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Scheme S1. Flowchart of the procedure of the explicit polarizable model.
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Figure S1. The initially assembled system. The yellow represents the neutral 2-APB, and the green denotes

the charged one.
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Figure S2. Partial change of both neural (left panel) and charged (right panel) 2-APB by using different
protocols. (a) and (c) are EPS charges, (b) and (d) are NPA charges. X-axis represents the atom index shown
in (e). Different lengths of interval got quite consistent partial charges, though the shorter one is

computationally much more expensive.
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Figure S3. The population of neutral and charged forms of 2-APB as a function of distance from bilayer
center using (a) ESP and (b) NPA. Systems are assumed to be symmetric, one half of the profile is calculated
by averaging the two halves, the other half is the mirror of it. By comparing with the logP determined from
experiments, the 2-APB was predicted to be less lipophilic by using NPA charge. Therefore, the performance

of ESP charge is much better.
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Figure S4. Partial charge of the charged 2-APB under different dielectric constant. The values 1, 4.71, 32.6,
46.8, 78.4, 108.9, of € represent the air, chloroform, methanol, thionyl chloride, water and methanamide,

respectively.
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Figure S5. Thermodynamic cycle for the calculation of pKa shift
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Figure S6. Temperature dependence of the free energies for the neutral (a) and charged (b) forms of 2-APB.
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Figure S7. Radial distribution function between amine on 2-APB and oxygen on water (a) or ester (b).

Computational Methods:

(1) Parameterization for 2-APB with conventional CHARMM force field. To get the initial force field
parameters for 2APB, CHARMM General Force Field (CGenFF) parameters were developed in a self-
consistent fashion following previously described protocols'? and initial parameters were generated from
similar fragments. All empirical force field (MM) calculations were performed using the CHARMM program?
and Quantum mechanical (QM) calculations were performed using the Gaussian09 program.* To prepare
for QM target data, geometry optimizations and vibrational calculations were done at the MP2/6-31G(d)
level.>® The target QM frequencies were scaled by 0.943 to account for limitations in the level of theory.”
QM level water interactions were used as target data for charge optimization, and water molecules in TIP3P
geometry® were individually placed at optimized geometries interacting with hydrogen bond donors and
acceptors in the model compound at its monomer MP2/6-31G(d) conformation. The interaction distance
was optimized at the HF/6-31G(d) level with all other degrees of freedom fixed for each interacting pair. In
order to yield parameters appropriate for the condensed phase simulation, the HF/6-31G* interaction
energies were scaled by a factor of 1.16 and a difference of -0.2 A in interaction distances between QM and
MM was targeted for moderate to strong model compound-water interactions.’° Relaxed potential energy
scans (PES) were used to optimize dihedral parameters and were performed at the MP2/6-31G(d) level with
the target dihedral angle(s) constrained at an increment step of 10°, while other degrees of freedom were
fully optimized.

Gas phase MM energy minimizations were conducted using the conjugate gradient minimization
method followed with the Newton-Raphson minimization algorithm to a gradient tolerance of 10
kcal/mol/A using an infinite nonbonded cutoff distance. Vibrational calculations were done using the
VIBRAN module and corresponding potential energy distribution (PED) analyses were carried out using
MOLVIB module with internal valence coordinates as proposed by Pulay et al.}! Such PED analyses were
used to optimize force constants in bonded parameters. MM PES were performed by reading the QM
geometries of all the scan points into CHARMM and harmonic restrains with force constant of 10,000
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kcal/mol/radian were placed on the target dihedral angle(s) while all other degrees of freedom were
minimized.

The parametrization started from optimizing atomic charges using QM water interactions and then
move forward to reproduce minimized geometry and vibration analysis, and finally trying to reproduce QM
PES profile in a self-consistent way. Due to lack of related experimental data, the van der Waals (VDW)
parameters (epsilon and Rmin) of the B atom were not specifically adjusted against the bulk properties of B-
containing compounds. Fortunately in this special case, the B atom is buried at the center of bulky 2APB
molecule. Even a wild range of change of the VDW parameters of B showed very limited affection on other
properties like molecule-water interactions according to our test work.

