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Figure S1. Spontaneous trans-bilayer transition rate (k) convergence as a function of
simulation time (ns) for a library of (N = 18) drugs. The #cvenss is defined as the number of
times a molecule spontaneously crosses the BBB membrane from — 3 nm to + 3 nm or vice-
versa (#events = #up + #pown) . The molar rate constant » = k / Na = (mol ns™). A plateau in %,
indicating convergence of the estimate, is checked by the forward difference gradient reduced
to a threshold of grad < 0.004.

Figure S2. Convergence threshold for the numerical evaluation of the rate constant &k
based on forward-difference gradient. The numerical gradient of & is defined as a forward
differences estimate of grad = (k(i + 1) - k(7)) / At, where At = #(i+1) - t(i). A hard convergence
criterion is imposed, where £ is deemed converged if and only if grad < 0.004.

Figure S3. Average slope of experimental permeability vs. simulated permeability (error
bars * o) as a function of compound sample size (N compounds) demonstrating adequate
sample size. (A) n = 1 for 1 random subsample iterated as a function of N = 3 compounds per
point. (B) n = 10 random searches in size of 3 compounds. (C) All possible combinations (for
3,6,9, 12, 15 compounds), therefore a total search of 816, 18564, 48620, 18564, 816 (unbiased
by random seed). We find that a plateau is established past N =12 compounds, thus validating
the sample size for our regression, and therefore, the methodology presented herein.



Materials and Methods (Extended)
Simulation details

Unbiased atomic detail molecular dynamics (MD) simulations were performed using
GROMACS (www.gromacs.org)'3, in combination with the CHARMM general force field for
molecular solutes and the TIP3P water model as solvent!*. Lipids parameters were taken from
the CHARMM36 all-atom force field!®. Electrostatic interactions were computed using
particle-mesh-Ewald (PME)', and a cut-off of 10 A was used for the van der Waals
interactions. Bonds involving hydrogen atoms were restrained using LINCS!” to allow a 2 fs
time-step. Neighbour lists were updated every 5 steps. All simulations were performed in the
NPT ensemble, with water, lipids, and drug molecules coupled separately to a heat bath with
temperatures at 167 °C using a time constant Tt = 0.5 ps in combination with the velocity
rescaling algorithm!®. Atmospheric pressure of 1 bar was maintained using Parrinello-Rahman
semi-isotropic pressure coupling with compressibility k, = kxy = 4.6 - 107 bar! and time
constant p = 20 ps'®. In order to capture diffusion events at sufficiently high resolution,
trajectories were printed every 1 ps, such that each 1 us of trajectory comprises a dataset of 1
x 107 observations.

An atomic detail model of the BBB bilayer

An atomic detail molecular model of the apical hBMEC lipid bilayer was constructed by
closely replicating physiological lipid compositions (Figure 1.A-B). The BBB bilayer model
(96 lipids, area 25 nm?) was set up using standard compositions for polarized endothelial cell
membranes® 4, which contain a high content of sphingolipids (SM)® cholesterol (CH), and
phosphatidylcholine (PC)* 4, as well as phosphatidylethanolamine (PE), phosphatidylinositol
(PI) lipids (Figure 1.B)°. Each bilayer consists of 9 lipids: POPC (dark gray), OSM (red),
SAPE (purple), SAPS (brown), SAPI (orange), cholesterol (green), SAPC (cyan), SOPE
(black), SLPC (magenta). Atomic detail models were constructed using the CHARMM-GUI
membrane builder. Both the average length of the hydrocarbon chain (18.4 carbon atoms) and
number of double bonds (1.5) of the fatty acid tails were matched to equivalent experimental
values (18.4 and 1.5, respectively)®.

