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The target families of greatest interest in drug discovery can be differentiated on the basis of the
physicochemical properties of their pre-clinical ligands. The ligands for peptidergic targets, such as peptide
GPCRs and integrin receptors, possess significantly higher median property values than those for aminergic
targets, such as monoamine transporters and GPCRs. The ligands for peptide GPCRs were found to be less
efficient, in terms of their binding energy per unit of molecular weight or lipophilicity, than ligands for
monoamine GPCRs. The changes in the property values during the optimization process were found to vary
only slightly across the target families, with the main determinant of the drug-likeness of the optimized
compounds being the profile of the starting compounds. Agonists for monoamine GPCRs, opioid receptors
and ion channels were typically smaller and less lipophilic than the antagonists, but there was no difference
between the agonists and the antagonists for peptide GPCRs and nuclear receptors.

Introduction

The influence of physicochemical properties on the pharma-
cokinetic behavior of drug molecules has been the subject of
intense interest over the past few years since the publication of
Lipinski’s seminal work on the rule-of-5 (RO5) in 1997.1 This
was followed by the work of Teague et al.2 and Hann et al.,3

which highlighted the fact that molecules tend to increase in
MW and cLogP during optimization. More recent work has
examined the influence of the degree of (pre-)clinical advance-
ment of molecules on physicochemical properties as well as
the influence of the disease area,4 launch date,5 and route of
administration.6

Over recent years, there has been an increasing amount of
anecdotal evidence indicating that the discovery of orally active
ligands for some targets and target families is more challenging
than that of others. The aim of this work was to study the
influence of target family on the physicochemical properties of
pre-clinical ligands and thereby provide, for the first time, some
quantitative data supporting these perceived differences. The
influence of functional activity was also explored.

Over the past few years, a database (called SCOPE) has been
assembled at Organon, which consists of a large number of
optimizations extracted predominantly from the primary litera-
ture. For each selected publication, the structures of the both
the starting compound and the most highly optimized compound
have been extracted.

Data Source.Currently, the SCOPE database contains a total
of 1860 optimizations, 1630 (88%) from the literature, and 230
(12%) from internal Organon projects. Each entry was annotated
by target family, and this feature allowed a detailed analysis of
the influence of these features on the physicochemical properties
of the optimized compounds and the changes in those properties
during optimization. The distribution of the major target families
within the database is shown in Figure 1. For reasons of
statistical validity, only target families that represented 2% or
more of the total database were considered in this analysis,
representing in total 89% of the database. These families

included those of greatest current interest in drug discovery.
Many entries also contained information about binding affinity
and functional activity, and this allowed a further analysis of
the relationship between physicochemical and biological proper-
ties.

The database contains predominantly pre-clinical compounds,
although a very small number of compounds that reached the
market are included (8 in total). The majority of the entries are
from the year 2000 onward when a systematic program of
abstraction of four major medicinal chemistry journals began
(Bioorganic & Medicinal Chemistry, Bioorganic & Medicinal
Chemistry Letters, European Journal of Medicinal Chemistry,
and Journal of Medicinal Chemistry). A smaller number of
entries from the 1990-1999 period were also added. The year
by year distribution of entries is shown in Figure 2. SCOPE is
not a comprehensive database of all optimized compounds from
the most recent literature. Because its principal aim is to capture
information about the optimization process itself, only publica-
tions containing clearly identified starting and optimized
compounds are abstracted. The abstraction policy for the SCOPE
database is to select, as the optimized compound, the compound
that was subjected to the most rigorous testing, and this is
usually highlighted in the publication abstract or conclusion. It
is not necessarily the most potent compound in the primary in
vitro assay but rather the compound with the most rounded
properties overall in terms of, for example, in vitro and in vivo
potency, selectivity, and pharmacokinetic properties.

Property Calculations and Statistical Analysis.For each
optimized compound from both the full SCOPE set, the target
family subsets, and the functional activity subsets, six physico-
chemical properties were calculated: molecular weight (MW),
cLogP, polar surface area (PSA),7 the number of hydrogen bond
acceptors (HBA), the number of hydrogen bond donors (HBD),
and the number of rotatable bonds (RB).8 Because the database
also contained the starting compound in each case, the changes
in these same properties during optimization could also be
studied.

At the start of this work, it became apparent that for some of
the target family and functional subsets, the property distribu-
tions for the optimized compounds and trajectories were not
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normally distributed but were skewed and often included
extreme outliers. For reasons of consistency, all of the data sets
were analyzed using nonparametric rank statistical methods
rather than parametric t-tests. The Wilcoxon signed rank test
was used to examine the significance of the changes in the
properties during optimization, and the Mann-Whitney rank
test was used to explore the significance of the differences in
properties between the target family subsets. For that reason,
more emphasis on the analysis and interpretation was placed
upon the median values, although the mean values are also
quoted for reference purposes.

Results

Molecular Weight. The median MW for the full set of 1680
optimized compounds was 422, and the mean was 435 (Table
1). These values are notably higher than the reported values
for marketed oral drugs. For example, Vieth et al. reported a
median MW of 322 and a mean MW of 344 for 1202 oral
drugs.6 Vieth et al.6 and Blake et al.9 reported median MWs of
415 (mean of 448) and 393, respectively, for a range of pre-
clinical compounds, and these figures are consistent with the
SCOPE averages. Among the target family subsets, the median
MW was highest for the peptide GPCR ligands and the

transferase inhibitors with values of 510 and 521, respectively
(Table 1). At the other extreme, the ligands for transporters had
a median MW of just 325.

The median increase in MW during optimization was 30
(mean 42). This was lower than the median MW increase of 70
reported by Oprea et al.10 during the optimization of leads to
drugs. However, the SCOPE mean increase is identical to the
reported mean MW increase of 42 reported by Hann et al.3 for
the lead to drug process. There is a statistically significant
increase in MW for all of the target family subsets (p value<
0.001), indicating that this underlying trend is consistent and
highly pronounced during the process of optimization. The
biggest increases in MW were found for the peptide GPCR and
esterase groups, 44 and 51, respectively. The lowest MW change
was found for the nuclear receptor ligands (21).

