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ABSTRACT: Drug efflux transport by the permeability glycoprotein (P-gp) frequently Lode e .
diminishes drug efficacy, making the prediction of the P-gp efflux ratio critically significant. - B

Most contemporary computational methods rely on binary predictions through machine learning.
However, the accuracy and applicability of these predictions are heavily influenced by the training
data sets. In contrast, we evaluated the validity of a de novo prediction model, which employs
solvation free energies both within and outside the P-gp-binding pocket. Utilizing our in-house
data set of 397 compounds, we discovered that this model struggles to predict a certain class of
compounds accurately and that such outliers often exhibit favorable solvation free energy, with an

o~ = Net Efflux Ratio

increased number of hydrogen bond donors compared to other compounds investigated. Further -
. . . . . . . . . A Gir,0-cue,(Keallmol) = .24
examination of the functional groups in these compounds highlighted the significance of their (- A{,@H, e oo 1o
g g g g . . . . . {:o. \ HN, MolLogP = -1.09
specific interactions with P-gp. Considering these specific drug-P-gp interactions could enhance (o}~ [ Mawt= 22521
. L. NumHDonors = 4
the accuracy of mechanism-based de novo prediction methods. Aoyolovit < NumHAcoeptors =7

KEYWORDS: P-gp, net efflux ratio, hydrogen bond donors, fragments

P ermeability glycoprotein (P-gp), part of the ATP-binding classifiers designed to differentiate between substrates and

cassette (ABC) superfamily and produced by the ABCB1 nonsubstrates, or inhibitors and noninhibitors. However,
gene, is expressed as a principal component in various cells and predictive accuracy is often compromised by the utilization
organs.' P-gp actively expels a wide range of substances from of small data sets or those derived from heterogeneous sources.
cells, playing a significant role in pharmacokinetics and physical Our group assembled an in-house data set of 397 compounds
barriers.” Within the blood-brain barrier (BBB), P-gp is and developed regression models to predict P-gp-mediated
essential in efflux transport, serving to prevent the buildup of efflux ratios, as well as three-category classification models
harmful and toxic compounds in the central nervous system.3 using SVM and random forests.” Nonetheless, the reliance on
In the context of Alzheimer’s disease, a deficiency in P-gp pharmacophore-based or machine learning-based methods
contributes to the accumulation of amyloid f-peptide in the confines the models’ applicability, prompting the need for
central nervous system (CNS),* leading to a deterioration in more versatile approaches.
thinking and memory. Conversely, the overexpression of P-gp P-gp-mediated efflux occurs in a three-step process: initially,
in cancer cells correlates with multidrug resistance to neutral compounds bind to the intracellular-facing state of P-
anticancer agents.” Thus, during drug discovery, it is vital to gp; next, a conformational change to the extracellular-facing

evaluate candidate compounds for their efflux transport to
ascertain their permeability.

The net efflux ratio (NER) is frequently employed to gauge
whether a compound is a P-gp substrate. The efflux ratio (ER)
is expressed as the ratio of apparent permeability across cell
monolayers in two directions: basolateral to apical (B — A)
divided by apical to basolateral (A — B). An ER greater than 1
signifies higher efflux than passive transport. NER is
determined as the ratio of ER in P-gp-overexpressing cells to
ER in wild-type cells, offering a solid measure of P-gp’s
contribution. Compounds are deemed P-gp substrates for a
NER > 2 and non-P-gp substrates for a NER < 2.5 Revised: ~ November 29, 2023

Several computational models for predicting P-gp substrates Accepted: November 29, 2023
or inhibitors have been crafted using pharmacophore’ and Published: December 21, 2023
machine-learning-based quantitative structure—activity (prop-
erty) relationships (QSAR/QSPR).® Most of these are binary

state occurs upon ATP binding;'” and finally, the compounds
are released into the extracellular domain. Gunaydin et al.
hypothesized that the migration of compounds from the P-gp
binding pocket of the hydrophobic environment to the
extracellular domain of the hydrophilic environment primarily
determines NER. They also presented a model based on the
correlation between the calculated solvation free energy
differences and NER."" They calculated the solvation free
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Figure 1. (A) Graph illustrating the distribution of the physicochemical properties: MolLogP, Number of HBDs, Number of HBAs, and TPSA. (B)
Correlation between the human P-gp net efflux ratio and physicochemical properties. P-gp substrates are denoted by red bars, while non-P-gp

substrates are shown in green.

