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Abstract
Background

The assumption in scaffelibpping ighat changing the scaffold does not change the binding mode and
the same structureactivity rdationships (SAR) arseen forsubstituents decorating each scaffold.

Results/Methodology

We present the usef Matched Series Analysis, an extension of Matchiedecular Pair Analysip
automate the analysis of a projé€e@diataand detect the presence or absencecomparableSAR between
chemical series

Conclusions

The presence of SAR transanconfirm the perceived binding mode ovay of differentchemotypes
or suggest new arrangements betwesnaffoldsthat may have gone unnoticed. The absence of series
correlation can highlight the presence aiconsistentdata points where assay valuehould be
reconfirmed or provide challenge to any project dma.

Executive Summary

I Matched Series Analysis extends the concept of Matched Molecular Pair Analysis to consider
trends in activities for series of compounds that are identical except for small changes at a single
point of substitution.

1 Comparing matchederies in a project data set with those in a large database of previously
observed series, improves the ability to predict new substitutions that are likely to improve target
activity.

1 Strong correlations between matched series with different scaffoldsimwi project data set can
increase confidence in the hypothesis that they bind in similar orientations.

1 A poor correlation between matched series with different scaffolds within a project data set may
indicate an alternative binding mode and challengej@cbassumptions.

9 Poor correlations between matched series within a project data set may also indicate outlier data
points that should be considered carefully and may be valuable to reconfirm experimentally.
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Introduction

Matched Molecular Pairs Analysis (MMRH)is the examination of pairs of moleculdst are identical

except for replacement of a single, small contiguous fragnfeitiher a substituent or a sdfold) at the

same position in each moleculMatched Series Analysis (MSA) is the extension of MMPA to consider a
series of variations at a particular site on a molecule. The variations at this site are ordered with respect

to the desired endpoint (usuiglactivity) and then this order is compared to other examples of that series

of variations found in the same or other reference datasets, across different scaffolds. MSA was
introducedin 2011 by Wawer and Bajorath2  y R G KS 02y 0S8 Lt af[f] ivihyaRSR 0o @&
statistical approach to predict the-gtoups that would be most likely to improve the activity of a molecule

given a previously observed order for the activity of other derivatives.

MSA can be performed via two metho®} feferred toK SNBAY | d W{!w (NI yaFSNR I
Amajor purpose of these methods is to find related matched series in large databases in order to identify

new opportunities for compound synthesis. The Matsy approach seeks to find many examples of a
particular series to build confidence that the suggestions for new compounds (which extend the series)

are likely to improve activity over those already investigated. To find sufficient numbers of examples, the
matched series tend to be short, typically consprg 36 compounds, in length. This contrasts with the

SAR transfer method which seeks to find matched series of compounds where the activity orders are
highly correlated and thus provide confidence in the new compound suggestions. To ensure that these
correlations are meaningful, the matched series considered are much longer (usually >6 compounds) and

as a consequencéhere will be fewer examples of these long series in the databases.

The previous uses of the MSA methodology have primarily been to defiwrenation from large external
databasescontaining up to millions of compound® find statistically significant trenddn thispaper,

we will present examples of the applicationtbé SAR transfer methodolodgr more qualitative analysis

of smalkr project data setgcontaining hundreds to low thousands of compounitlsa variey of ways.

While the correlations found in smaller data sets may not be statistically significant, they can indicate
interesting trends or outliers that are worthy of fuehinvestigation to confirm or refute hypotheses.

z

MSA has beenshown§4 G2 o6S I o0ftS (2 ARSyiGATFe WK2tSaQ Ay GKS
and a chemist can transfer the learnings from one series onto another, thus ensuring that oppestuniti
for improved compounds are not missed in the wealth of data accumulated on a project.

The ability to examine these SAR crossovers may, however, also provide evidence of cases where the
assumed correspondence of functionality or sidechains has brokemn.dbhese examples challenge any
dogma that may have arisen during the development of a series, which might be hard to counter with
individual matched pair results. The SAR transfer method can also provide evidence for novel hypotheses
concerning the oveay of different chemotypes by demonstrating consistent SAR in particular
substituents. Finally, we show how the methodology can be used to highligitisistent and potentially
incorrectassay valuethat have the potential to midirect a project if takemut of the context of a series.

