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Abstract: Ligand efficiency (LE) is a molecular descriptor that probes the ratio of potency vs. heavy atom count
(HAC). As an estimator of drug candidates, LE emphasizes a low heavy atom count more than potency. The
objective was to design a novel transform where potency and the HAC would be balanced more evenly. A series
of novel descriptors SCORE were defined to evaluate the co-influence of potency and the HAC. In particular,
the product ligand efficiency (PLE) was designed and tested using the data of the ChEMBL, PubChem as well

as the selected series of drugs and drug-fragments.

Keywords: ligand efficiency, product ligand efficiency: heavy atom count, activity, drugs, drug design,
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In drug design, we are optimizing the binding
ability of ligands as a function of their chemical
structure. A variety of methods has appeared that
focus on this problem. In the simplest approach, the
chemical structure can be represented by molecular
size. The importance of molecular size in drug
development has received much attention (1, 2).
Generally, an increase in the molecular size also
increases the molecular complexity. It is interesting
to analyze how this increase affects the probability
of identifying new drugs. In particular, the chances
of finding smaller and less complex ligands is high-
er than it is for larger ones. In turn, an increase in
molecular complexity can also increase the potency
of ligand-target binding. Eventually, the binding can
drop below a measurable level for molecules or
fragments that are too small (3, 4). In other words,
ligand size plays a dichotomic role in matching and
binding a target. Rating these effects is an important
tool in the search for a more efficient way to design
better drugs. The heavy atom count (HAC) is a sim-
ple descriptor measuring molecular size that is relat-
ed to ligand efficiency (LE), which is commonly
used to evaluate the binding ability of ligands. LE is
defined as the ratio of binding energy to the HAC (1,
5-8). A variety of LE-based analyses have been pro-
posed (1) despite the fact that the observed trend of
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LE seemed to be paradoxical and therefore could not
be fully understood. (9-15). Not only has the mathe-
matical validity of LE with its high preference for
small ligands been questioned but a number of
authors have indicated that this descriptor could
have a quite low degree of usefulness (9, 10, 13-15).
e.g., being “uninformative when the changes do not
significantly alter the size of the compounds” (16).
In contrast, generally, LE has gained an enthusiastic
reception (1). One of the precautions sounds how-
ever that LE is size-dependent and therefore we
should not compare the compounds of extremely
different sizes, which sounds accurately opposite to
the warning (16). Accordingly, this is the reason for
the uncertainties connected with LE.

Essentially, LE was designed to evaluate the
average contribution of one non-hydrogen atom
(HAC) to the binding free energy. We can easily
understand the importance of the direct relation of
LE to binding energy, if we recognize that LE is com-
monly calculated as a function of the inhibitory con-
centration pICs,, namely, LE = pICy, * (1.37/HAC)
(1). Accordingly, the closely related ligand efficien-
cy index (LEI), which is defined directly by the
pICs/HAC (1), seems to be a simple replacement
for LE; however, LEI is rarely discussed in the lite-
rature.
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To explain the paradoxical LE behavior, we should
realize the dichotomic nature of the molecular vs.
molar representations of chemical compounds (13,
14). Molecular descriptors (MD) and properties (P)
are the best illustration here. While molecular
descriptors are usually calculated from the represen-
tation of a single molecule, the properties are usual-
ly measured in experiments for substances, i.e. for
ensembles of molecules. Sometimes, these represen-
tations are barely distinguishable (17). In this con-
text, on the one hand, LE has been designed to be a
molecular descriptor that is connected with a single
molecule or, more precisely, with a single HAC that
is a part of a single molecule. On the other hand, the
binding energy is a property that is related to the lig-
and-receptor interaction that engages a population
(ensemble) of molecules. It is worth mentioning
here that recent advances in technology have made
the so-called single-molecule biology system more
and more popular (18, 19), which extends this prob-
lem to also include the property (single molecule vs.
molar) representations. Accordingly, the uncertainty
of LE comes from the ill-defined chemistry and not
mathematics, because fragments (1 HAC or 1
Dalton) do not have a real molar representation.
Interestingly, however, a mole of Daltons virtually
represents 1 g (13, 14).

A high LE preference for small ligands (13, 14)
fits into the recent trends in pharma that favor small
molecular ligands (the so-called slim pharma con-
cept) (20), which have advantageous drug-likeness
profiles (21). Therefore, LE performs unexpectedly
well if used as guideline filters during the hit and
lead optimization (22-25) despite the uncertainty in
its physical meaning (13, 14). This uncertainty caus-
es effects that have been interpreted as being unex-
pected and paradoxical. Basically, the LE trend
could not be understood. To illustrate the problems,
the development of the empirical formula of the so-
called size-independent LE (SILE) can be cited here
(26). The analogy of LE to car fuel efficiency can
even better illustrate a confusion (12).