energies of 282 compounds (not publicly available) in both
water and chloroform to estimate the free energy change in the
transfer of compounds from the P-gp-binding pocket to the
extracellular domain. The resultant free energy differences
displayed a sigmoidal relationship with the NER, facilitating
binary-level classification of compounds. However, the
applicability of this simplistic model remains uncertain. In
this study, we assessed Gunaydin’s model utilizing our data set
of 397 commercially available compounds from Watanabe et
al.'? (Table S1).

Figure 1 illustrates the distributions of LogP, the number of
hydrogen bond (H-bond) donors (HBDs), the number of H-
bond acceptors (HBAs), and the topological polar surface area
(TPSA) in the compounds and their associations with NER.
The NER values, obtained through an in vitro P-gp transport
assay utilizing the LLC-PK1 cell line, ranged from 0.29 to 40.
Compared to Gunaydin’s data set, depicted in Figure 4 of their
article,'" the physicochemical properties in our data set are
distributed over a broader spectrum. For example, the
maximum number of HBDs in the Gunaydin data set was
three, while our data set included compounds with over seven
HBDs, which violates one of the Lipinski Rule of Five (RoS)
criteria. Our data set contained 73 compounds that did not
meet at least one of the four criteria of the RoS, of which an
additional nine compounds were the beyond RoS (bRoS)
compounds (Table S2).

For comparison, we employed the same computational
model as Gunaydin but with some technical updates.
Specifically, we used RDKit with the ETKDG method"’
create 3D structures of 397 molecules from SMILES, and all
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compounds were minimized using the MMFF94 force field"*
for later quantum chemical calculations. We applied the
polarizable continuum model using the integral equation
formalism variant (IEFPCM)" to compute the solvation free
energies in water (AG,.,) and chloroform (AGgycy), using
Gaussian 16 software at the M06-2X/6-31+G* level ® (Figure
S1). For metal atoms unsupported by the 6-31+G* basis set,
we employed the Lanl2TZ basis sets.'” The difference in free
energies between the two media, AG,,.crcr3 symbolized the
free energy shift from the P-gp binding pocket to the
hydrophilic environment of the extracellular domain. We
further corrected the solvation free energy for compounds with
ionizable groups by calculating the pK, values [AG = —1.4 (pH
— pK,)]. MolGpka,'® an open-source program employing a
graph-convolutional neural network, was utilized for pK,
computation. While the updated methods shift AG values,
our results were consistent with the predicted pK, and
corrected AG values reported by Gunaydin et al. for six
compounds (refer to Figure S2 and Table S3).

Initially, we investigated the correlation between exper-
imentally determined P-gp NERs and calculated solvation free
energy changes (Figure 2A). Our data set’s AG,er.cucp values
covered a slightly more expansive range (—30 to 0 kcal/mol)
than the data set of Gunaydin et al. (—25 to —5 kcal/mol).
Remarkably, our data set was widely spread and did not
perfectly fit the sigmoidal relationship that Gunaydin et al.
proposed. Figure 2B shows the box plots of the AG | er.crcn
with NER thresholds of two and ten. Both analyses show
significant differences between two groups (p-values of 0 and
8e-07, respectively), indicating that the sigmoidal function
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Figure 2. Scatter plot (A) and box plots (B) illustrating the
relationship between the net efflux ratio and AG,,.;_cucpy, and the
arbitrary chosen compounds having similar NERs (C). The boxes
indicate the interquartile range, and the line in the box indicates the
median. The whiskers extend to the most extreme data point which is
no more than 1.5 times the interquartile range from the box.