We validate the model by considering the following physical properties of the system as a
function of temperature, firstly, the temperature-dependent bilayer thickness in the range of =
40 A between 25 °C and 200 °C (Table S.2), which is consistent with the thinning of bilayers
at higher temperatures®® 3°. Secondly, we show consistent observations of lipid lateral
diffusivity for POPC and SOPE, as well as individual area-per-lipid (APL) measurements of
POPC and SOPE to reference values (Table S.3). Finally, we monitor and quantify the
temperature dependence of the diffusion coefficients and the area-per-lipid of individual lipids
of the apical lipid bilayer, which is consistent with previous work on T-dependent MD
simulations*®. Physical bilayer parameters were monitored as an indication of bilayer stability
with temperature, and were compared to experimental measurement, in particular, the average
lipid diffusion coefficient in the plane of the membrane, Di(T), and area-per-lipid (APL) are
validated to reference parameters. The Di(T) was calculated by averaging the diffusion of
heavy atoms for all lipid species in the bilayer for lipids POPC, SAPE, SOPE and cholesterol.

A compound library of the BBB drug space

A library of molecular solutes (N = 18; Table S.1 and structures in Figure S.1) was chosen to
be sufficiently broad and representative of BBB crossing. The library spans a complete range



of permeabilities from 107 cm/s (slowest) to 107 cm/s (fastest), and comprises neutral,
cationic, anionic as well as zwitterionic behaviour in solution, and with log P values from -1.8
(polar) to 5.10 (non-polar).

At pH =7 the neutral molecules (N = 8) were glycerol, ethosuximide, ritalin, ethanol, propanol,
effexor, bupropion, and temozolomide. The cationic ionized (N = 4) compounds were
ibuprofen, ketoprofen, naproxen and dilantin. The anionic ionized compounds were caffeine,
atenolol, nadolol, nicotine, duloxetine, and doxorubicin (N = 6). All molecules are simulated
in their neutral form, for comparison.

To converge the permeability estimates, simulations of solute transbilayer BBB crossing are
carried out at temperatures greater than 25 °C (167 °C). This high-T MD methodology
dramatically increases the rate of solute transport across lipid bilayers, and is applicable to lipid
membranes in conjunction with small-molecule solutes that do not denature at T > 25 °C.7

The value of simulated permeabilities depend, in part, on the choice of solute force field®!°.
Force field parameters were obtained in a standardized fashion using the CGenFF program!!:
12 (version 2.0) to obtain bonded and nonbonded parameters via the automated parameter
assignment tool (Paramchem)'® of CGenFF.

1.1 Experimental in vitro permeabilities

Experimental values of permeability derived from the 2D transwell assay (Papp) are widely used
to predict brain penetration of small molecules, and the transwell assay is often considered the
gold standard for validating simulations and in assessing barrier function of other in vitro
models.'* The most common cell lines are Madin—Darby Canine Kidney (MDCK) cells,!>: 16
as well as Caco-2 cells with the PAMPA assay.!” '8 We have chosen solute values of the cell
line available for the compound of interest in published literature, with compounds missing a
reference value measured as an in-house measurements (Department of Materials Science &
Engineering, Johns Hopkins). Final reference values are produced in Table S.1.

Quantifying spontaneous transbilayer crossings

A translocation event is defined when a solute moves from the bulk aqueous phase on one side
of the membrane to the bulk aqueous phase on the other side of the membrane. Translocations
across the periodic boundaries are not included. Simulations were initiated with 40 randomly
placed (gmx insert-molecules) molecules in the aqueous phase, equivalent to a system
concentration of ~300 mM. Steady state values of the rate constant k& were obtained by
averaging values of k over the plateau region of the running average of k (Figure S.1) (i.e.,
once the change dk/dt was less than 0.004 (Figure S.2)).