In this publication, we show that a more com-
plete understanding of the LE enables rational pre-
dictors for molecular design to be defined. In prac-
tice, a low HAC and high potency indicate attractive
drug candidates. This suggests an interaction
between the HAC and potency which in the most
general meaning will be represented here by pACsy,.
Statistically, LE probes the reciprocal interaction
between pAC;, (negative logarithm of the active
concentration) and 1/HAC. In turn, we confronted
this with a direct multiplicative HAC and potency
association. In particular, we analyzed the physical

meaning of such a product ligand efficiency (PLE)
and tested the behavior of the PLE on data from the
PubChem and ChEMBL potency databases as well
as on the selected series of drug and drug candidates
(1, 25). Finally, the most important function of LE is
its use as a guideline during the hit and lead opti-
mization (22-25). In such functionality, the associa-
tion of AC,, and HAC is just a scoring function
enabling decision making in the drug pipeline.
Accordingly, we defined a novel flexible predictor
SCORE that is capable of adaptably scoring the
development potential of drug candidates that is
related to potency and the HAC.

EXPERIMENTAL

Ligand binding: a potency vs. single biology, ligand
efficiency (LE) and binding efficiency index (BEI)

Measuring the binding effects of ligands is a
complex problem. Accordingly, a ligand molecule
interacts with a receptor to produce a signal.
Actually, recent technological development has pro-
vided us with the possibility to directly measure
these systems using the so-called single biology
approaches (18, 19). However, historically, this rep-
resentation has not been available for direct obser-
vations. Therefore, the so-called potency is com-
monly used to describe ligand-receptor systems. A
collection of molecules interacts with a collection of
receptors. In this model, a signal is produced by the
competitive mechanism of ligand and receptor
involvement thereby producing a well-known sig-
moid-like potency signal, which is usually denoted
by the so-called inhibitory concentration ICs,
Ligand efficiency, LE, is another metric that has
recently been proposed as an intensive representa-
tion of ligand binding, which originated in an effort
to identify the maximal ligand affinities (5).

LE or BEI are calculated by a simple calcula-
tion of the proportion of binding properties to the
molecular size that is denoted by the non-hydrogen
atoms (the so-called heavy atom counts: HAC) or
molecular weight (MW). In practice, LE has been of
special interest in drug design. The astonishing suc-
cesses of LE (1, 12) were confronted with a series of
skeptical analyses that argue that the mathematics of
LE is incorrect (9-11). The behavior of LE function
has been widely investigated. For example, the
nature of binding sites and the target class is likely
to have an impact on ligand efficiency (for instance,
inhibitors of protein—protein interactions versus
enzyme inhibitors). Similarly, different mechanisms
of activity should be treated separately for ligand
efficiency purposes, because covalent inhibitors can
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have very high ligand efficiency values. In addition,
larger, more optimized molecules may have smaller
ligand efficiencies, which is due in part to the fact
that such compounds have been optimized for prop-
erties other than binding to the target (for instance,
pharmacokinetics, solubility, selectivity or cell per-
meability). It is vital to remember that ligand effi-
ciency has limited value in late-stage lead optimiza-
tion and that it should primarily be used in hit iden-
tification and hit-to-lead settings. Another factor
that may have an important role could be assay lim-
itations: many assays have a detection limit of ECs,
of ~1 nm due to signal-to-noise issues. Good ligand
efficiency for large molecules would require sub-
nanomolar potencies, which may not be recorded (or
recorded correctly) because of assay limitations.

Data

We used the largest available potency data in
the form of ACy,as is defined by the PubChem clas-
sification. Accordingly, we called all of the data that
was used the active concentration, ACs,. For Pub-
Chem, AC;,stands for the inhibitory concentration,
I1C,,, the effective concentration, ECs, the cytotoxic
concentration, CCs,, the equilibrium dissociation
constant, K, for the ligand that is determined direct-
ly in a binding assay using a labeled ligand or disso-
ciation constant, K;, for the ligand determined in
inhibition studies. For ChEMBL the AC;, values are
either the IC;,, K| or K, values. Binding energy and
potency are related as described in (1).

In the context of the used data, we should
remember that originally LE has been defined as the
contribution of a non-hydrogen atom to the binding
free energy. Thermodynamically, K; and K, values
are therefore adequate measures for calculating LE.
ICy, and more importantly EC,, values are deter-
mined in functional measurements and in many
cases, they do not change proportionally with the
binding affinity. However, in practice usually ICj,
EC,, and K, data are used as interchangeable values.
Such a practice is especially necessary if we would
like to probe the big data type statistics.

