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Quantitative structure–activity/property relationships (QSAR/
QSPR) are used to predict biological activity (e.g., IC50) or physico-
chemical properties (e.g., solubility). A common approach to build-
ing these models is to encode structures using molecular
descriptors and use techniques such as multilinear regression1

(MLR) or partial least squares1 (PLS) to model properties of inter-
est. Although PLS addresses the problem of correlated descriptors
in MLR, the resulting models are not easily interpreted. Overfitting2

is a concern in multivariate QSAR/QSPR studies. Validation proce-
dures may present an optimistic view of model quality and scope
when families of close structural analogs are present in the data.
Models may be termed global or local according to their intended
scope although some global models would be more accurately de-
scribed as ensembles of local models.

An alternative approach to deriving QSAR/QSPR models is to
associate contributions to the property of interest with specific
structural features. In Free–Wilson analysis3 (FWA) the value of
property of interest is partitioned into fragment contributions.
Matched molecular pair analysis4 (MMPA) focuses on the effects
All rights reserved.

enny).
of specific structural changes on properties of interest. The key
assumption in MMPA is that differences in a property can be pre-
dicted more accurately than the property itself and an analogy
can be drawn with the free energy perturbation method.5 This dis-
tinguishes it from FWA to which it is superficially similar. In con-
trast to FWA, MMPA can be applied readily to structural diverse
data sets which increases confidence that observed effects of struc-
tural changes are globally relevant.

MMPA quantifies differences in a property that are linked to a
specific structural relationship. The relationship may be simple
(e.g., chloro compounds and their des-chloro analogs) or more
abstract such as that which exists between benzamides and the
corresponding anilides. Structural relationships between mole-
cules can be established by applying molecular transformations
and used to find consistent local QSAR.6 The principal outputs of
MMPA are the mean difference in the property and the associated
standard deviation, which can also be used to derive a confidence
interval for the mean. MMPA can be seen as a special type of
local QSAR in which a specific structural difference connects two
diverse groups of structures. The matched molecular pair paradigm
has been used in analysis of physicochemical properties,7,8

oral exposure,7 and potency.9 Using examples from a glycogen
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phosphorylase inhibitor project, this study will show how MMPA
can be used to integrate potency with physicochemical properties.

Identification of pairs of molecules bearing a specific structural
relationship to each other is the key to MMPA. Matched pairs were
identified in this work by applying structural transforms, defined
as SMARTS,10 using the Leatherface molecular editor.4 Transformed
structures are output by Leatherface as canonical SMILES11,12

strings, allowing the identity of structures to be established by
character string matching.

MMPA was used to compare pIC50, solubility, and plasma pro-
tein binding for three series of glycogen phosphorylase inhibi-
tors13–15 represented by 1, 2, and 3. The three series had been
prioritized13 on the basis of potency and a number of analogs
had been synthesized prior to the analysis. Leatherface4 was used
to delete the fused heterocyclic ring and associated carbonyl group
and chlorine atoms. This allows each compound to be represented
as the SMILES string of the amine from which it had been
synthesized.

The results presented in Table 1 show that compounds in series
3 are more potent than the corresponding compounds in either
series 1 or 2. However, the advantage of 0.29 log units in potency
that series 3 has over series 2 is outweighed by drops in fraction
unbound (0.42 log units) and solubility (0.62 log units). In contrast,
compounds in series 2 are more potent and soluble and less pro-
tein bound than the corresponding compounds in series 1.

Standard deviation (SD) reflects both strength of the matched
molecular pair relationship and precision of the assay. The lowest
Table 1
Series comparisons of potency, plasma protein binding, and aqueous solubility

Pair Property Meana SEb SDc Nd %Ince

1 ? 2 pIC50
f 0.21 0.06 0.46 57 68

1 ? 3 pIC50
f 0.38 0.06 0.47 59 83

2 ? 3 pIC50
f 0.29 0.07 0.48 54 78

1 ? 2 logFu
g 0.13 0.04 0.22 28 71

1 ? 3 logFu
g �0.30 0.06 0.27 22 9

2 ? 3 logFu
g �0.42 0.08 0.37 22 5

1 ? 2 logSh 0.20 0.09 0.54 37 68
1 ? 3 logSh �0.29 0.13 0.61 22 45
2 ? 3 logSh �0.62 0.13 0.69 30 20