The rate constant, k, across the bilayer is calculated from unbiased MD simulations of
spontaneous trans-bilayer solute crossing as the ratio of the total number of transport events
observed during a simulation by the simulation time:

k=

#
t

(Equation S1)



Transport events are captured by tracking the progress of individual molecules through planes
perpendicular to the bilayer normal located at either interface (# = #up + #4own). For practical
purposes, the transport rate constant %, is redefined as the molar rate constant r :

Ny (Equation S2)

The accurate counting of transport event i (#;) is non-trivial. To that extent, we define planes
for start and end positions for complete transitions. The planes (Figure 2.A) need to satisfy the
following criteria: solutes are counted as crossing only when, (i) the transition originates in the
bulk region (z; <—3.0 nm or z; > 3.0 nm), as well as, (ii) the solute trajectory concludes in the
other bulk region of the box (zf> 3.0 nm or zf < -3.0 nm). This criterion ensures that counted
events obey a strict distance cutoff criterion. Secondly, molecules that cross the box via the
periodic boundary conditions are excluded from the count. Thirdly, incomplete crossings or
non bulk-to-bulk transitions are excluded.

In order to ensure the concept of bulk-to-bulk transition is obeyed rigorously, we consider the
physical properties of the system as a function of temperature. Bilayer thickness is temperature-
dependent, with thickness range of = 4.0 nm between 37 °C and 200°C. In addition, the solutes
are not point particles, but have significant diameters along their principal axis (Table S.1;
ranging between 0.5-2.0 nm). Thus, in order to be able to define events (#) rigorously, a cutoff
criterion of -3.0 nm to 3.0 nm (range of 6.0 nm) is needed to accommodate these observations.
Shorter, less rigid definitions of the cutoff (-2.0 nm to 2.0 nm) resulted in overcounting of
transition events. Based on the position of the phosphorous groups of the lipid bilayer (Table
S.2), solutes are therefore required to cross the bilayer from an origin > 1.0 nm from the bilayer,
enter and exit the bilayer, and transition > 1.0 nm further ahead of the bilayer, in order to be
counted.

The convergence criterion for the rate constant k is two-fold. Firstly, we check for plateau in
the value of k for each solute (Figure S.1), and second, we calculate the numerical gradient
from a forward difference expression (Equation S3). The value of k is converged when the
gradient descends below 0.004 (grad(k) < 0.004) (Figure S.2).

k(i+1)—k(i)

Grad(k) = "

(Equation S3)

The solute permeability P (cm s™!) is related to the net solute flux J (# cm™s™!) through a
membrane patch by:

J=P-AC (Equation S4)

Where AC = Co— C;, and Ci (# m™), C, (# m™) are the concentrations on either side of the
membrane. Due to pressure coupling, the box volume, V, and area of the bilayer patch, A, will
vary during the simulation and need to be averaged.

The permeability is obtained from equation 4, by calculation the flux J. The flux is calculated
as the ratio of molar rate » (mol s™!) per unit area (4; nm?):
r

I=2 (Equation S5)



This leads to a permeability expression of P = r/ AC. Two caveats are introduced to obtain a
final expression for the permeability. However, to be able to compare to experimental
measurements, the total flux is divided by 2 as the simulations capture bi-directional flux, such
that flux equals the upward plus downward flux (J = Jup + Jaown). This results in the final
expression for permeability (cm s!) as:
p. T .
sim =5 AC (Equation S6)

It should be noted that these assumptions are different from experimental calculations, firstly,
because in vitro assays measure flux in one direction only, and secondly, for in silico

calculations, we assume that the transport via the cytosol (Figure 1.A) is fast compared to
transport across the cell membrane:

kppp < kcytosol (Equation S7)

Note that at 127 °C, simulations for four of the solutes did not converge, necessitating higher
temperature to compare relative permeability over this timescale.
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Table S1. Reference physicochemical parameters for a library of solutes. Two-dimensional (2D)
cell culture terminology includes red blood cell (RBC), Madin-Darby Canine Kidney (MDCK) cells,
human epithelial colorectal adenocarcinoma (Caco-2) cells and induced pluripotent stem cell (iPSC)
line. IH denotes in-house measurement (Department of Materials Science & Engineering, Johns