Physical meaning of reciprocal (LE) and multi-
plicative ligand efficiency (PLE)

Formally, LE probes reciprocal interaction of
pACs, and HAC. Physical meaning of LE was
described in (13, 14). We are exploring here a direct
multiplicative interaction of ACs, and PLE as the
product ACy, - HAC. Below we clear a meaning of
PLE for molar ligand representation.

Accordingly:

PLE = AC,, - HAC (1)

As MW (kg/mole)/MW (Da) = 1, PLE can be
defined by:
PLE = AC,, - HAC - (MW (kg/mole)/
MW (Da)) (la)
Because AC, is a concentration-based metric
that has the dimension of (mol/L), from eq. la, we
obtain the PLE dimension (unit), which is (kg/L) -
HAC/MW(Da). This means that the physical mean-
ing of the PLE is the minimum inhibitory concen-
tration (MIC) scaled to the HAC. Since the AC,
usually relates to the 50% inhibitory concentration
multiplicative LE also relates to MICy, which is
given in kg/L.

Size independent LE (SILE)
SILE was calculated from equation:
SILE = AC,/HAC* (1b)

The SCORE estimator
SCORE is defined as:
SCORE =a - pAC,, + b - pHAC 2)
if a and b = 1, then SCORE = pPLE.

Data acquisition and calculations

All of the records along with their numerical
values used in the analyses were downloaded from
the ChEMBL and PubChem databases. Records
repeating individual compounds were treated as
independent entries. From PubChem, 2,435,467
records (download: August 2017, pubchem.ncbi.
nlm.nih.gov) and from ChEMBL, 779,714 records
(ChEMBL version 24, www.ebi.ac.uk) were down-
loaded from their Internet sites, respectively. The
pAC;, data for drugs or drug fragments were taken
from the literature as the pICs, values (1, 25). The
mean values for the drugs are the HAC 31; pIC,,
8.12 and for the fragments, the HAC 15; pIC,, 4.41.
A series of fragment to lead drug development proj-
ects reported in J. Med. Chem. were analyzed after
the data presented in the references (27-29).
Additionally, the data for the selected series of drugs
collected in the Binding Database were analyzed.
This includes: BindingBD, 570,927 records,
PTaylaorLab, 180 records, USPatent, 210,254
records, SHT, 830 records, or AChE, 726 records
(download: December 2018, www.bindingdb.org)
and Psychoactive Drug Screening Program PDSP
database 22,273 records (download: December
2018, pdsp.unc.edu/databases).

Binning

To plot the pPLE and pAC;, vs. the HAC for
ChEMBL and PubChem data, we used a binning
method. In binning, data that fall into a given inter-
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val, a bin, are replaced by a value that is representa-
tive of that interval. Individual single HAC numbers
define the size of the intervals, while the ACs, val-
ues are represented by their median value. For a
HAC > 60, where not enough data were available,
the HAC was binned for each 15 HACs.

RESULTS AND DISCUSSION

The physical meaning of LE determines its
preference for small ligands. The question is
whether we can design a predictor that would bal-
ance more evenly the interaction between potency
and the HAC. In practice, a low HAC and low AC;,
(high potency) values indicate attractive drug candi-
dates. Therefore, multiplicative interaction of poten-
cy and the HAC (Product LE: PLE) should be an
informative estimator of the quality of drug candi-
dates. A simultaneous decrease in the HAC and
AC,, will decrease the PLE, and vice versa, their
increase will increase the PLE. Accordingly, both
terms in the PLE act cooperatively. Interestingly,
besides their relation to a single molecule, ligand
efficiency estimators are evidently associated with
substances and their properties (Compare Materials
and Methods). Firstly, this proves the design con-
cept for the PLE, which was shown to be related to
the minimum inhibitory concentration (MIC)
because the MIC is an obvious property measure
that is related to the activity of a compound.
Secondly, this drew our attention to the fact that in
designing a metric that can be used to evaluate drug
candidates, we should observe both its role as a syn-
thetic descriptor that optimizes the balance between
its activity and the HAC and its potential physical
meaning, which originates from the descriptor-prop-
erty interplay.

JAROSEAW POLANSKI et al.