Methods

¢CKS AYLX SYSyGlrdAzy 2F GKS YIFIGOKSR ASNASa& I|dI2NRAGK
al. [3]. Briefly, all matched series in these data were calculated using the method of Hussain and Rea [5].

The fragmentation scheme used involved a single cut at each acyclic single bond in turn if either end of

the bond was involved in a ring or if the bowds between a noisp2hybridized carbon atom and a nen

carbon atom. Scaffolds were required to have 5 or more heavy atoms, while R groups were required to

have 12 or fewer heavy atonfsther implementations, with small variations, are available and tlaelee



is directed to these references féurther information on those§,7]). The matched series analyses and
resulting visualisations, described in this paper, were performed with the StarDrop software [8].

A query matched series is identified from th@unh data and ordered by the observed activity values (top

row of Figure 1), correlated series of the same derivatives from other chemotypes is found within the
input data and aligned to the query sequence (rows 2 & 3 in Figure 1); the correlation of tbleeha
AaSNASa OGAGAGASAE 6AGK (GKS 1jdzSNE aSNASa Aa Ol t Odz
coefficient is greater than a useéefined cutoff, the matched series is examined to determine if there is

a further member of the seriewith higher activity than all the preceding members. If this is so, this
derivative is suggested as a new derivative to be made in the query series (for example the iodine
derivative as théeft-handcolumn in Figure 1). As can be seen by the blank neltsis 2 & 3 of Figure 1,

the correlated series does not have to be complete, but simply longer than edefaed minimum and

whilst the target column in Figure 1 is useful for large database searches, the usage described herein is
searching a smaller pject data set, only coming from a single target and so is not reported.

This SAR transfer method was used to analyse two data sets; a data set of compounds with inhibitory
activities measured against the peroxisome proliferedcotivated receptor gamma FFAR) target and a

data set of compounds with inhibitory activities measured against Human cyclin dependent kinase 2
(CDK2). Both sets contain public domain data ctdkefrom the ChEMBL databa$} yersion 20 and are
provided in the Supporting Informath. The PPARset comprises 666 compounds withd@ata inniM,

which was converted into pi€values (the negative log of thesfn Molar concentration), whilst the
CDK2 set has 4536 compounds witiy V@lues in nM before conversion to pdCThese dat sets contain

a range of chemotypes, as illustrated by the structural clustering for the g&d&ARhown in Figure 2.

The PPA@RJata set was analysed looking for matched series with a length of 3 or more, in which thgg PPAR
activity increased with a miniom correlation of 0.2 between each series. This resulted in the generation

of a set of 318 suggestions derived from 118 matched series. These parameters were chosen because the
set is relatively small and would be unlikely to contain very long matchesssétirthermore, the analysis

is directed to identify not only the correlated, successful, SAR transfer but also the unsuccessful,
uncorrelated SARO]. The CDK2 set gave 2761 suggestions from 618 matched series, based upon MSA
with a minimum seriedength of 3 and a minimum correlation of 0.9. The increase in the correlation
parameter was used to focus only on the consistent SAR between series that would be expected if the
binding poses of different chemotypes were the same.
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Figure 1. Three matcheseries of derivatives in tabular form with a query series from the input data set shown in

the top row and two matching series shown in rows 2 and 3. The query series is ordered from right to left in
increasing activity and the corresponding activities rfdhe matched series derivatives are shown in the

appropriate columns. The colours of the cells are determined by the activity values in each row (red = lowest row

value, yellow = highest row value) to visually emphasise the correlations between the qaed/matched series,
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Figure 2. Stacks of cards representing the different subse compounds within the PPAgRlata set, produced by
manual substructure searching and grouping into stacks. On eatdick the structure of a representative
compound from within the stack and the total number of compounds in the stack are shown. The text label is a
general description of the compounds within of the stack.