The target family subsets were divided into clusters by
determining whether the MWs of the optimized compounds
showed statistically significant differences from each other (p
value < 0.1).11 The MWs of the peptide GPCR, transferase,
and integrin receptor optimized compounds were not signifi-
cantly different but were all significantly higher than the MWs
for the protease and phosphodiesterase (PDE) optimized com-
pounds. In turn, the MWs for the protease and PDE subsets

Figure 1. Target family distribution of SCOPE database entries.

Table 1. Molecular Weight (MW) Data Classified by Target Family

target family
subset

number of
entries

starting
compd
median
(mean)

optimized
compd
median
(mean)

optimized
compd
lower

quartile

optimized
compd
upper

quartile

change in
property
median
(mean)

95% CI
(change in
property)a

p value
(change in
property)b

full SCOPE set 1680 382 (393) 422 (435) 353 504 30 (42) (32, 39) 0
esterases 32 349 (336) 383 (412) 339 435 51 (76) (35, 95) 0
GPCRs (all)c 755 391 (402) 433 (440) 358 517 30 (38) (30, 39) 0
GPCRs (monoamine) 326 347 (347) 375 (377) 295 444 24 (30) (21, 33) 0
GPCRs (peptide) 309 451 (465) 510 (513) 434 581 44 (48) (39, 54) 0
integrin receptor 41 454 (449) 466 (496) 436 575 33 (47) (12, 78) 0.006
ion channels 158 311 (328) 364 (373) 300 429 33 (45) (29, 47) 0
kinases 120 349 (360) 392 (406) 343 470 33 (46) (29, 56) 0
nuclear receptors 138 410 (406) 421 (431) 381 492 18 (25) (12, 33) 0
oxidases 59 314 (314) 357 (355) 315 403 21 (41) (16, 56) 0
phosphodiesterases 38 415 (409) 462 (465) 392 569 39 (56) (28, 79) 0
proteases 211 421 (427) 467 (468) 409 524 32 (41) (29, 49) 0
transferases 56 451 (502) 521 (539) 392 693 30 (38) (19, 50) 0
transporters 69 299 (306) 325 (335) 270 395 25 (29) (15, 36) 0

a The 1-sample Wilcoxon 95% confidence interval.b The p value from 1-sample Wilcoxon signed rank test of the median) 0 versus median not) 0.
c The GPCR (monoamine) and GPCR (peptide) subsets are contained within the GPCR (all) subset.
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were not significantly different from each other but were
significantly higher than those for the nuclear receptors.
Similarly, the MWs for the kinase and esterase subsets were
not different from each other but were significantly higher than
those for the monoamine GPCRs, ion channels, and oxidases.
The transporters had the lowest median MW ligands of all.
Overall, this process of cross-comparisons using the Mann-
Whitney test created a sequence of six statistically defined MW
clusters (Figure 3).

The higher molecular weights of the optimized compounds
from the uppermost cluster could be due to a higher MW of

the starting compounds, a higher increase during optimization,
or a combination of the two. When the MWs for peptide GPCRs,
integrin receptors, proteases, and transferases were compared
with those for monoamine GPCRs, transporters, and oxidases,
it was clear that for the former the starting compounds were
much larger, and, in addition, for peptide GPCRs and integrin
receptors, there was a greater increase in size during optimization
(Table 1).

For the full SCOPE database, the receptor antagonists had
the highest median MW, followed by the enzyme inhibitors,
the transporter inhibitors, and then the receptor agonists (Table

Figure 2. Year-by-year distribution of SCOPE database entries.

Figure 3. Classification of target families on the basis of six physicochemical properties for their optimized ligands (MW, cLogP, polar surface
area (PSA), the number of hydrogen bond acceptors (HBA), the number of hydrogen bond donors (HBD), and the number of rotatable bonds (RB)).
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2). For the monoamine GPCR optimized ligands, there was a
particularly pronounced difference in MW between the agonists
and antagonists. There was also a difference between the
agonists and antagonists for the peptide GPCR optimized
ligands, but this was found to be due to a large number of opioid
receptor agonists in the agonist subset. When the latter were
excluded, there was no significant difference between the MW
of the peptide GPCR agonists and antagonists.

cLogP. The median cLogP for the full set of optimized
compounds was 3.7, and the mean was 3.6 (Table 3). These
figures were significantly higher than the medians of 2.3 and
2.5 reported by Vieth et al.6 and Blake et al.,9 respectively for
oral drugs but were very similar to those reported for pre-clinical
compounds by the same researchers (medians of 3.5 and 3.23,
respectively). The target family subsets with the highest median
cLogP values for the optimized compounds were the nuclear
receptor ligands (5.1) and the peptide GPCR ligands (5.0),
whereas the integrin receptor ligands were much less lipophilic
(3.1).

The median increase in cLogP during optimization for the
full set was 0.2, and the mean was 0.4. For comparison, Hann
et al.3 reported a mean increase of 0.5, and Oprea et al.10 reported
a median increase in cLogP of 0.67, during the optimization of
leads to drugs. The extent of the increase in cLogP during

optimization was highly conserved across all the target families,
typically being in the range of 0.2 to 0.4. The exception was
the nuclear receptor family for which there was no increase
during optimization, but in this case the starting compounds
were already highly lipophilic.

Using the Mann-Whitney test, a series of cross-comparisons
between the target families allowed a classification on the basis
of the median cLogP differences and thep values (Figure 3).11

The most lipophilic cluster contained the peptide GPCRs and
the nuclear receptors, and the least lipophilic cluster contained
the proteases, ion channels, and integrin receptors.