An interesting problem will be to analyze LE
changes in the drug development pipeline. Johnson
et al., observed that for the data published in J. Med.
Chem. that “LE decreased during optimization for
only a minority of examples.” He indicated howev-
er, that “this finding should be treated with caution
because the data analyzed here are biased toward
publishable F2L campaigns.” (27). To conclude LE
in the F2L can both increase or decrease. However,
can we indicate the key factors limiting this effect?
A question is if we should expect any regularity for
a relatively small population of ligands described in
the reference (27). The similarity paradox claims
that even the smallest structural change can result in
the substantial activity changes; therefore; the regu-
larity will rather be surprising. In Figure 1 we rean-
alyzed the F2L data (27-29) plotting the change of
AC;,related values of ApACy, ALE or ApPLE in the
course of F2L conversion as a function of HAC of
the original fragments. As expected there is no cor-
relation between the ApAC;, and ApPLE and HAC
for fragments. In turn, ALE obviously indicate an
increasing trend vs. HAC for fragments. The lower
the HAC of the fragment is the lower also is the gain
in LE for the resulted lead. For a low HAC fragment
any AC;, gain by the lead cannot balance the HAC
contributing into the LE value of the fragment by
means of the hyperbolic 1/HAC term. This clearly
illustrates the dominating influence of HAC into LE,
which can be explained by non-Avogadro LE statis-
tics (13, 14). A small population of the F2L could
not necessarily be generally representative; there-
fore; we focus below on the large potency databases
to explore scoring potential of efficiency functions.
A common mathematical representation for ACy, is
its negative log scale, pACs,, in which higher values
of pACy, indicate an exponentially greater potency.
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Figure 1. The dependence of the difference between the lead and fragment potency measured as ApACs,(a) ApPLE (b) or ALE (c) as a
function of HAC during F2L development reported in Journal of Medicinal Chemistry 2015-2017, indicated both for fragments and leads.

Data after (27-29)
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Figure 2. The dependence of the median pPLE on HAC for data from ChEMBL (a), PubChem (b), and a PubChem subpopulation with
PACs, > 6 (c). pPLE can be defragmented to median pACs, (black dots) and pHAC (-logHAC, white dots) which is additionally illustrat-
ed in (a-c). For comparison we show pSILE (size-independent LE) in (a-c), the median LE for all data of ChEMBL, PubChem or a
PubChem subpopulation of pACs,> 6 (d) and ACs, vs. HAC for a series of patented drug candidates (e) or psychoactive PDSP drugs (f)

Accordingly, we used the analogous pPLE scale (a
higher pPLE indicates better quality) to analyze the
PLE trends. Because the logarithm of a product is
the sum of the logarithms, pPLE can be defragment-
ed to its logHAC (pHAC) and pAC;, components as
is shown in Figures 2a-c. In Figure 2a, the ChEMBL
data show an increase in pACs, until a value of
approximately 50 for the HAC. At the same time,
the interaction between pACs, and pHAC is clearly

revealed in the pPLE which optimum is shifted
slightly towards the lower HAC values in compari-
son to the maximum of pACj, plot. In particular, for
the pPLE plot the maximum at ca. 30-50 HAC is
broader while the depression for high HAC (160) is
higher. In Figures 2b and 2c, we illustrate the
PubChem data, which shows that pACs, is a con-
stant function of the HAC (Fig. 2b), thus indicating
that potency is not generally a function of the molec-
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ular size, if the probed population of the active com-
pounds is large enough. If so, lower HAC, less com-
plex ligands are better drug candidates, then pPLE
properly indicates the lower HAC as statistically
better. In turn, for the most active PubChem data
(ligands of pACs, > 6), pACs, decreased with the
HAC (Fig. 2c), thus indicating that the probability of
the proper ligand-target fit decreases with an
increasing molecular size for this high activity lig-
ands. In both cases (Figs. 2b-c), the lowest HAC
indicated the optimum candidates, which was cor-
rectly predicted by the pPLE. Accordingly, all pos-
sible interaction scenarios of pACs, vs. HAC (Figs.
2a-c) were correctly predicted by the pPLE function.
In turn, the LE vs. the HAC relationship for all of the
data plotted together was very similar, always indi-
cating the lowest HAC as optimal (Fig. 2d). In other
words, as a predictor LE emphasizes a low HAC
more than a high degree of potency. A series of
pAC;s, vs. HAC relationships were explored and
plotted in Figures 2e-f. Accordingly, we show a
series of US patented drug candidates (Fig. 2e). A
typical increase trend of ACs, and pPLE vs. HAC
can be observed for HAC below 50. In turn for psy-
choactive PDSP drugs the increase of pACs, vs.
HAC was not enough strong to result in the increas-
ing trend of pPLE (Fig. 2f). For a comparison in
Figures 2 a-c we illustrated a plot of SILE which is
somewhere between pPLE and pHAC.