Hopkins).
Molecule MW Diameter Hadonor Haccept Log P DP Polar Papp (cm s7') Papp Reference Cell line (2D) or method (3D)
mol-) A) (debye) | surf.
area
Glycerol 92.09 53 3 3 1.8 2.62 60.7 9.50 x 10 19 [Shah 1989] BMEC [36.9 °C]
Temozolomide 194.1 8.7 1 5 0.4 6.10 106.0 1.86 x 10°° 20 [Avdeef 2012] PAMPA [25 °C]
Caffeine 194.2 6.4 0 3 -0.07 3.64 58.4 2.10x 10 IH MDCK [25 °C]
Ethanol 46.1 2.7 1 1 -0.31 1.69 20.2 1.10x 10 21 [Brahm 1983] RBC [25 °C]
Propanol 60.1 4.1 1 1 0.05 1.68 20.2 3.30 x 10% 2" [Brahm 1983] RBC [25 °C]
Doxorubicin 543.5 13.6 6 12 1.27 9.12 206 1.00 x 107 22 [Hellinger 2012] Caco-2 / MDCK [36.9 °C]
Ethosuximide 141.2 6.6 1 2 0.38 1.72 46.2 9.00 x 10 2 [Summerfield MDCK [36.9 °C]
: 2007]
Atenolol 266.3 16.3 3 4 0.16 5.00 84.6 1.30 x 10 24 [Adson 1995] Caco-2 [36.9 °C]
Nadolol 309.4 15.2 4 5 0.81 5.10 82.0 3.30x 107 25 [Yamashita 2000] Caco-2 [25 °C]
Dilantin 2523 5.8 2 2 2.47 2.73 58.2 270 x 10 2 [SL.IZn(')\Omﬁrﬁeld MDCK [36.9 °C]
Ketoprofen 2543 12.2 1 3 3.12 4.44 54.4 8.00 x 10°° 26 [Sun 2002] Caco-2 [25°C]
Naproxen 230.3 11.6 1 3 3.18 2.25 46.5 3.90x 10 27 [Pade 1998] Caco-2 [25°C]
Nicotine 162.2 6.9 0 2 117 1.64 16.1 1.78 x 10* 2 [Garberg 2005] Caco-2 / MDCK [25 °C]
Ibuprofen 206.3 8.1 1 2 3.97 1.64 37.3 2.70x 10 IH MDCK [25 °C]
Effexor 277.0 9.6 1 3 3.2 3.33 32.7 6.00 x 10 2 [Hellinger 2012] Caco-2 / MDCK [36.9 °C]
Ritalin 233.1 73 1 3 2.25 2.13 383 2.47 x 10 % [Yang 2016] MDCK_[36.9 °C]
Duloxetine 297.4 11 1 3 4.00 2.18 49.5 1.66 x 10° 22 [Hellinger 2012] Caco-2 / MDCK [36.9 °C]
Bupropion 239.7 8.3 2 4 3.60 1.15 291 4.75x 10 2 [Summerfield MDCK [36.9 °C]
2007]

Table S2. Position of phosporous (P) atom in the BBB bilayer. Error range is for average in lower
and upper leaflets. From [2].

T(°C) Avg P position (nm) Error range (o) (nm)
Standard box 167 +1.92 0.05-0.2

25 +2.22 0.04-0.14
Double box 167 +1.97 0.2-0.3

25 +2.24 0.08-0.12

Table S3. Comparison of lipid lateral diffusivity and lipid area-per-lipid (APL) to reference
values. From [

Property Simulation Reference

POPC Diffusivity (10 cm?/s) 3.15+0.8 3.2-5.68%

SOPE Diffusivity (10" cm%/s) 11.5+£73 2.0 -4.01
POPC APL (nm?) 0.77 £ 0.05 0.643*
SOPE APL (nm?) 0.62 +0.02 0.590*
CHOL APL (nm?) 0.39 +0.04 0.393*




Table S4. Penalty scores from Paramchem.!