There was no significant difference in lipophilicity between
the receptor agonists and the antagonists present in the full
SCOPE database (Table 2). However, the receptor agonists were
significantly less lipophilic than the antagonists for the full
GPCR, the monoamine GPCR, and ion channel subsets. The
enzyme and transporter inhibitors were close to an order of mag-
nitude less lipophilic than the receptor agonists or antagonists.

PSA. The median PSA for the full set of optimized
compounds was 58 Å2, and the mean was 63 Å2 (Table 4). In
contrast, the mean PSA values reported by Vieth et al.6 were
78 Å2 for oral drugs and 96.7 Å2 for pre-clinical compounds.
Median values were not reported. The median PSA value
reported by Blake et al.9 was 122 Å2 for oral drugs and 137 Å2

Table 2. Physicochemical Property Data for the Optimized Compounds Classified by Target Family

target family
subset function

number
of

entriesa

MW
median
(mean)

cLogP
median
(mean)

PSA
median
(mean)

HBA
median
(mean)

HBD
median
(mean)

RB
median
(mean)

agonist 314 402(405) 4.1 (4.2) 48 (53) 3 (4) 1 (2) 5 (6)
full set antagonist 682 437(448) 4.4 (4.3) 55 (60) 4 (4) 1 (2) 6 (7)

inhibitor 675 412 (435) 3.4 (3.4) 66 (74) 5 (5) 2 (2) 6 (7)

GPCRs (all) agonist 118 380(377) 3.8 (3.8) 39 (46) 3 (3) 1 (2) 6 (6)
antagonist 380 445(458) 4.5 (4.5) 53 (57) 4 (4) 1 (1) 6 (7)

GPCRs (monoamine) agonist 61 269(329) 3.3 (3.2) 36 (41) 3 (3) 2 (2) 4 (5)
antagonist 148 394(395) 4.2 (4.0) 41 (43) 3 (3) 1 (1) 5 (5)

agonistb 38 446(455) 4.9 (4.8) 42 (48) 4 (4) 1 (1) 6 (7)
GPCRs (peptide) agonistc 12 548 (520) 5.6 (5.8) 64 (61) 4 (4) 1 (2) 9 (8)

antagonist 165 523(535) 5.0 (5.1) 65 (69) 5 (5) 1 (2) 8 (9)

ion channels agonist 25 285(312) 2.1 (2.2) 45 (47) 3 (4) 1 (1) 3 (5)
antagonist 94 369(388) 3.2 (3.1) 57 (64) 4 (4) 2 (2) 5 (6)

nuclear receptors agonist 109 419 (425) 4.9 (5.3) 50 (53) 3 (4) 1 (1) 4 (5)
antagonist 22 406 (429) 4.7 (5.0) 53 (53) 5 (4) 1 (1) 5 (6)

a The dataset used for the functional activity analysis was different from that used for the target family analysis because a functional activity assignment
was not available for all SCOPE entries.b Full peptide GPCR agonist subset containing opioid ligands.c Peptide GPCR agonist subset minus opioid ligands.
Bold text indicates Mann-Whitney p <0.05 for the comparison between the agonist and antagonist subsets for each target family group.

Table 3. cLogP Data Classified by Target Family

target family
subset

number of
entries

starting
compd
median
(mean)

optimized
compd
median
(mean)

optimized
compd
lower

quartile

optimized
compd
upper

quartile

change in
property
median
(mean)

95% CI
(change in
property)a

p value
(change in
property)b

full SCOPE set 1680 3.7 (3.6) 4 (4) 2.8 5.2 0.2 (0.4) (0.2, 0.4) 0
esterases 32 3.3 (3.5) 4.2 (4.3) 2.8 5.4 0.7 (0.8) (-0.1, 1.5) 0.094
GPCRs (all)c 755 4.1 (4) 4.4 (4.3) 3.3 5.5 0.3 (0.3) (0.2, 0.4) 0
GPCRs (monoamine) 326 3.5 (3.3) 3.8 (3.7) 2.9 4.7 0.2 (0.4) (0.2, 0.5) 0
GPCRs (peptide) 309 4.8 (4.8) 5 (5) 3.8 5.9 0.3 (0.2) (0, 0.4) 0.042
integrin receptor 41 1.8 (2.2) 3.1 (2.9) 0.7 4.5 0.4 (0.7) (0, 1) 0.057
ion channels 158 2.9 (2.7) 3 (3) 1.6 4.7 0.2 (0.3) (-0.1, 0.5) 0.112
kinases 120 3.4 (3.1) 3.8 (3.5) 2.1 4.7 0.1 (0.4) (0, 0.5) 0.078
nuclear receptors 138 4.9 (5.2) 5.1 (5.3) 3.9 6.5 -0.1 (0.1) (-0.2, 0.3) 0.679
oxidases 59 3.7 (3.6) 4.2 (4.2) 2.9 5.4 0.4 (0.6) (0.1, 1) 0.008
phosphodiesterases 38 3.1 (3.1) 3.5 (3.6) 2.9 4.2 0.3 (0.5) (0, 0.9) 0.061
proteases 211 2.8 (2.7) 3.2 (3) 1.7 4.1 0.3 (0.3) (0.1, 0.5) 0.006
transferases 56 4 (3.9) 4.5 (4.3) 2.9 5.3 0.4 (0.4) (0, 0.7) 0.069
transporters 69 3.2 (3.4) 3.7 (4) 3.0 5.1 0.4 (0.6) (0.2, 0.8) 0.001
a The 1-sample Wilcoxon 95% confidence interval.b The p value from 1-sample Wilcoxon signed rank test of the median) 0 versus median not) 0.

c The GPCR (monoamine) and GPCR (peptide) subsets are contained within the GPCR (all) subset.
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for pre-clinical compounds. The large discrepancy between
different research groups almost certainly reflects differences
in the methods of the calculation of PSA rather more than any
inherent differences in the properties of the compounds sur-
veyed. The highest medians were found for the integrin receptor
ligands and the protease inhibitors (89 Å2). The lowest median
(22 Å2) was observed for the transporter ligands.