In Figure 3a, we show the application of the
pPLE to evaluate a series of drugs (1) and fragment-
like drug candidates (25). Regardless of the HAC
range, the pPLE value was always higher for the
drugs than for the fragments. There was a clear sep-
aration of the cluster of drugs from the cluster of
fragments. Furthermore, all of the drugs had a high-
er PLE value than the fragments. Accordingly, the
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PPLE could be a well-balanced predictor that can
clearly indicate the development from fragments to
drugs. In turn, Figure 4b illustrates the LE statistics
for the same data. An analysis of the plot of LE vs.
HAC shows that for a given HAC above 20, the
drugs had a slightly higher value of LE than the
fragments. However, for HAC values below 20, LE
for the fragments is higher than any drug can
achieve.

The most important function of LE is its use as
a guideline during the hit and lead optimization (22-
25) where it forces slim pharma at the same time
preventing molecular obesity. The mechanism for
that was shown in Figure 1. In such a functionality
the association of AC,, and HAC is just a scoring
function enabling decision making in the drug
pipeline. Below we designed a versatile function can
be formed in which the effect of the pHAC and
pAC;, components can be tuned by additional a and
b parameters:

SCORE =a - pAC,, + b - pHAC

if a and b = 1, then SCORE = pPLE.

Mathematically, the numerical values of HAC
are usually between 1 and 200, while ACs,, usually
is in the range of 1 to 7; thus, 1/HAC clearly domi-
nates in LE. In other words, LE as a predictor
emphasizes low HAC more than high potency. In
turn, ACs, (the range of 10' to 107) dominates in
pPLE. SCORE was designed as a predictor for the
more balanced scoring of the interaction between
ACs, and the HAC. This function can be adjusted
flexibly to change the relative SCORE rank of the
fragments and drugs themselves as well as frag-
ments and drug clusters. In particular, changing the
a and b parameters can model different fragments to
drug development strategies. Accordingly, depend-
ing on the preferences we can fine tune the SCORE
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Figure 3. The dependence of pPLE (a), LE (b) on HAC for drug fragments and drugs
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function in order to adopt the strategy that is
required by a specific drug development project.

CONCLUSION

We explained here the molecular reason for
why LE prefers a low HAC to a level that practical-
ly masks the influence of ACs,. As drug design is a
complex problem and drug-likeness prefers small
molecules similar to LE, therefore, LE performs
unexpectedly well in drug development. An impor-
tant advantage of LE is that if used as a molecular
filter for decision making it prefers small molecules
and currently small molecules are among the most
promising targets of slim pharma due to the advan-
tageous drug-like profiles. It is however, not only
the above mentioned feature of LE that contributed
to the efficiency of LE. We have a number of meth-
ods for the estimation (prediction) of drug-likeness,
e.g., ADMET or Lipinski’s rule of five. Although
usually these methods are described as drug-like
property filters expected to provide a higher success
ratio at the advanced development stages based on
the values of the molecular feature that are typical

for drugs, precisely speaking, these filters cannot
usually be based on the properties that are measured
because molecules that are being designed at this
stage of projects are not available for experimental
measurements. Accordingly, they are molecular
descriptors that are calculated for the molecular rep-
resentations in order to predict the desired properties
of the respective substances. The most obvious
example is logP, in which based on ca. 30000 logP
measurements, a regression model is built to provide
predictions for any real or virtual molecule. In com-
parison, LE is a property related function, because
we should know a real biological activity to calcu-
late LE. Accordingly, we are not assuming or pre-
dicting positive activity, but we do know this fact.
This is what makes LE the most reliable marker of
drug-likeness.

We showed here that the product ligand effi-
ciency (PLE), which is the product of the pACs, val-
ues with the HAC could be an informative drug can-
didate estimator in which pACs, and the HAC were
balanced more evenly. At the same time, the physi-
cal meaning of the PLE and other efficiency estima-
tors drew our attention to the relation between vari-
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ous chemical representation of chemical com-
pounds, i.e., molar properties, vs. descriptors vs. sin-
gle molecule properties. On the other hand, finding
ligands in drug design can be illustrated by playing
between their matching vs. binding ability. In this
context, the multiplicative PLE statistics indicate
that playing between matching and binding is espe-
cially promising at around 30-50 HAC, where PLE
takes the maximum value. Moreover, the SCORE
predictor was designed for the flexible fine tuning of
the ligand HAC vs. the ICs, interaction as may be
required by a specific drug development project.
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