Compound Param penalty Charge penalty
Atenolol 43 26.6
Bupropion 433 38
Dilantin 1153 132
Duloxetine 65.6 166.6
Effexor 18.3 34
Ethanol 0 0
Ibuprofen 14.4 46
Ketoprofen 143 46
Nadolol 34.5 36.9
Naproxen 143 46
Nicotine 77.2 118.5
Propanol 0 0
Ritalin 19.9 43
Doxorubicin 29.7 57
Caffeine 103.4 394
Ethosuximide 0 0
Glycerol 0 0
Temozolomide 176.5 378.5
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Table S5. Simulation parameters for calculating permeability. Rate constant k (ns™') where r =k /
Na. Total simulation box volume (Vbox), bulk water volume (Vwater), bilayer patch area (nm?), number
of solute molecules in the box, and solute concentration in bulk water (C = N / Viyater). Finally,
permeability Pa,p, =1/ (2 eA o C). Simulated permeabilities from Jorgensen et al. 2022 in pj also

provided.
Molecule k (ns' + o) Volumeypox | Volumewaer | A (nm?) N C (mol dm™) Pon (x 10'cm s+ ) Pyin (% 10'cm s~
167 °C (nm?) (nm?) molecules 167 °C )
167 °C [%]
Atenolol 0.039 +0.00 2.87 x 107 1.23 x10*> | 3.39 x 10! 10 1.35 x 10! 7.00£0.36 6.99
Bupropion 0.112 +£0.00 3.80 x 102 2.00 x 10 | 3.60 x 10" 20 1.66 x 10! 15.6 £0.56 8.92
Dilantin 0.208 £ 0.01 3.80x 102 | 2.00x 10 | 3.60 x 10! 20 1.66 x 10°! 28.9 +1.39 12.3
Duloxetine 0.032 £ 0.00 3.80 x 10> | 2.00x10% | 3.60 x 10! 20 1.66 x 10! 4.50 +0.28 14.1
Effexor 0.142 +0.00 3.80 x 10> | 2.00x 10> | 3.60 x 10! 20 1.66 x 10! 19.7 +£0.28 6.49
Ethanol 1.294+ 0.03 3.80x 10 | 2.00x 10> | 3.60 x 10" 40 3.32 x 10! 89.9 +1.81 99.9
Ibuprofen 0.300 £ 0.01 3.80 x 10> | 2.00x10% | 3.60 x 10! 40 3.32x 10" 20.8 £0.69 16.0
Ketoprofen 1.035 +0.02 3.80 x 10> | 2.00x10% | 3.60 x 10! 40 3.32x 10" 71.9 £1.39 27.2
Nadolol 0.071 +£0.01 2.87 x 102 1.23x 10> | 3.39 x 10! 20 2.70 x 10! 6.50 £0.91 6.48
Naproxen 0.860 £ 0.03 3.80 x 10> | 2.00x10% | 3.60 x 10! 40 3.32x 10" 59.7£2.08 33.7
Nicotine 1.419 +0.02 3.80 x 10> | 2.00x10% | 3.60 x 10! 40 3.32x 10" 98.5+1.11 121.0
Propanol 2.425 +£0.04 3.80 x 10 | 2.00x 10> | 3.60 x 10! 40 3.32x 10! 168.4 +2.99 112.0
Ritalin 0.654 +0.02 3.80 x 10> | 2.00x 10 | 3.60 x 10! 40 3.32 x 10" 45.4+1.18 17.7
Caffeine 0.006 + 0.00 3.80x10° | 2.00x10*> | 3.60 x 10 20 1.66 x 10°! 0.90+0.28 0.66
Doxorubicin 0.003 +0.00 3.80x 10 | 2.00x10*> | 3.60 x 10" 10 8.31 x 107 0.70 £0.11 0.63
Ethosuximide 0.087 £ 0.01 2.43 x 102 1.04 x 10> | 3.19 x 10! 20 3.19 x 10! 7.10 £0.41 7.09
Glycerol 0.017 £0.01 3.80 x 102 2.00 x 10> | 3.60 x 10" 40 3.32x 10" 1.20 £0.36 1.01
Temozolomide | 0.018 +0.00 220x10° | 9.43x10' | 3.19 x 10 20 3.52 x 10! 1.30 £0.15 1.32