For the full set of optimized compounds, there was very little
change in PSA during optimization, with a median increase of
just 1 Å2. Across the target family subsets, the increases in PSA
during optimization were consistently small. The highest statisti-
cally significant increases were found for the peptide GPCR
and esterase ligands (6 Å2).

The target families were classified on the basis of the PSA
values and the Mann-Whitney p values using the procedure
described earlier (Figure 3). The transferase, protease, and
integrin receptor ligands had the highest values and the
transporter ligands by far the lowest.

The median PSA for the agonists present in the full SCOPE
set of optimized compounds was lower than that for the
antagonists or inhibitors (Table 2).

HBA. The median number of HBAs for the full set was 4,
and the mean was 4.4 (Table 5). This was identical to the median
value reported by Blake et al.9 for pre-clinical compounds. Vieth
et al.6 reported a median of 3 for both oral drugs and pre-clinical

compounds. The highest median was found for the integrin
receptor ligands (6) and the lowest for the transporter ligands
(3). Only the integrin receptor ligands showed a statistically
significant increase in the number of HBAs (0.5). Integrin
receptor ligands had the greatest number of HBAs and mono-
amine GPCR, oxidase, and transporter ligands the fewest (Figure
3).

The inhibitors had the highest median number of HBAs
followed by the antagonists and then the agonists (Table 2).
For the full GPCR and peptide GPCR subsets, the median
number of HBAs in the agonists was lower than that of the
antagonists.

HBDs. The full set of optimized compounds showed a median
number of 1 HBD and a mean of 1.9 (Table 6). This was
virtually identical to the figures reported by Vieth et al.6 for
oral drugs (median 1; mean 1.8) but somewhat less than Vieth’s
and Blake’s9 figures for pre-clinical compounds (median 2; mean
2.1). The integrin receptor ligands and the protease inhibitors
possessed the highest number of HBDs with a median of 3
(Figure 3). There was no increase in the number of HBDs during
optimization for any of the target family subsets.

For the peptide GPCR and ion channel subsets, the median
number of HBDs in the agonists was lower than that of the
antagonists, whereas for the monoamine GPCRs, the reverse
was true (Table 2). When the opioid ligands were excluded,

Table 4. Polar Surface Area (PSA) Data Classified by Target Family

target family
subset

number of
entries

starting
compd
median
(mean)

optimized
compd
median
(mean)

optimized
compd
lower

quartile

optimized
compd
upper

quartile

change in
property
median
(mean)

95% CI
(change in
property)a

p value
(change in
property)b

full SCOPE set 1680 52 (58) 58 (63) 38 80 1 (5) (4, 5) 0
esterases 32 41 (50) 48 (59) 36 75 6 (8) (1, 14) 0.012
GPCRs (all)c 755 45 (52) 51 (56) 35 72 0 (4) (3, 5) 0
GPCRs (monoamine) 326 37 (42) 41 (43) 29 55 0 (1) (0, 4) 0.011
GPCRs (peptide) 309 53 (58) 62 (65) 43 83 6 (7) (5, 8) 0
integrin receptor 41 90 (95) 89 (95) 76 116 6 (0) (-8, 16) 0.499
ion channels 158 47 (53) 54 (59) 39 73 4 (6) (3, 8) 0
kinases 120 59 (66) 65 (71) 55 78 5 (5) (2, 9) 0.001
nuclear receptors 138 50 (48) 52 (54) 33 67 3 (6) (2, 8) 0
oxidases 59 45 (42) 43 (46) 30 60 0 (4) (0, 8) 0.079
phosphodiesterases 38 64 (62) 64 (69) 56 80 1 (7) (0, 13) 0.015
proteases 211 82 (85) 89 (90) 73 107 2 (5) (2, 7) 0.001
transferases 56 71 (84) 83 (90) 56 123 1 (6) (0, 9) 0.024
transporters 69 19 (27) 22 (28) 17 40 0 (1) (0, 4) 0.428

a The 1-sample Wilcoxon 95% confidence interval.b The p value from 1-sample Wilcoxon signed rank test of the median) 0 versus median not) 0.
c The GPCR (monoamine) and GPCR (peptide) subsets are contained within the GPCR (all) subset.

Table 5. Hydrogen Bond Acceptor (HBA) Data Classified by Target Family

target family
subset

number of
entries

starting
compd
median
(mean)

optimized
compd
median
(mean)

optimized
compd
lower

quartile

optimized
compd
upper

quartile

change in
property
median
(mean)

95% CI
(change in
property)a

p value
(change in
property)b

full SCOPE set 1680 4 (4) 4 (4.4) 3 6 0 (0.5) (0.5, 0.5) 0
esterases 32 3 (3.7) 4 (4.3) 3 6 0 (0.6) (0, 1) 0.014
GPCRs (all)c 755 3 (3.8) 4 (4.2) 3 5 0 (0.4) (0.5, 0.5) 0
GPCRs (monoamine) 326 3 (3.2) 3 (3.4) 2 4 0 (0.2) (0, 0.5) 0.003
GPCRs (peptide) 309 4 (4.2) 5 (4.8) 3 6 0 (0.6) (0.5, 0.5) 0
integrin receptor 41 6 (5.8) 6 (6.2) 5 8 0.5 (0.5) (0, 1) 0.173
ion channels 158 3 (3.7) 4 (4.2) 3 5 0 (0.5) (0, 0.5) 0
kinases 120 4 (4.1) 4 (4.6) 3 5 0 (0.5) (0.5, 1) 0
nuclear receptors 138 3 (3.4) 3 (3.8) 2 5 0 (0.4) (0, 0.5) 0.001
oxidases 59 3 (2.8) 3 (3.3) 2 4 0 (0.5) (0, 0.5) 0.01
phosphodiesterases 38 5 (4.9) 5 (5.2) 4 6 0 (0.3) (0, 1) 0.27
proteases 211 5 (4.9) 5 (5.4) 4 6 0 (0.6) (0.5, 0.5) 0
transferases 56 4 (5.3) 5 (5.7) 4 8 0 (0.4) (0, 1) 0.029
transporters 69 3 (2.7) 3 (2.6) 2 3 0 (-0.1) (0, 0) 0.361

a The 1-sample Wilcoxon 95% confidence interval.b The p value from 1-sample Wilcoxon signed rank test of the median) 0 versus median not) 0.
c The GPCR (monoamine) and GPCR (peptide) subsets are contained within the GPCR (all) subset.
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there was no difference between peptide GPCR agonists and
antagonists.