(2) Explicit polarizable model. In this model, the general idea is that, the partial charges of a molecule were
not fixed but were changeable in response to the local condition represented with background point
charges.’?* As shown in Scheme 1, the procedure of the explicit-polarizable model is as follows:

(i) Run MD simulations with the conventional force field, and relax the system;

(ii) Based on the relaxed structure of the system, calculate the partial charge of a 2-APB molecule with
QM methods, and the rest of the systems is represented as background point charge to mimic the
polarization effect of the environment. For systems with multiple 2-APB molecules, each of them is treated
with QM with all of the others being the environment. Considering the computational cost and accuracy,
two cycles were performed to get the charge information of the each 2-APB molecules;

(iii) Update the partial charge of all 2-APB molecules, calculate the total energy with the new
parameters, and compare it with the value obtained from the former parameters. If the energy difference
is within 10%, the systems is believed to be stable. Otherwise, the former parameters will be used.

(iv) With a given interval, MD simulations are carried out with the parameters determined from the
above step. Such cycle is repeated until the desired total time length of simulations is achieved.

The above procedure was implemented using a homemade Fortran code and TCL script embedded in
the VMD.* ab initio quantum mechanical (QM) was used to get new partial charges. All the QM calculations
were performed using the Gaussian 09 program package* at the M06-2X%%/6-311++G(d,p) level of theory.
Seemingly, two factors are critical in this explicit polarizable model. One is the partial charge, and the other
is the interval used for updating charges. Extensive exams on these two factors were carried out.

Two kinds of population analysis, the natural population analysis (NPA) and the electro-static-potential
(ESP) were tested. And seven independent MD simulations using different interval time to renew the atomic
charge, i.e. 200ps, 400ps, 600ps, 800ps, 1000ps, 2ns, and 10ns, were carried out. The result was shown in
Figures S2 and S3. Consequently, the combination of ESP charge with the interval of 10 ns was used.

(3) Implicit polarizable model. Different from the explicit polarizable model, in the present implicit one, the
partial charge of the drug is fixed after parameterization. During the parameterization, the polarizable
continuum model (PCM) was used to take the surrounding environment into consideration, and partial
charge of the drug was derived from restrained fit of electrostatic potential’’ calculated with QM
calculations (RESP charge), and the AMBER 16 package suite!® was used. The protocol used to derive ESP
partial charge is same as that we mentioned above. In addition, different values of € were tested in this
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work, as shown in Figure S4. We found that charges are nearly independent of the dielectric constant.
Therefore, the € value of water (78.4) was used to in this model. As shown in Scheme 2, the procedure
contains the following steps:

(i) Run MD simulations with the conventional force field, and relax the system;

(i) Based on the relaxed structure of the system, calculate the partial charge of a 2-APB molecule with
QM methods for the subsequent RESP calculations, and the PCM was used to take the environment into
account. Importantly, ensemble average of the trajectory was used to account for the redistribution of
molecular dipole.

(iii) Use the partial charges obtained from step (ii) to run MD simulations.

(4) System setup. The lipid bilayer containing 91 POPC molecules was set up using the Package psfgen
supplied by NAMD.® The membrane normal was oriented parallel to the z-axis of the simulation cell. 8
charged and 8 neutral forms of drugs were distributed evenly in the system (Figure S1), where half were in
the membrane and half in the bulk water. To mimic the real physiological environment, 150 mM NacCl was
added to the lipid bilayer. The total number of water, sodium, and chloride were 4281, 15, and 23
respectively, where the extra 8 anions were used to neutralize the system.

(5) Unbiased MD simulations. The molecular dynamics (MD) simulation was performed with the NAMD
package suite.’® CHARMM 36 force field?° was used for lipids and ions and the TIP3P model for water.® The
system was performed in the NPT ensemble at 310 K with 1 atm pressure. The electrostatic calculations
were handled by the particle-mesh Ewald (PME)2! with a 12 A cutoff. Integration time step was set to be 2
fs with all bonds containing hydrogen held rigid using SHAKE algorithm?2. Langevin dynamics was used to
maintain temperature, while the pressure of the system was kept by a Nose-Hoover-Langevin piston,?3
except for the hydrogen atoms. During the simulations, the temperature was rescaled every 1000
integration steps, and the barostat oscillation time scale was set to be 100 fs.