a Mean difference in property.
b Standard error in mean.
c Standard deviation in mean.
d Number of matched molecular pairs.
e Percentage of pairs for which the value of the property increased.
f �log10(IC50/moldm�3); see Ref. 15.
g log10(fraction unbound); rat plasma at 37 �C and pH 7.4.
h log10(solubility/moldm�3); solid stirred in 0.1 moldm�3 sodium phosphate

buffer for 24 h at 25 �C and pH 7.4 and then centrifuged.
SD values were observed (0.27–0.37) for plasma protein binding
(logFu) which reflects the excellent reproducibility of this assay.
The percentage of pairs for which a property increases (%Inc) de-
pends on both the mean change in property and the associated SD.

Substituting nitrogen for aromatic carbon represents one ap-
proach to improving aqueous solubility. In the dihydroquinolone
ring system (4) this is synthetically demanding so MMPA was used
to assess the likely effect of this structural modification. Substruc-
tural context is important and structures with amino, alkylamino
or dialkylamino at C4 with respect to aromatic nitrogen were ex-
cluded from the analysis. These are likely to protonate
(pKa � 9.516) at pH 7.4 and their inclusion would have led to an
overestimate of the effect of aza-substitution on solubility. The ini-
tial analysis (Table 2) suggested that aza-substitution was likely to
increase solubility by 0.54 log units. Examples of all four aza-sub-
stitutions were synthesized on the basis of this analysis and
replacement of C5 with nitrogen (4 ? 5) was found (Table 2) to
represent the best compromise between enhanced solubility and
loss of potency.

Another commonly used approach to increase aqueous solubil-
ity is to incorporate substituents that are ionized under normal
physiological conditions. A number of carboxylic acids (e.g.,
1117), were synthesized and found to bind too strongly to plasma
proteins. Bioisosteric replacements for the carboxylate were con-
sidered for reducing protein binding. MMPA was used to show that
Table 2
Effects on aqueous solubility and potency of substituting nitrogen for aromatic carbon

Pair Property Meana SEb SDc Nd %Ince

CH ? Nf logSg 0.54 0.09 0.92 108 72
4 ? 5 logSg 1.00 0.21 0.47 5 100
4 ? 5 pIC50

h �0.48 0.14 0.43 10 10
4 ? 6 logSg 0.55 0.23 0.47 4 75
4 ? 6 pIC50

h �1.60 0.41 1.01 6 0
4 ? 7 logSg 0.32 0.24 0.53 5 80
4 ? 7 pIC50

h �0.77 0.12 0.39 10 0
4 ? 8 logSg 0.52 0.28 0.62 5 80
4 ? 8 pIC50

h �1.21 0.13 0.33 7 0

a Mean difference in property.
b Standard error in mean.
c Standard deviation in mean.
d Number of matched molecular pairs.
e Percentage of pairs for which the value of the property increased.
f Initial analysis; does not include aza-dihydroquinolones which were synthe-

sized after this analysis had been performed.
g log10(solubility/moldm�3); solid stirred in 0.1 moldm�3 sodium phosphate

buffer for 24 h at 25 �C and pH 7.4 and then centrifuged.
h –log10(IC50/moldm�3); see Ref. 15.



Figure 1. Matched pair plot illustrating differences (mean = �0.60; SE = 0.06;
SD = 0.20) in fraction unbound (Fu) for carboxylate–tetrazole pairs. Solid red lines
show mean values for the quantities plotted and broken red lines define a 95%
confidence interval for the difference. The seven matched pairs used in the initial
analysis (mean = �0.64; SE = 0.09; SD = 0.23) are colored in mauve and five
matched pairs, for which data subsequently became available, are colored in blue.