Rotatable Bonds (RB). For the full set of optimized
compounds, there was a median number of six rotatable bonds
and a mean of 6.7 (Table 7). This was very similar to the median
figures reported reported by Vieth et al.6 and Blake et al.9 for
oral drugs (5 and 6, respectively) and broadly comparable to
the median of 7 reported by the same researchers for pre-
clinical compounds. The most flexible ligands were those
for transferases and integrin receptors, whereas transporter,
nuclear receptor, and oxidase ligands were the most rigid (Figure
3).

For the full set, the median number of rotatable bonds
was lower for the agonists than that for the antagonists or
inhibitors (Table 2). For the full GPCR, peptide GPCR, and
ion channel subsets, the agonists were more rigid than the
antagonists. However, when the opioid ligands were excluded
from the peptide GPCR subset, there was also no difference
between the agonists and antagonists. For the monoamine
GPCRs and nuclear receptors, there was also no significant
difference.

Discussion

Target Family Relationships.It is clear from this study that
the major SCOPE target families that include those of greatest

current interest in drug discovery differ considerably in terms
of the physicochemical properties of their optimized compounds.
There was a high degree of consistency in the rank order of the
13 target family subsets irrespective of what physicochemical
property was considered, and it is, therefore, a reasonable
proposition to identify an overall rank order on the basis of a
consideration of all six physicochemical properties collectively.
However, unlike the statistically defined clusters in Figure 3, it
is necessary to use an element of judgment to assess the
cumulative effect of all six properties.

Peptide GPCRs, integrin receptors, proteases, and transferases
gave consistently high property values for the optimized
compounds. This group of targets may be regarded as the most
challenging in terms of obtaining ligands that combine accept-
able biological potency with drug-like physicochemical proper-
ties (Figure 4). Several target families consistently gave values
for the six physicochemical properties that were in the middle
of the range: PDEs, GPCRs (all), kinases, nuclear receptors,
and esterases. For these target families, obtaining a drug-like,
potent ligand will typically be more feasible than that for the
upper group. Four target families exhibited median property
values that were consistently low: monoamine GPCRs, ion
channels, oxidases, and transporters.

The robustness of the grouping of the target families in Figure
4 can be tested by considering a smaller number of properties.

Table 6. Hydrogen Bond Donor (HBD) Data Classified by Target Family

target family
subset

number of
entries

starting
compd
median
(mean)

optimized
compd
median
(mean)

optimized
compd
lower

quartile

optimized
compd
upper

quartile

change in
property
median
(mean)

95% CI
(change in
property)a

p value
(change in
property)b

full SCOPE set 1680 1 (1.9) 1 (1.9) 1 3 0 (0) (0, 0) 0.892
esterases 32 1 (1.5) 1.5 (1.7) 1 2 0 (0.2) (0, 0.5) 0.363
GPCRs (all)c 755 1 (1.5) 1 (1.5) 1 2 0 (0) (0, 0) 0.496
GPCRs (monoamine) 326 1 (1.3) 1 (1.2) 0 2 0 (-0.1) (0, 0) 0.143
GPCRs (peptide) 309 1 (1.6) 1 (1.7) 1 2 0 (0.1) (0, 0) 0.277
integrin receptor 41 3 (3.6) 2 (3.0) 2 4.75 0 (-0.6) (-1, 0) 0.139
ion channels 158 2 (1.7) 2 (1.9) 1 3 0 (0.2) (0, 0.5) 0.016
kinases 120 2 (2.6) 2 (2.6) 2 3 0 (0) (0, 0) 1
nuclear receptors 138 1 (1.2) 1 (1.2) 1 2 0 (0) (0, 0) 0.873
oxidases 59 1 (1.1) 1 (1) 0 2 0 (-0.1) (0, 0) 0.411
phosphodiesterases 38 1 (1) 1 (1.3) 1 2 0 (0.2) (0, 0.5) 0.112
proteases 211 3 (3.4) 3 (3.3) 2 5 0 (-0.1) (0, 0) 0.216
transferases 56 2.5 (2.9) 2 (2.9) 1 4.75 0 (0) (-0.5, 0) 0.909
transporters 69 1 (0.7) 1 (0.9) 0 1 0 (0.2) (0, 0) 0.018
a The 1-sample Wilcoxon 95% confidence interval.b The p value from 1-sample Wilcoxon signed rank test of the median) 0 versus median not) 0.

c The GPCR (monoamine) and GPCR (peptide) subsets are contained within the GPCR (all) subset.

Table 7. Rotatable Bond (RB) Data Classified by Target Family

target family
subset

number of
entries

starting
compd
median
(mean)

optimized
compd
median
(mean)

optimized
compd
lower

quartile

optimized
compd
upper

quartile

change in
property
median
(mean)