For the system by using explicit polarizable model, 4 ns/day could be achieved by using NVIDIA
GTX980Ti + Interl(R) Core(TM) i7-4790K(@4.0GHz). A toal of 200 ns trajectory was accumulated. For the
implicit one, the performance is 12 ns/day by using the same machine, and we ran the MD simulations for
1 ps.

(6) Free energy calculations. Due to the relative long trajectory needed to get converged free energy profile,
a system containing 59 POPC molecules, 2810 TIP3P water molecules was constructed for the biased MD
simulation. In the system with neutral 2-APB, 7 sodium and 7 chlorides were added to mimic the
physiological environment, while in the charged one, 7 sodium and 8 chlorides were added. The same force
field parameters used for the unbiased MD simulations were applied for the calculation of potential of mean
force. The simulation was performed with the NVT ensemble by using the adaptive biasing force method.?*
%5 The distance between the center of mass of drug and all the phosphate atoms in the lipid (therefore the
membrane center) was defined as a reaction coordinate. As the two leaflets are symmetric in membrane,
the permeation free energy on one side was carried out. 6 non-overlapping windows ranging from 0 to 30
A with an increase of 5 A were set up. A bin width was set to 0.1 A, and 200 steps for force samples was
collected.
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For the free energy decomposition, we run additional ABF calculations at 305 Kand 315 K, respectively,
with the same protocol mentioned above. To get converged free energy profiles, a total simulation time of
4.8 us were collected for each temperature. For two protonation states at three different temperatures, a
total of 28.8 us trajectory was collected.

(7) Partition coefficient.

The definition of partition coefficient is shown in the following equation:

ionized un—ionized

[solute] +[solute]

oct
un—ionized

oct
ionized

log P, =log

ct/wat

[solute] ™ +[solute]

wat wat

ionized un—ionized

Where [solute] and [solute] represent the concentration of the drug resided in the

oct oct

ionized un—ionized

octanol, [solute] and [solute] represent the one in the water.

wat wat

(8) pKa calculation.

%,and AAG oo =W,_pps (2'—2) W (z2-2)

pKa = pKa, + 2 3kT 2-APB(H")

Where the pKa(.f represents the value we obtained from the experiment in the bulk water.?®

(9) Properties of 54 stuided drug-like molecules. Their partition coefficient (logP) and pKa were all collected
from the website of the sci-finder?’, the values of dipole moment were calculated using the G09* at the
theory level of M06-2X/6-311++G(d,p), and values of Solvent Accessible Surface Area (SASA) were
calculated by software VMD?. To classify the inherent relationship between these values, density-based
clustering method?® was used. Clustering by using K-means implemented in the scikit-learn®® gave
consistent results.

2.5 A respectively.

Table S1. Summary of the dipole moment with substituent group, with B...N distance constrained at 1.7 and
Structure NH2

& L vl
JO g0 O,

Dipole ren=17A 5.23 5.17 6.91
(Debye)  re.n=2.54 3.29 2.67 4.52

NF, NH,
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Table S2. The summary of the properties of the studied 54 drug-like molecules, and their corresponding
clustering labels.
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CAS Structure pKa Dipole SASA logP Clustering  Clustering
Registry (Debye) (angstrom?) (logP- (logP-pKa-
Number dipole- SASA)

SASA)

1028-93-9 ?Hz 8.44+0.28 1.45 4555 3.602+0.464 1 3

N
[ NCH;

(0]
I
B

2262-43-3 [NH2 8+0.1 2.63 445.6 3.182+1.070 1 3
o}
I
B
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0 [
0 0
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The charge for the charged 2-APB of the implicit model:

