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ABSTRACT: Screening of the relatively new target class, the lysine
and arginine methyltransferases (MTases), presents unique
challenges in the identification and confirmation of active chemical
matter. Examination of high throughput screening data generated
using Scintillation Proximity Assay (SPA) format for a number of
protein MTase targets reveals sensitivity to both the known pan
assay interference compounds (PAINS) and also other scaffolds not currently precedented as assay interferers. We find that, in
general, true actives show significant selectivity within the MTase family. With the exception of slight modifications of SAM-like
compounds, scaffolds that are observed frequently in multiple MTase assays should be viewed with caution and should be
carefully validated before following up.

KEYWORDS: Methyltransferase, epigenetics, PAINS, promiscuity, HTS

The protein methyltransferase (MTase) gene family has
emerged in the last several years as a target class of

interest for drug development across multiple therapeutic areas.
Chemical probes for target validation of both lysine and
arginine MTases have been reported by the Structural
Genomics Consortium (SGC),1 and pharmaceutical companies
have entered the clinic with inhibitors of the lysine MTases,
EZH2 and DOT1L, for treatment of hematologic cancers.2−5

To identify starting points, pharmaceutical companies have
reached into their archives in high throughput screening (HTS)
campaigns of compound sets ranging from 150,000 to 2.4
million.6−8 However, the triage of the screen output is
complicated by several factors. First, the growing appreciation9

of the false positives due to promiscuous PAINS-type structures
is highly relevant to this target class.10 Indeed, many molecules
that have been reported as inhibitors of MTases have been
revealed as PAINS or promiscuous compounds due to their
functionality.11 Second, as a relatively new area, there are few
well-characterized “privileged” chemotypes that can reliably
translate activity from target to target. While analogues of the
cofactor, S-adenosylmethionine (SAM), have been reported,12

the high polarity and resultant poor permeability of this
adenosine chemotype may limit its utility in target validation
using cell-based assays, although the DOT1L inhibitor, E-
5676,5 clearly demonstrates that this can be overcome. For
substrate competitive inhibition, the quinazolines associated
with G9a13 and SETD814 and the methyllysine channel moiety
found on PRMT inhibitors15,16 are notable exceptions. As a
consequence, likely “true” actives are not easily recognized
based solely on biochemical activity, but require additional
confirmation in orthogonal binding assays and/or biochemical
mechanism of action (MoA) studies.

Our own experiences with MTases led us to try to find rapid
methods to eliminate false positives from the screens. In
addition to removing compounds from consideration because
they contain recognized PAINS chemotypes or impurities, we
began to see structural motifs appear repeatedly in screens,
which raised several questions: was this due to true chemical
homology and features that caused the MTases to have
particular affinity for them or was this an artifact associated with
the method used for screening?
To answer these questions, we collated HTS data from eight

protein MTase assays: EZH2 (w.t.), EZH2 (A677G), EZH2
(Y641N), PRMT5, PRMT6, SUV420H1, SMYD2, and SETD8,
all of which were screened in Scintillation Proximity Assay
(SPA) format. To better separate assay specific versus target
specific chemotypes, we also included HTS data from five non-
MTase assays using SPA format in this analysis (Table 1).
Because these 13 assays were screened over a period of several
years with different compound sets, very few compounds have
been screened across all of them (Figure S1). Nonetheless,
there is overlap by chemotypes if not exact structures, and the
physicochemical properties of compounds screened in different
assays are generally comparable as well (Table S1).
As illustrated by others,6 identifying a potent MTase

inhibitor from diversity screening is extremely challenging
perhaps because most compound collections are biased toward
the targets worked on before, making it less likely that highly
potent compounds will be found in an HTS. To overcome such
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issues, most HTS campaigns against protein MTases were
conducted at high micromolar ligand concentration, while a
relatively low inhibition cutoff was used for hit follow up.7,8 For
example, Constellation Pharma screened at a concentration of
10−80 μM and followed up compounds with inhibition as low
as 35%.6 GSK used 31−34% as primary hit criteria when
screening at 10 μM.8 We too opted for this more inclusive
strategy in our internal screens. While such efforts can prevent
one from missing weaker actives; it pushes the limit of the
screening technology and will inevitably bring in more false
positives. Out of the eight MTase assays, three EZH2 assays
and the SMYD2 assay showed relatively low hit rate, and while
the hit rate of PRMT5, PRMT6, SETD8, and SUV420H1
screening is somewhat higher (Table 1), these rates are
generally lower than for the PDE and NHR targets that were
screened by the SPA format. In the 13 assays, 25,003 unique
compounds are active (>50% inhibition) in at least one assay.
Out of them, 285 compounds are active in at least four assays,
which we defined as frequent hitters (Figure 1).