95% CI
(change in
property)a

p value
(change in
property)b

full SCOPE set 1680 5 (6) 6 (6.7) 4 9 0 (0.7) (0.5, 0.5) 0
esterases 32 5.5 (5.9) 6 (6.5) 4 8.75 0.5 (0.6) (-0.5, 2) 0.213
GPCRs (all)c 755 5 (5.9) 6 (6.6) 4 9 0 (0.6) (0.5, 0.5) 0
GPCRs (monoamine) 326 5 (4.9) 5 (5.2) 3 7 0 (0.3) (0, 0.5) 0.018
GPCRs (peptide) 309 6 (7) 7 (7.9) 6 10 1 (0.9) (0.5, 1) 0
integrin receptor 41 9 (10.1) 9 (10.2) 7 11 0.5 (0) (-1, 1.5) 0.850
ion channels 158 4 (4.7) 4 (5.7) 3 7 0 (1) (0.5, 1) 0
kinases 120 4 (4.9) 5 (5.5) 4 6 1 (0.6) (0.5, 1) 0.004
nuclear receptors 138 4 (4.5) 4 (5.3) 2 8 0 (0.8) (0, 1) 0
oxidases 59 3 (3.1) 4 (4.2) 3 5 0 (1.1) (0.5, 1.5) 0
phosphodiesterases 38 7 (6.3) 7 (6.7) 4.75 9 0 (0.4) (0, 1) 0.136
proteases 211 7 (7.8) 8 (8.2) 6 10 0 (0.4) (0, 0.5) 0.007
transferases 56 10 (10.8) 10 (11.7) 7 19 1 (0.9) (0.5, 1.5) 0.005
transporters 69 4 (4.6) 3 (4.5) 2 7.5 0 (-0.1) (-0.5, 0) 0.291

a The 1-sample Wilcoxon 95% confidence interval.b The p value from 1-sample Wilcoxon signed rank test of the median) 0 versus median not) 0.
c The GPCR (monoamine) and GPCR (peptide) subsets are contained within the GPCR (all) subset.
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Particular combinations of properties that have been postulated
in previous publications to be particularly important for
determining the oral absorption of drugs are (1) MW, cLogP,
HBD, and HBA;1 (2) PSA, and RB;12 or (3) cLogP, HBD, and
PSA.5 These new combinations also address the high correlation
and, therefore, possible redundancy that was found between the
MW and RB data (R2 ) 0.83) and between the PSA and HBA
data (R2 ) 0.92).13 When PSA and RB alone are considered,
the protease ligands may be regarded as having a similar drug-
likeness to transferase, peptide GPCR, and integrin receptor
ligands because of their particularly high PSA values. The
important point is that the overall rank order of the target
families does not seem to substantially change when these
smaller sets of properties are considered.

Functional Activity Relationships. The agonists in the
SCOPE database were typically smaller and less lipophilic
compared to the antagonists, and this effect was particularly
pronounced for the monoamine GPCR optimized ligands. This
was not unexpected because the medicinal chemistry literature
contains many examples of monoamine receptor antagonists that
are structurally related to agonists but contain added lipophilic
functionality.14 The vast majority of the optimized ligands for
peptide GPCRs in the SCOPE database, and indeed in the
general medicinal chemistry literature, are antagonists. The
relatively small number of peptide GPCR agonists also appeared
at first sight to be smaller than their antagonist counterparts,
but this was heavily influenced by the predominance of low
MW opioid agonists. The non-opioid peptide GPCR agonists
were found to have properties that were very similar to those
of the antagonists. In fact, there is some evidence that peptide
receptor agonists are often larger because of the need for an
extra group that acts as an agonist trigger.15 The ion channels
resembled the monoamine GPCRs in the sense that the agonists
had lower MW and lipophilicity than the antagonists, whereas
the nuclear receptors resembled the peptide GPCRs with little
difference between the two groups.

Efficiency of Ligand Binding. The endogenous ligands for
the targets in the upper group (peptide GPCRs, integrin
receptors, proteases, and transferases) are predominantly com-
plex peptidic or nucleotidic structures, and the increased size
and complexity of the optimized compounds for these target
families seem to mirror this. In contrast, targets with less
complex endogenous ligands, such as the monoamine GPCRs
and transporters, possess less complex optimized compounds.
This work is consistent with previous observations that there is
a difference between the properties of ligands that bind to
aminergic and nonaminergic GPCRs.16

There are a number of possible explanations as to why the
ligands for aminergic targets are typically smaller and less

complex than their peptidergic counterparts. One component
may be the approach through which the starting compound was
identified by the medicinal chemist. For the monoamine targets,
many ligands are clearly analogues of the endogenous ligands
such as adrenaline that are small and polar. For peptide targets,
high throughput screening (HTS) will have been used more
extensively as the source of starting compounds, given that an
endogenous ligand-based approach is usually intractable. HTS
has been implicated as a cause of higher property values, such
as MW and cLogP, in pre-clinical compounds.17 One reason
for this is that HTS collections have historically contained
compounds that had high MW and lipophilicity, for example,
from early combinatorial chemistry libraries. Optimized com-
pounds in the SCOPE database, for which HTS was known to
be the source, do indeed have median and mean MWs (412
and 435) that are higher than those derived from marketed drugs
(median 382; mean 390) (Table 8). A similar trend was seen
for cLogP, with HTS-derived optimized compounds being more
lipophilic. Where HTS was the common source, peptide GPCR
ligands were much larger than monoamine GPCR ligands, with
median MWs of 421 and 345, respectively. This trend was even
more pronounced where a marketed drug was the common
source. Peptide GPCR ligands were also more lipophilic than
those for monoamine receptors when the source of the starting
compound was the same. These trends suggest that the differ-
ences between the peptide and monoamine GPCR ligands cannot
readily be explained by differences in the source of the starting
compounds but rather stem from fundamental differences in the
way the ligands are recognized by their respective receptors.

Figure 4. Spectrum of drug-likeness for the 13 target families on the basis of 6 physicochemical properties for their optimized ligands (MW,
cLogP, polar surface area (PSA), the number of hydrogen bond acceptors (HBA), the number of hydrogen bond donors (HBD), and the number of
rotatable bonds (RB)).