Atom type charge  mass

1M1 1 AMPB N NG3P3 -0.323084 14.0070
2 M1 1 AMPB HO1 HGP2 0.34081 1.0080
3M1 1 AMPB HO2 HGP2 0.34081 1.0080

4 M1 1 AMPB HO3 HGP2 0.34081 1.0080
5M1 1 AMPB Cl CG324 0.056728 12.0110

6 M1 1 AMPB H1l1 HGA2 0.105597 1.0080
7M1 1  AMPB H12 HGA2 0.105597  1.0080

8 M1 1 AMPB C2 CG321 0.02139 12.0110
9M1 1 AMPB H21 HGA2 0.095805  1.0080
10 M1 1 AMPB H22 HGA2 0.095805 1.0080
11M1 1 AMPB O  0G301 -0.450048  15.9994
12 M1 1 AMPB B BG331 0.567271 10.8110
13M1 1 AMPB (3 CG2R61 -0.145245  12.0110
14 M1 1 AMPB (C41 CG2R61 -0.139305 12.0110
15M1 1 AMPB H41 HGR61 0.119882  1.0080
16 M1 1 AMPB C42 CG2R61 -0.139305 12.0110
17M1 1  AMPB H42 HGR61 0.119882  1.0080
18M1 1 AMPB (51 CG2R61 -0.11006  12.0110
19 M1 1 AMPB H51 HGR61 0.128849 1.0080
20M1 1 AMPB (52 CG2R61 -0.11006  12.0110
21 M1 1 AMPB H52 HGR61 0.128849 1.0080
22M1 1 AMPB C6 CG2R61 -0.134226  12.0110
23 M1 1 AMPB H6 HGR61 0.131994 1.0080
24M1 1 AMPB C7 CG2R61 -0.145245  12.0110
25 M1 1 AMPB (C81 CG2R61 -0.139305 12.0110
26M1 1 AMPB H81 HGR61 0.119882  1.0080
27 M1 1 AMPB (C82 CG2R61 -0.139305 12.0110
28M1 1 AMPB H82 HGR61 0.119882  1.0080
29 M1 1 AMPB (91 CG2R61 -0.11006 12.0110
30M1 1 AMPB H91 HGR61 0.128849  1.0080
31 M1 1 AMPB (€92 CG2R61 -0.11006 12.0110
32M1 1 AMPB H92 HGR61 0.128849  1.0080
33 M1 1 AMPB C10 CG2R61 -0.134226 12.0110
34M1 1  AMPB H10 HGR61 0.131994  1.0080

The charge for the neutral 2-APB of implicit model:

273 N1 1 2APB N NG321 -1.027554 14.0070
274 N1 1 2APB HO1 HGPAM2 0.392481 1.0080
275N1 1 2APB  HO02 HGPAM2 0.392481 1.0080
276 N1 1 2APB C1 CG321 0.239730 12.0110
277 N1 1 2APB H11 HGA2 0.037773 1.0080
278 N1 1 2APB H12 HGA2 0.037773 1.0080
279 N1 1 2APB (C2 CG321 -0.021405 12.0110
280 N1 1 2APB  H21 HGA2 0.073322 1.0080
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281 N1
282 N1
283 N1
284 N1
285 N1
286 N1
287 N1
288 N1
289 N1
290 N1
291 N1
292 N1
293 N1
294 N1
295N1
296 N1
297 N1
298 N1
299 N1
300 N1
301 N1
302 N1
303 N1
304 N1
305 N1

PR R R R R R R R R R R R R R RRRRRRRRBRR

2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB
2APB

H22

c3

C41
H41
Ca2
H42
C51
H51
C52
H52
Cé

H6

Cc7

c81
H81
C82
H82
ca1
H91
C92
H92
C10
H10

HGA2 0.073322
0G301 -0.422705
BG331 0.519427
CG2R61 -0.119064
CG2R61 -0.140724

HGR61 0.116715
CG2R61 -0.140724

HGR61 0.116715
CG2R61 -0.115531

HGR61 0.126157
CG2R61 -0.115531

HGR61 0.126157
CG2R61 -0.130973
HGR61 0.129481
CG2R61 -0.119064
CG2R61 -0.140724

HGR61 0.116715
CG2R61 -0.140724

HGR61 0.116715
CG2R61 -0.115531

HGR61 0.126157
CG2R61 -0.115531

HGR61 0.126157
CG2R61 -0.130973

HGR61 0.129481
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1.0080
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1.0080
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1.0080
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1.0080
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