The output of each analysis is a dataset of n@mgound suggestions that are predicted to be more
active than the most active in the current matched series and the compounds from the input dataset
which make up that series. In this case, the use of a short series length makes SAR transfer seem a little
like Matsy, and indeed, if the minimum number of observed series for the Matsy methodology was
reduced to 2 then some of the suggested molecules would be derived from both methods. The benefit of
the SAR transfer methodology is that the correlation of @eeies with another does not have to be
perfect before a comparison or suggestion is proposed. Hence only the SAR transfer methodology is
performed in these cases. The interpretation of the resulting output will be covered in the next section.



Results ard Discussion

1) New compound suggestions (missed opportunities & hole filling)

An overview of the MSA output from the analysis of the RR#eRa set is shown in Figure 3(a), where
each compound in the output datset is represented by a cardl[l Linksbetween cards indicate the
matched series in the data set that, in turn, lead to the novel suggested derivatives, resulting in a network
of cards that illustrate the relationships in the data set. The novel compounds are coloured by the different
matched gries that inspired them and the white cards are the compounds (from the original data set)
that make up those matched series. The most striking feature of these results jsetheat in this
representation of a small project data sétere are plenty obpportunities to explore new compounds

that are likely to have improved activity against PBARSsed upon the SAR already gathered by the
project.

Another feature of the output, illustrated in Figure 3(b), is that the correlation in SAR is not constant fo
any particular network and possible reasons for this will be discussed later. One can examine each network
in turn, but here the inspection of three networks will be used as examples of inform#taircould be

gained by a medicinal chemist.

In one sucetwork, shown in Figure 4, several suggested compounds are shown resulting from matched
series comprised of different combinations of 5 input compounds; the matched series of compounds
forming the basis for one of these suggestions is highlighted. B1dhse, the links between all 5
compounds are highlighted, but for some of the suggestions only 3 compounds are used as only those
matching derivatives are found in other chemotypes. The details for the suggestion are shown in Figure
5, where the Ryroupsthat make up the matched series are displayed in ascending order of activity (right
to left) for the two chemotypes involved, the 5 derivatives in the naphthyl series as the top row and the
6 derivatives of the benzothiophene series as the second. Thel fimenzothiophene
cyclopropylmethylether derivative is the most active in this SAR series and is missing from the naphthyl
series; the perfect correlation in the activity order of thegR®ups gives confidence that the
cyclopropylmethylether derivative wiffive an improvement in activity in the naphthyl series.

In this case, a high correlation between these two series would be expected as the thiophene ring has
been used as a phenyl surrogate on many occagiti?js However, it is the easy identification thiese
missed opportunities that makes this analysis method valuable.
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Figure 3. (a2) The MSA outpirom the analysis of the PPARJata set, where each matched series from the input
data is shown as a vertical line of white cards, eampresenting an input compound; the new compound
suggestions (based on the series within the data set that correlate with this matched series) are shown as coloured
cards. Different colours represent different series from which the suggestion was derilfea.network contains

more than one vertical line of white cards this indicates that several matched series have been identified from
subsets of the displayed white cards and the new compound suggestions derived from these different subset
series are givemifferent colours within the network. (b) The MSA output where the card representing each new
compound suggestion is coloured by the maximum correlation of the activity in the matched series to the other
series found in the input data set. The colour ramgs red = low correlation (0.2) to yellow = high correlation (1.0).



Figure 4 A closep view of one of the naworks from the MSA of the PPARJata set, where each compound is
represented by a card on which the-toup that varies in the identification bthe series is shown. The common
scaffold for the series is shown inset. The novel, suggested compounds are coloured by the correlation with the
matched series that inspired them, from red = low correlation (0.2) to yellow = high correlation (1.0), aed th
white cards are the compounds which made up the matched series. By selecting one of the suggestion cards (in
this case the cyclopropylmethyl ether) the links between the white cards, which form the matched series leading
to the suggestion, are highlight
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Figure 5 (a) The benzothiophene and naphthalene scaffolds indicating the point of substitution for the matched
series. (b) An example of perfect SAR transfer between two series, the benzothioplanthe bottom row and

the naphthalene series on the top row. The suggestion of a cyclopropylmethyl ether derivative in the naphthalene
series is based upon the correlated activity of the 5 derivatives in the naphthalene and benzothiophene series
shown inthe table and the improved activity of the cyclopropylmethylether derivative in the benzothiophene
series.