fitting is somewhat valid. However, in the boxplot with a NER
threshold of ten, there is an overlap of the two groups, and
there are non-negligible outliers regardless of the threshold
value. For instance, three compounds with nearly identical
AG,er-ccrs Values (~—26 kcal/mol) demonstrated varied
NER values from 1 to 22 (Figure 2 and Table 1). While

Table 1. Comparison of Three Compounds That Exhibit
Similar AG Values but Have Differing NERs

compound

1 2 3
AG (kcal/mol) —26.11 —26.04 —-26.16
NER 22.34 5.71 1.01
number of HBDs 3 4 S
number of HBAs 6 6 7
molecular weight 654.61 495.54 27728
MolLogP 4.03 3.86 —0.58

compounds 1 and 2 are near the minimum value of
AG,ter-crcy compound 3 is an outlier. On analyzing these
compounds’ physicochemical properties, a weak connection
was observed between NER and the number of HBDs, along
with the previously recognized relationship between NER,
MolLogP, and molecular weight (MW)."”** We also analyzed
the relationships between physicochemical properties and
AG,er-cuciy values (Figure S3 and Table S4). All
physicochemical properties were weakly correlated with
AG,yer.crcry values, whereas, as shown in Figure S3, even
compounds with the same physicochemical value have various
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AG,er-crciz Values, indicating that a single physicochemical
property is not the primary explanatory variable.

To scrutinize compounds that markedly deviated from the
sigmoidal curve, we segmented all compounds into six regions,
labeled A—F, by fitting the AG,r.crcis and NER distributions
with Gaussian functions (Figure 3). The demarcation thresh-

A

NER =2
0.8 :
1
1
1
. 0.6 '
= .
c 04+ !
q) 1
a '
0.2
0.0- r T T T T 1
o ! 5 10 15 20

Human P-gp NER
AG=-22 AG=-16

0.06

0.04

Density

0.02

0.00

AGHzo—CHCIS (kcal/mol)

AG=-22 AG=-16

] ]
40 1o0 % ot .
o d oo
x - ——g e,
LU Py .I' %
Yo K oﬂ‘.. .
a o © a8 0 o ° °
> G Be .} -3
DI_ A .‘IO. .‘C o
c 0%’ "Y', NER =2
5] ol w0, rrvs
g 2pmm==- Syt e AR Aen e
=] 1 1 o C e X
T 1 1 1
D . E\ F
1 1
-30 20 10 0

A(.?J|.|20_C}.|C|3 (kcal/mol)

Figure 3. (A) Density plot for NER with an intersection at a value of
2. (B) Density plot for AG with intersections at values of —22 and
—16. (C) Scatter plot segmented by density distributions into six
parts: A—F.

olds for each region are as follows: AG < —22 kcal/mol, NER
> 2 for region A; —22 kcal/mol < AG < —16 kcal/mol, NER
> 2 for region B; AG > —16 kcal/mol, NER > 2 for region C;
AG < =22 kcal/mol, NER < 2 for region D; —22 kcal/mol <
AG < —16 kecal/mol, NER < 2 for region E; AG > —16 kcal/
mol, NER < 2 for region F.

The compounds within each region were analyzed following
RoS5, considering parameters such as the number of HBDs, the
number of HBAs, MW, and MolLogP. In addition, TPSA
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parameters of the compounds were analyzed. The average
values of these physicochemical traits for the six regions are
detailed in Table 2. Figures 4, S4 and Table S5 show box plots

Table 2. Classification and Physicochemical Properties of
Regions A—F

thresholds
no. of  avg avg  regions avg
AG NER compds HBDs HBAs MolLogP
A <22 >2 22 3.18 7.54  508.77 3.18
B —22 <and >2 65 1.92 6.42 437.68 3.03
< -16
C -l6< >2 64 141 4.64  390.66 3.82
D <22 <2 10 4.5 6.7 351.49 0.61
E —-22<and <2 35 2.31 5.06 345.38 2.09
< -16
F -16< <2 190 1.17 3.61 307.56 3.22
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Figure 4. Box plots of the physicochemical properties of regions A—F.
(A) Distribution of number of HBDs and (B) number of HBAs. The
boxes indicate the interquartile range, and the line in the box indicates
the median. The whiskers extend to the most extreme data point
which is no more than 1.5 times the interquartile range from the box.