Table S6. Least-squares fit regression of LogPsim vs LogPapp with N =18 compounds (167 °C)
and N =13 (127 °C), indicating the resulting regression y = mx + c. For 167 °C, m=1.124,c =-
4.819, R*=0.59. For 127 °C, m=1.17, ¢ =-3.73, R> = 0.54.

Compound P sim 127 P sim 167 LogPsiml27 LogPsiml67 P app
0 Atenolol 0.077303 0.70 -1.111803 -5.886057 1.300000e-06
1 Bupropion 0.074076 1.56 -1.130323 0.193125 4.750000e-05
2 Dilantin 0.183876 2.89 -0.735474 0.460898 2.700000e-05
3 Duloxetine 0.057264 0.45 -1.242116 -0.346787 1.660000e-05
4 Effexor 0.120833 1.97 -0.917815 0.294466 6.000000e-05
5 Ethanol 3.077113 8.99 0.488143 0.953760 1.100000e-03
6 Ibuprofen 0.090062 2.08 -1.045459 0.318063 2.700000e-05
7 Ketoprofen 0.211645 7.19 -0.674391 0.856729 8.000000e-05
8 Nadolol 0.120082 0.65 -0.920520 -0.187087 3.300000e-07
9 Naproxen 0.165113 5.97 -0.782218 0.775974 3.900000e-05
10 Nicotine 2.511224 9.85 0.399885 0.993436 1.730000e-04
11 Propanol 3.737566 16.84 0.572589 1.226342 3.300000e-03
12 Ritalin 0.651447 4.54 -0.186121 0.657056 2.470000e-05
13 Glycerol NaN 0.12 NaN -0.920819 9.500000e-06
14 Temozolomide NaN 0.13 NaN -0.886057 1.860000e-06
15 Caffeine NaN 0.09 NaN -1.045757 2.100000e-05
16 Doxorubicin NaN 0.07 NaN -1.154902 1.000000e-07
17 Ethosuximide NaN 0.71 NaN -0.148742 9.000000e-06
167 °C: [m = 1.124465920916853, ¢ = -4.818930501473413, R?> = 0.59]
127 °C: [m = 1.174649568849751, ¢ = -3.7374618317313706, R? = 0.54]
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Figure S1. Spontaneous trans-bilayer transition rate (k) convergence as a function of simulation
time (ns) for a library of (V= 18) drugs. The #cvenss is defined as the number of times a molecule
spontaneously crosses the BBB membrane from —3 nm to + 3 nm or vice-versa (#Events = #Up + #Down)
. The molar rate constant » = k/ Na = (mol ns™"). A plateau in £, indicating convergence of the estimate,
is checked by the forward difference gradient reduced to a threshold of grad < 0.004.
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Figure S2. Convergence threshold for the numerical evaluation of the rate constant k based on
forward-difference gradient. The numerical gradient of & is defined as a forward differences estimate
of grad = (k(i + 1) - k(7)) / At, where At = #(i+1) - #(i). A hard convergence criterion is imposed, where
k is deemed converged if and only if grad < 0.004.
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Figure S3. Average slope of experimental permeability vs. simulated permeability (error bars *
o) as a function of compound sample size (/N compounds) demonstrating adequate sample size.
(A) n =1 for 1 random subsample iterated as a function of N = 3 compounds per point. (B) n = 10
random searches in size of 3 compounds. (C) All possible combinations (for 3, 6,9, 12, 15 compounds),
therefore a total search of 816, 18564, 48620, 18564, 816 (unbiased by random seed). We find that a
plateau is established past N = 12 compounds, thus validating the sample size for our regression, and
therefore, the methodology presented herein.
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