The reason a compound becomes a frequent hitter may vary
from privileged scaffold, assay/target interfering, or genuine
promiscuous behavior. Here we leveraged historical data from
assays spanning multiple therapeutic areas and formats to
further investigate the 285 compounds. All of the 285
compounds have been tested in at least 45 different assays,
and 66% of them have been tested more than 300 times (Table
S2). Of these, 193 (68%) compounds displayed promiscuous
behavior by hitting proteins within four or more gene families
or by being active in more than 60 individual assays.17

Compounds displaying general promiscuity can be reactive
compounds, aggregators, or contain impurities.10,17 Table 2 lists

three examples. Some general promiscuous compounds could
be identified using rules such as PAINS. Compound 5721908
belongs to the PAINS class anil_di_alk_B.10 Compound
1913060, despite passing the PAINS filter, has an anthranilic
acid moiety that exists in several existing PAINS rules. Further
analysis around such scaffolds may serve as useful additions to
the PAINS filter.

Among the compounds that did not display a general
promiscuous behavior from Lilly historical data, we found 79
(28%) compounds to be active in three or more MTase assays.
Out of them, nine compounds are also active in at least one
nonepigenetic assay. Such promiscuity could be attributed to
nonspecific interference with the SPA assay format. Seventy
compounds are only active in MTase assays, while either
inactive or not tested in nonepigenetic assays and were
analyzed in greater detail. For example, compound 1647171
was active in four MTase assays (EZH2(w.t.), EZH2(A677G),
PRMT6, SUV420H1) and inactive in three non-MTase assays.
This structural class could inhibit MTases in a nonspecific
manner or could indeed contain a privileged chemotype to the
targets. Finally, 13 compounds are only active in the PDE
assays while inactive in the MTase assays. Compound 9857583
was active in all four PDE assays tested. It contains pyrazolo-
pyrimidone, a privileged PDE scaffold that was further
developed into a potent and selective PDE9 inhibitor.18

We also investigated whether PAINS substructures10

originally derived from Alphascreen assays were active in

Table 1. Hit Rates of MTase and Non-MTase Assays

assayb conc. (μM) # screened hit ratea

EZH2(w.t.) 50 63,026 0.22% (0.84%)
EZH2(A677G) 50 61,349 0.16% (0.70%)
EZH2(Y641N) 50 54,948 0.25% (1.25%)
PRMT5 30 110,347 0.79% (2.46%)
PRMT6 50 9,977 0.61% (1.19%)
SETD8 10 158,178 0.96% (2.72%)
SUV420H1 30−50 16,923 0.64% (1.46%)
SMYD2 60 103,230 0.23% (0.97%)
NHR A 25 66,925 0.81% (3.03%)
PDE A 20 85,613 0.22% (0.93%)
PDE B 20 49,688 1.47% (7.83%)
PDE C 20 85,613 3.12% (13.17%)
PDE D 20 66,429 1.40% (5.02%)

aHits are defined as compounds with % inhibition more than 80%
(50% in parentheses) in a single-point screening. bMTase assays are
listed in bold text.

Figure 1. Classifications of frequent hitters.

Table 2. Examples of Frequent Hitters and Their
Classification
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these protein MTase assays in SPA format. In our hands,
compounds containing PAINS substructures indeed showed
greater active rates in the screening than non-PAINS
compounds. Across all 13 assays, compounds with PAINS
substructures in general have a ∼2× higher hit rate (6.38%)
than non-PAINS compounds (3.27%). This finding suggested
at least certain PAINS substructures are promiscuous in an
assay independent manner and not limited to the AlphaScreen
technology originally used to define the substructures. Shown
in Table S3 are the top 11 PAINS substructures that tested ≥30
times with a hit rate of ≥20%. Interestingly, certain PAINS
rules like azo_A and hzone_phenol_B are also seen in a recent
analysis using AstraZeneca internal HTS data.19