and the results from Tukey’s test. Notably, the average
MolLogP value was considerably higher (3.82) in region C and
markedly lower (0.61) in region D. This signifies that
compounds in region C with small AG,.cucz values lean
toward a hydrophobic setting, while those in region D with
large AG,,¢r.cuciz values favor a hydrophilic environment.
Intriguingly, region D has an average HBD number of 4.5,
which is considerably greater than that of any other region and
a substantial average number of HBAs (6.7, with region A
having the maximum at 7.6).

To delve into the chemical characteristics of these
compounds, we examined the occurrence of functional groups
within each region. Utilizing SMARTS, we calculated the main
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molecular fragments, including commonly found groups like
esters, carboxylic acids, phenols, azoles, and arene carbons.
Region D exhibited a significant prevalence of ester, carbonyl
acid, phenol, azole, and primary ketimine fragments, consistent
with its low MolLogP value (0.61) and high number of HBDs
(4.5) (Figure S). Counter to expectations, compounds with a
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Figure S. Histograms showcasing the presence of amide, amine, azole,
carboxylic acid, ester, ketone, phenol, and primary ketimines.
Histograms are organized from left to right corresponding to regions
A—F. The histograms associated with the D region are highlighted in
red.

greater number of HBDs and favorable solvation in bulk water
have low NER values. No definitive distribution of compound
fragments was detected in region C.

These findings imply that a predictive model solely based on
solvation free energy cannot encompass the NER for a diverse
set of compounds. The approach by Gunaydin et al. calculates
solvation free energy using a continuum solvation model,
handling the interactions of compounds with proteins and
solvents implicitly. In this context, P-gp NER is determined
merely by the compounds’ physicochemical attributes,
neglecting specific interactions with the surrounding environ-
ment (protein-binding site or solvent water). Our investigation
underscores that in addition to a holistic view of solvation free
energy and physicochemical properties, specific substrate
recognition by P-gp plays an essential role in P-gp NER.
Based on the analysis of a series of compounds, the number
and strength of the HBA/HBD ratio affect P-gp NER,21 which
is consistent with our results. Intramolecular hydrogen bonds
are also said to affect the interaction with P-gp and membrane
permeability.”’ Our data set includes the compounds that may
have intramolecular hydrogen bonds; thus, further analysis is
required.

Generally, P-gp transports hydrophobic and weakly cationic
substrates. A broad substrate specificity of P-gp has been
brought by a large cavity of ~6000 A. Through X-ray
crystallography and cryo-electron microscopy studies, complex
structures of P-gp have been revealed, displaying multiple
binding sites and modes.”> The electrostatic potential of the
intracellular-facing state of P-gp’s binding pocket is portrayed
in Figure SS. This inner surface, adjacent to the substrate-
binding pocket, is hydrophobic, with some negatively charged
acidic areas. Compounds in region D, which prefer a
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hydrophilic environment, are less likely to be substrates,
whereas hydrogen bonds may form between the HBDs and
charged acidic residues. Compounds with elevated NER often
contain both HBAs and HBDs, hinting that the P-gp NER is
affected by specific substrate recognition through hydrogen
bonds. Docking studies have shed light on potential compound
binding sites and crucial residues, considering their various
roles as substrates, inhibitors, or modulators.”> Current
structural information is confined to the intracellular-facing
state of P-gp, leaving the dynamics of the interaction between
the compound and P-gp during the ATP-induced conforma-
tional shift to the extracellular-facing state unclear. This
understanding would be crucial for transporting the compound
out of the cell Thus, our results advocate that specific
interactions between compounds and P-gp binding site
residues should also be considered in the development of
universally applicable mechanism-based de novo prediction
methods.
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