2) Overlay hypotheses

The underlying premise of MSA is that if the activity order seen for a set of derivatives in one chemotype
matches the samseries in a different chemotype then the varyingfups within the series are binding

in highly similar environments. The MSA performed on the set of CDK2 compounds was chosen in order
to illustrate how SAR transfer could help validate existing, or vepose new, binding hypotheses and
overlays between different chemotypes. There are many published structures of this target with co
crystallised derivatives in the RCSB PDB [13] that enables some validation of this approach [14]. Therefore,
in this exampe, we will focus on subetworks resulting from the MSA that contain compounds with
published cecrystal structures and the diagram in Figure 6 illustrates one such network.

Figure 6 has a grey card in the network to indicate that the chloro derivatséden cecrystalised with

CDK2 and the yellow cards are the new suggestions based upon the MSA. In Figure 7(b) the matched series
of diaminopyrimidine derivatives, and those from arlolone series (shown in Figure 7(a)), with which

they correlate, ardisted and the activity increase in aritiolone series suggests that derivatisation of the
aniline aryl in the diaming@yrimidine series would be beneficial. An overlay of the aniline aryl ring with

the indolone fused aryl is possible but would have toceemodate the meta versus para relationship of

the substituents to the aniline nitrogen from the two matched series. A definitive overlay betthesa

two series is nofbvious (see Supporting Information) and without the supporting evidence from-the 2
indolone series it would be unlikely that the SAR series of H, Methyl, Chloro, in the dipynimidine

series would lead to-pyridylmethyl,amido as possiblenext derivative. However, as can seen from



Figure 6 A sulmetwork with an extensive set of suggestions that was created from a MSA of the large CDK2 data
set. Each compound is represented by a card on which thgréup that varies in the identification of the series is
shown and the common scaffolfor the series is shown inset. The novel, suggested compounds are coloured
yellow, reflecting a perfect correlation with the matched series that inspired them; the white and grey cards are
the compounds which made up the matched series. The grey colowead is the chloro derivative from the
diamino-pyrimidine series that has been ecrystallised with the Human CDK2 protein and the coordinates
deposited in the RCSDb (PDB ID: 1HO1 [16])

the crystal structures of the two scaffolds used in this case (seseFitfc)), the overlay implied by this
SAR crossover is confirmed (albeit retrospectivéfydm this overlay it is clear that a larger substituent
would force a rotation about the aniline bond and direct the meta substituent into the same area as that
ocaupied by the pyridylmethyl,amide off the-fosition of the 2indolone, butthe suggested derivative
would have a reasonable chance of being the most active in the diapyinmidine seriesOf course, it
would be necessary to test this hypothesis througl synthesis of additional derivatives in the series.

A similar scenario can be found within the MSA of the RjdAR set. In Figure 8, the selected matched
series of three azetidinone-Bryl derivatives correlate perfectly with the aryl derivativafsa glycine
carbamate series. If one examines the details of this matched series (Figure 9) one sees that the aryl
derivatives in these series are at different ends of the molecules. If one assumes a particular overlay of
these clemotypes that follows a crud2-point pharmacophore of an acid interaction separated from a
hydrophobic interaction by a spacer, then this apparent SAR crossover may appear irrelevant. However,
this is still an assumption and this analysis could stimulate other hypotheses, analogines GK2
example, such as that the two aryl rings are binding in the same part of the protein. This would mean that
the binding mode would have to change when the neighbourhood of the carboxylic acid changes, such
that the hydrophobic end of the glycirmrbamate series could bind in the same space as the azetidinone
N-aryl substituent. The flexibility of the linker therefore might be necessary to allow this and hence
rigidification of the linker might change the SAR around this aryl ring in the glyainemate chemotype.
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Figure 7 (a) The-thdolone and diaminopyrimidine scaffolds indicating the point of substitution for the matched
series. (b) An example of perfect SAR transfer between two series, tied®dlone on the bottom row and the
diaminopyrimidine series on the toprow. The suggestion of a pyridylmethyl,amido derivative in the
diaminopyrimidine series is based upon the correlated activity of thén2lolone derivatives shown in the table.
The use of the much larger sidechain in the diaminopyrimidine series would twe-obvious, based upon the SAR
series of smaller substituents, without the support given by theirtlolone series. (c) An overlay of the crystal
structures with PDB codes 1HO1 (cyan ribbon and carbon atoms) and 1FVT (orange ribbon and carbon atoms)
showingthe inhibitor binding site and the diaminopyrimidine and-ihdolone scaffolds shown in (a). The crystal
structure for the dichloroanilino,diaminopyrimidine derivative has the meta chloro group directed towards and
contacting the Glycine rich loop regiorolivever a larger substituent would force a rotation about the aniline bond
and direct the meta substituent into the same area as that occupied by the pyridylmethyl,amide off tpe&ition

