shown in blue. (B) A snapshot of the CPTs at high concentration
ordering above the membrane, after starting to insert into the POPC
bilayer at 1.044 μs. The drug forms stacks along the surface of the
membrane. Several drugs start to insert just under the phospholipid
headgroups. POPC is shown in Licorice representation. (C) CPTs
above the membrane with few remaining CPTs inside the membrane
at 1.68 μs CPT. (D, E) CPT is shown in Paperchain presentation and
the POPC is shown as a transparent slab. The drug forms stacks along
the surface of the membrane. Several drugs start to insert just under
the phospholipid headgroups.

Table 2. ΔGbarrier, ΔGtransfer, and Partition Coefficients (log P and log K) as Defined in the Methods Section Based on Average
over All Replicas for Each Interfacea

simulations experiments

ΔGbarrier (kcal/mol) ΔGtransfer(kcal/mol) log P log K log P (experimental)

octanol bilayer (interface I) 0.27 ± 0.15 5.5 4.0 1.8 N/A
thick octanol layer (interface II) N/A 6.2 4.6 2.2 1.7472

POPC membrane bilayer (interface III) 3.8 ± 0.8 5.8 4.1 1.9 1.65 (with DOPC)74

aComparison with experimentally reported partition coefficients from refs 72 and 74.
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653 With the increasing computational power available, in
654 addition to recent increasing interest in the power of machine
655 learning approaches to predict small drug permeability in
656 membranes,12−14 we note that further characterization of
657 variables and/or hidden reaction coordinates that determine
658 small drug permeability in membranes is urgent.78,79 However,
659 we note that these models have so far not accounted for the
660 strength of drug−drug interactions on the modulation of the
661 permeability into the membrane. This may be an additional
662 consideration that needs to be taken into account into these
663 models. A methodology uniquely suitable for exploring the
664 contribution of drug−drug interactions on membrane
665 permeability is rational coarse-grained methods.79,80
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