Table 8. MW and cLogP Data for the Optimized Compounds Classified
According to the Source of the Starting Compound

source
subsets

number
of entriesa median mean

p
valueb

MW
HTS (all targets) 149 412 435 0.0029
drug (all targets) 128 382 390
HTS (monoamine GPCRs) 17 345 336 0.0049
HTS (peptide GPCRs) 37 421 426
drug (monoamine GPCRs) 35 312 308 0.0001
drug (peptide GPCRs) 17 464 478

cLogP
HTS (all targets) 149 4.6 4.5 0.0000
drug (all targets) 128 3.7 3.4
HTS (monoamine GPCRs) 17 3.2 3.8 0.0242
HTS (peptide GPCRs) 37 4.8 4.6
drug (monoamine GPCRs) 35 3.1 3.0 0.1097
drug (peptide GPCRs) 17 4.2 3.7

a The data set used for the source analysis was different from that used
for the target family analysis because the source assignment was not
available for all SCOPE entries.b Mann-Whitney p value. HTS) high
throughput screening; drug) marketed drug.
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This was investigated by exploring the relationships between
molecular size, lipophilicity, and binding affinity (pKi). The
median affinities of the starting and optimized compounds for
the monoamine and peptide GPCRs are shown in Table 9. These
data suggest that monoamine GPCR ligands are more efficient
than peptide GPCR ligands in terms of their binding energy
per unit of MW or cLogP. For MW, monoamine GPCR ligands
have an efficiency, as measured by pKi divided by MW, that is
approximately 25% higher.

The binding site for the (ant)agonists for Class A monoamine
and peptide GPCRs is thought to reside wholly or partly in the
transmembrane (TM) regions of the receptors close to the
extracellular face between TM helices 3, 5, 6, and 7.18 For
monoamine GPCRs and some peptide GPCRs, there are a
number of conserved residues such as the key acidic residue
(Asp113) on TM3 that binds a basic nitrogen in both agonists
and antagonists. Most chemokine GPCRs possess an acidic
residue on TM7 (Glu291) that performs the same anchoring
role.19 The conserved nature of this TM binding site helps
explain why some ligands are capable of binding to both
monoamine and peptide GPCRs.

Despite these commonalities, there must clearly be differences
between typical monoamine and peptide binding sites that
explain the apparently lower efficiency of ligands for the latter.
Much evidence suggests that monoamine GPCR ligands bind
tightly to a well-defined crevice deep within the conserved TM
regions. The structure of the peptide GPCR binding sites is likely
to be more open and diffuse with the ligands projecting out of
the conserved TM region in the direction of the extracellular
face. Significant binding to the extracellular domains, especially
the second and third extracellular loops, may occur. The
literature contains several examples of similar ligands containing
a privileged substructure that bind to either monoamine or
peptide GPCRs, but where the peptide GPCR ligand is larger.20

This size difference presumably arises from a requirement for
peptide GPCR ligands to span a more diffuse binding site that
reaches closer to the extracellular surface.

Property Changes during Optimization. There was much
lower variability in the property changes during optimization
across the target family groups than there was in the properties
of the starting or optimized compounds. Target families that
significantly differed in terms of the median property values
for the starting compounds often shared the same or similar
values for the degree of change of those properties during
optimization (Tables 1 and 3-7). This means that the principal
determinant of the observed differences between the families
is the property profile of the starting compounds rather than
the changes that occurred during optimization. Therefore,
clustering of the target family subsets on the basis of the
properties of the starting compounds will give a similar result
to that presented in Figures 3 and 4. The correlation across the
families between the median MWs of the starting compounds
and the optimized compounds was very high (R2 ) 0.961),

whereas the correlation between the median changes in MW
and the median MWs of the optimized compounds was much
lower (R2 ) 0.316). This relative lack of variability among the
target families may be related to the fact that many of the
optimizations are concerned not only with enhancing potency,
which tends to increase property values, but also with improving
DMPK properties, which tends to constrain values.

Nonetheless, there were some noteworthy differences between
the target families in terms of the property changes during
optimization. For some of the peptidergic families, substantial
increases in some of the properties during optimization exac-
erbated the already high values for the starting compounds. The
exceptionally low property values for the transporter optimized
ligands were due to a coincidence of low values for the starting
compounds and lower than average increases during optimiza-
tion.

Increasing molecular size during optimization was observed
for all of the families. The degree of this MW increase has
previously been reported to be dependent upon the MW of the
starting compounds, with starting compounds that have higher
MW giving lower increases in MW.21 Larger starting com-
pounds may be more highly optimized already, at least in terms
of potency, and therefore, MW is less subject to upward
pressure. In addition, medicinal chemists will often exert
downward pressure on MW when dealing with large starting
compounds to achieve drug-like properties. The full SCOPE
data set showed this same trend with median MW increases of
76 and 7 for starting compounds with MWs of<200 and>500,
respectively (Table 10). Within the monoamine or peptide GPCR
subsets, this trend was also apparent. However, this trend is
overridden by the powerful underlying effect of the target family
based differences in MW, as illustrated by the higher MW
increase for the larger peptide GPCR starting compounds
compared to that of the smaller monoamine GPCR and
transporter ligands (Table 1). This again implies that peptide

Table 9. Ligand Efficiency Data for Monoamine and Peptide GPCR Ligands

target family subset
number

of entriesa
MW

medianb
clogP

median

affinity
median
(pKi)c

affinity per
dalton

affinity per
log unit of

lipophilicity

GPCRs (monoamine) SC 198 343 3.5 7.77 0.0227 2.25
OC 198 376 3.8 8.40 0.0223 2.19

GPCRs (peptide) SC 106 453 5.2 7.78 0.0172 1.51
OC 106 518 5.0 8.73 0.0169 1.76

a The dataset used for the affinity analysis was smaller than that used for the target family analysis in Table 1 because affinity data were not available
for all SCOPE entries.b ,cThe differences in the MW and affinity medians between the starting and optimized compounds are significant (Mann-Whitney
p value< 0.05). SC) starting compounds; OC) optimized compounds.