Table 3
Effects of N-methylation on aqueous solubility of secondary amides

Analysis Pair Meana SEb SDc Nd %Ince

1a Acyclic; aliphatic aminef; original
2003 analysis

0.37 0.14 0.71 26 65

1b Acyclic; aliphatic aminef; all pairs 0.59 0.07 0.71 109 76
1c Acyclic; aliphatic aminef; indans 0.54 0.11 0.71 38 74
1d Acyclic; aliphatic aminef; no

indans
0.61 0.08 0.72 71 82

2 Benzanilidesg 1.49 0.15 0.47 9 100
3 Cyclic amidesh 0.18 0.25 0.76 9 44

a Mean difference in log10(solubility/moldm�3).
b Standard error in mean.
c Standard deviation of mean.
d Number of pairs.
e Percentage of pairs for which increase in solubility is observed.
f SMARTS: [CH3]-N([CX4])-;!@C(=O)[#6].
g SMARTS: [CH3]-[N;X3;!R](-c1ccccc1)-[C;!R](=O)-c2ccccc2.
h SMARTS: [CH3]-[NX3]([C&X4,c])-@C(=O)[C&X4,c].
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replacement with tetrazole, a commonly used carboxylate bioiso-
stere18 was likely to increase binding to plasma protein (Fig. 1).
Consequently, no tetrazoles were synthesized in this series.

After only a few compounds had been synthesized in the in-
dan series (1219), one of us (IS) observed that N-methylation of
the amide appeared to improve aqueous solubility. This is coun-
terintuitive because a hydrogen bond donor is removed. MMPA
was used to investigate whether this behavior was general or
specific to the indan series. The initial analysis (1a, Table 3), per-
formed in mid-2003 using data for 26 matched pairs, showed
that N-methylation of the amide led to a mean increase in solu-
bility of 0.37 log units. While the initial analysis suggested that
the observed effect of N-methylation was both real and not re-
stricted to the indan series, there were concerns about the size
of the sample and the diversity of the structures. The analysis
was repeated in mid-2008 for this study using a larger data
set that included measurements made specifically for a matched
molecular pair study7 (analysis 1b). No significant difference was
observed between indans (analysis 1c) and the other compounds
(analysis 1d) in this data set.

The contrasting effects of N-methylation on solubility of benza-
nilides and cyclic amides illustrate the need for precise specifica-
tion of substructural context in MMPA. N-Methylation of
benzanilides leads to a mean increase in solubility of 1.49 log units
(analysis 2) which is significantly greater than the corresponding
figure for acyclic amides derived from aliphatic amines (analysis
1b). In contrast, N-methylation of cyclic amides led to an increase
in solubility in less than half of the matched molecular pairs and
the mean change in solubility does not differ significantly from
zero.

The similarity of the 1-octanol/water partition coefficients20

(logPoct) of N,N-dimethylacetamide (�0.77) and N-methylaceta-
mide (�1.05) might be invoked as evidence that the hydrogen
bond donor of the latter contributes little to its aqueous solvation.
However, 1-octanol forms hydrogen bonds with solutes and hexa-
decane/water partition coefficients (logPhxd) are more relevant.
Using logPoct (2.24) and logPhxd (0.66) measured21 for indole as a
guide suggests that methylation of N-methylacetamide is likely
to lead to an increase in logPhxd of between 1.5 and 2.0. The origins
of the effect on solubility appear to lie in the packing of molecules
in the solid state.7

The hydrogen bond donor and acceptor sit on opposite sides of
the amide group in acyclic secondary amides. This geometry that
allows the amide groups to form infinite ladders of hydrogen
bonds in the solid state.7 The cis geometry typically adopted by
small (less than 9-membered) cyclic amides does not allow infinite
ladders of hydrogen bonds to be formed as easily so the donor con-
tributes less to stability of the solid state of these species. The lar-
ger effect of N-methylation on solubility of benzanilides probably
reflects increased stability22 of the cis amide conformation in N-
methylanilides.

The examples of MMPA in this study focus on average differ-
ences in properties. The analytic focus can easily be shifted to
matched molecular pairs for which the largest differences in prop-
erty are observed. These ‘activity cliffs’23,24 could be used to deter-
mine limits for potency gains that can be achieved with specific
structural changes. This information might be used to assess how
efficiently25–27 compounds exploit their molecular recognition ele-
ments in binding to targets.

A general and completely automated method for identifica-
tion of matched molecular pairs has not yet been reported. In
the work described in this and other studies,4,7–9 it was neces-
sary to define the structural relationship of each matched molec-
ular pair at the start of the analysis or make assumptions about
its nature (e.g., side chain interchange8). It may prove possible to
generate useful representations of relationships between struc-
tures directly from the structures themselves. Such representa-
tions will need to be unique, like canonical SMILES,12 in order
to be useful and their generation presents a significant chemin-
formatic challenge.
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