of the 2indolone (indicated by the bromo derivative found in the YA structure [17,18]).
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Figure 8 A close up view of another of thetmerks from the MSA of the PPARIata set that details a series based
around an azetidinone carboxylate. Each compound is represented by a card on which-greup that varies in

the identification of the series is shown and the common scaffold for the series is shown inset. The novel,
suggested compounds are coloured by the correlation with the matched series that inspired them, from red = low
correlation (0.2) to yellow = high correteon (1.0), and the white cards are the compounds which made up the
matched series.
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Figure 9 (a) The glycirearbamate and azetidinonscaffolds indicating the point of substitution for the matched
series. (b) An example of perfect SAR transfer between two series, the azetidinone series (on the top row) and the
glycinecarbamate series (on the bottom row). The suggestion of an isoprajgriivative in the azetidinone series

is based upon the correlated activity of the three derivatives shown in the table. (c) The diaryl sulfonamide and
azetidinone scaffolds indicating the point of substitution for the matched series. However, this sugge&ibased

upon a poor correlation between the activities and given the lack of a reliable overlay (as the diaryl sulphonamides
are unlikely to be acidic) this would lower the priority of this suggestion.
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This use of the SAR transfer methodology to challenge the project assumptions can be a very useful
mechanism to open up new chemotypes or provide fresh thinking within a project.

However given the short matched series and the small differexinghe meaured values, which almost
certainly lie within the variability of the assayie most likely explanatiomf this exampleis one of
coincidence. As stated earljghe basis of MSA is that the SAR of substituents will correlate if they are in
the same binthg environment. This usually means that they are binding in the same binding pocket of a
protein (as shown by the CDK2 example), but indhge,it is likely that the protein surrounding the two

aryl regions at each end of the molecule provides two \&@myilar binding environments, which are
distinct in space but not in character. Therefpitds likely that the azetidinone ddryl ring occupies the
same binding region as the carbamate aryl ring of the glycambamate series (as demonstrated in Figure
10(a)) and the activity order at the oxazole aryl ring happens to match that of the azetidirary: N

The above example is in concordance with the underlying assumption embodied by the Topliss tree
approach to drug design, asmehty’ S R A Vet &t [@]. Ghe&carSnfer the nature of the binding pocket
from a particular activity order for the substituents that are bound witfliherefore,by knowing what

has worked in the past the Toplisee can make suggestions as to what substituents should be an
improvement. The network shown in Figure 8 is effectively an automatic generation of a Toplikkearee
analysis, bilding on the specific, projegelated experience It is also of interesto note that other
chemotypes within this data set have correlating matched series within the network shown in Figure 8
and these thiazolidinedione or benzohydropyran scaffolds do not have a substituent in the aryl binding
area (exemplified in Figure 10JbHence, this may be an area which these chemotypes could explore to
either improve affinity, or allow the removal of other substituents that might be causing issues in these
chemotypes.

(b)

Figure 10 (a) The most likely overlay of the glycioerbamate (shown in grey capped sticks) and azetidinone
(shown in thin green sticks) scaffolds showing the correspondence between the carbamate aryl and-trglN
substituent from the azetidinone. (b) Similar overlays with the thiazolidinedione and bemgdropyran series
(shown in grey sticks) with the glycinearbamate scaffold (shown in thin green sticks) highlighting the opportunity
to expand into the area occupied by the aryl carbaméte
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