Table 10. Changes in MW during Optimization Classified According to
the MW of the Starting Compound

MW range
for starting

compd
number

of entries

median
change
in MW

mean
change
in MW

all families
<200 69 76 97
200-300 312 45 62
300-400 565 36 48
400-500 464 25 31
>500 270 7 8

monoamine GPCRs
<300 115 30 50
300-450 169 18 25
>450 42 10 -4

peptide GPCRs
<300 22 68 77
300-450 131 57 73
>450 156 18 22
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GPCR ligands are inherently less efficient than their aminergic
counterparts with a larger increase in size being required during
optimization.

Addressing the Difficult Families. These overall findings
based upon the medians should not be taken to imply that
medicinal chemists working on the most difficult families such
as peptide GPCRs will be unsuccessful in finding one suitable
ligand (or two) that can be progressed to the clinic. This cause
for optimism is supported by the lower quartile data (Tables 1
and 3-7). The lowest MW and cLogP quartiles for the peptide
GPCR family are 434 and 3.8, indicating that a substantial
proportion of the ligands fall within the drug-like RO5 range.

This analysis takes no account of the inevitable differences
between targets within the same target family subset. Within
the peptide GPCR subset, there are some targets that are
unusually tractable and for which many drug-like ligands exist,
such as the opioid receptors. For other targets within the most
challenging families, it may be very difficult indeed to find
ligands with RO5-compliant physicochemical properties. In
these cases, the medicinal chemist needs to adopt a pragmatic
approach to rule-based concepts of drug-likeness and try to
identify those islands of acceptable oral activity that are scattered
across the nondruglike non-RO5 space. After all, there are many
ligands with high MWs that fall well outside the RO5 space
but still display acceptable oral bioavailability, such as the cyclic
peptide, cyclosporin.

Because peptide GPCR ligands appear to have a lower basal
level of efficiency, medicinal chemists must aim for the
maximum level of ligand efficiency that is possible for a given
chemotype binding to a given target. If there are parts of a ligand
that are not essential for the overall profile of the molecule,
these should be identified and modified or deleted. In other
words, diffuse binding sites need to be spanned with molecular
skeletons that are as minimalistic as possible.

Most certainly, this analysis of drug-likeness does not mean
that peptide GPCRs will always be more challenging drug
targets than transporters, but from a purely physicochemical
perspective, there is a higher likelihood that orally bioavailable
ligands will be obtained for the latter. The drug discovery
process is complex and many other considerations come into
play, such as the need for sufficient in vitro and in vivo potency,
selectivity, duration of action, an acceptable safety profile,
synthetic feasibility, and patentability, to name but a few.

Data Interpretation and Caveats. There are a number of
caveats that should be taken into account when considering the
implications of these findings. The SCOPE database contains
predominantly pre-clinical compounds from the 2000-2005
period; therefore, some of these findings may only be valid for
those targets and target families that were most highly reported
during this period. There will also be a considerable amount of
variability in the SCOPE data due first to a degree of ambiguity
in identifying the most optimized compound from some
publications and second to differences in the extent to which
the optimized compound has been optimized. This variability
might affect the absolute values of the properties to some extent,
but nonetheless, it is encouraging to see generally good
agreement between the SCOPE average property values and
those reported by other researchers for pre-clinical compounds.
This suggests that the SCOPE data set, despite its limited size,
is representative of a wider diversity of pre-clinical compounds.
In addition, the changes in the properties during optimization
for the full SCOPE set are consistent with previous work. It is
likely that the effect of any variability would be neutral across
the target families with all of the subsets being affected to a

similar extent and therefore, overall, this should not significantly
affect the rank order.

The large differences between the properties of oral drugs
and the compounds in the SCOPE database is not surprising
because it has been previously reported that as compounds pass
through the various stages of clinical development their average
MW tends to decrease, and the SCOPE database predominantly
contains pre-clinical compounds.4 Another consideration is that
the targets and target families represented in the SCOPE
database, which predominantly covers the 2000-2005 period,
are likely to be different from those addressed by marketed
drugs. Target families with high property values, such as peptide
GPCRs and integrin receptors, are not well represented in current
databases of marketed drugs.

Conclusions

A statistical analysis of a proprietary database of 1680
optimizations (SCOPE) showed that target families can be
discriminated and clustered on the basis of the average physi-
cochemical properties of their ligands. These differences
between families influence the relative feasibility of obtaining
oral drugs. For some families, many of the optimized ligands
possessed properties that transgressed the limits of the drug-
like RO5 space. For example, peptide GPCR ligands had a
median MW of 510 and a cLogP of 5.0. There were deep rooted
trends that prevailed, no matter how the data for the individual
physicochemical properties were interpreted. The ligands for
peptide GPCRs, integrin receptors, proteases, and transferases
possessed high median property values, whereas the ligands for
monoamine GPCRs, oxidases, and transporters, consistently, had
low values. The median values for the optimized compounds
for the transporters were so low that they often fulfilled the
so-called rule-of-3 for fragment-based drug discovery.22 Given
that the ligands for different families could be categorized on
the basis of their properties, the property ranges described here
might be useful in the design of libraries targeted at particular
families.

The properties of receptor agonists were generally more
favorable than those for receptor antagonists and enzyme
inhibitors. However, this effect was restricted to the agonists
for monoamine GPCRs, opioid receptors, and ion channels, with
no difference being found between the agonists and antagonists
for non-opioid peptide GPCRs.

The degree of change of the properties during optimization
was found to be fairly constant across the target families,
meaning that the properties of the starting compounds were most
critical in determining the properties of the optimized com-
pounds.

There was a strong connection between the nature of the
endogenous ligand and the complexity of the optimized synthetic
ligands, with peptide-binding targets giving ligands with less
favorable properties. In terms of affinity (pKi) per unit of MW
or cLogP, the monoamine GPCR ligands bound with higher
efficiency than the peptide GPCR ligands. These conclusions
are certainly intuitive and consistent with the experience of many
medicinal chemists whose aim was an oral drug for a peptide
receptor. Despite the extra challenges presented by these difficult
targets, experience has shown that ligands with good oral
bioavailability can still be found, though the search for those
rare compounds may be long and tortuous.
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