To further understand the impact of PAINS mechanisms in
MTase assays, we tested ∼20,000 compounds from our
diversity collection and 52 PAINS compounds in nine Cerep
filter binding (FB) protein MTase assays. We then plotted the
hit rate of the diversity library vs the hit rate of the PAINs
compounds (Figure 2), with each MTase target represented as

a dot. Similar to our in-house experience, Cerep MTase assays
are also highly sensitive to PAINS compounds, with hit rates as
high as 43%. This again illustrates the nuisance behavior of
PAINS compounds beyond a specific assay format. We
observed a very strong correlation between the hit rate in our
diversity library and PAINS compounds, with a Spearman Rho
of 0.86 (Figure 2), suggesting that testing PAINS compounds
can serve as an efficient way to forecast MTase assay
performance and potential assay interference in HTS. The
reasons for this correlation are not fully clear. However, it could
be that the PAINS compounds indeed find weakly ligandable
pockets or possess recognition elements at rates that are
correlated to the more diverse structures. Alternatively, while
the screen set was designed to remove PAINS chemotypes, it is
possible that additional PAINS structures, in particular those

yet to be described in literature, remain in the screening deck.
In fact, the authors of the original PAINS rules note that the
rules were refined to precisely define the subgroups most
responsible for assay interference with the highest possible
enrichment value. Additional PAINS compounds will inevitably
exist.20 A third explanation is that there are “PAIN-ful” MTase-
specific chemotypes, and we sought to examine this possibility
more closely.
To compare to the selectivity profile of HTS screen actives,

we collated a list of confirmed MTase inhibitors, which includes
literature actives and a set of SAR compounds from internal
medchem campaigns. These compounds were profiled in a
panel of 11 MTase FB assays at Cerep. The heatmap in Figure
3 shows that with very few exceptions, compounds from target-

specific projects tend to be highly selective. This includes a list
of SAM-competitive analogues that contained the adenosyl
moiety and were “SAM-like” yet were highly selective for the
SAM pocket of their designed target.5,11,21−23 In addition, other
SAM-competitive molecules of chemotypes such as the EZH2
inhibitors EPZ6438, GSK126, and UNC199924 (all containing
a pyridone warhead) or tetramethylpiperidines reported by

Figure 2. Hit rate correlation between diversity screening set and
PAINS compounds in nine different MTase assays.

Figure 3. Selectivity profile of confirmed MTase inhibitors profiled in
11 Cerep MTase assays. These compounds included are literature
actives and a set of project compounds with sub-μM activity. The
heatmap is colored by compound IC50 in the corresponding assay.
Empty values are shown in gray.
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Constellation Pharma25 did not demonstrate notable cross-
reactivity. Peptide competitive scaffolds such as the quinazoline
UNC063813 also tended to a high level of selectivity. While it
could be argued that the selectivity of these compounds was
achieved through careful design, it is interesting to note that
these selectivity patterns tend to be true of early SAR examples
for which selectivity was not the primary focus. In contrast, the
screen actives tended to hit against multiple targets, although
the threshold for activity was raised to account for their low
affinity relative to the focused compounds. This observation
pointed to a need to dig deeper into whether the actives could
indeed point to privileged chemotypes for these MTases, in a
manner similar to the pan-gene family activity of some kinase
inhibitors.26 Thus, we turned our attention to the compounds
that appeared to be specific for MTases and not the PDE or
NHR targets.
After eliminating PAINS and impure compounds whose

contaminants potentially gave rise to the activity signal, a
scaffold analysis demonstrated that there were indeed chemo-
types that showed >50% activity across multiple MTases but in
none of the five PDE and NHR targets, suggesting gene-family
specific activity. Representative examples are shown in Table 3.

While actives could be confirmed through biochemical MoA
studies to provide a SAM or substrate competitive MoA,
subsequent biophysical methods such as isothermal calorimetry
(ITC) or hydrogen−deuterium exchange (HDX), or attempts
at SAR expansion, either in parallel or in serial execution,
generally resulted in an inability to demonstrate binding or SAR
trajectory.
Several examples in the 4-aminoquinoline series (Table 3,

row 2) were identified as SETD8 primary hits with IC50 values
in the sub-micromolar to low micromolar range. This activity
was confirmed in dose response from purified or resynthesized
materials. Furthermore, several examples in this SAR were
shown to be peptide competitive in substrate MoA studies
using MS detection. However, this scaffold gave an inconsistent
profile against an orthogonal set of biophysical tools and
suggests that the SPA binding activity was a false SAR. For
example, no heat could be detected in ITC experiments using
either a truncated, SET-domain clone that was biochemically
competent or using the same full length construct used in the
biochemical screen. That is in contrast to similar experiments

using either UNC037914 or peptide substrate H4K15−25
wherein high quality data sets were collected and accurate Kd
values could be derived. We also attempted a similar series of
experiments employing HDX and again observed no protection
to exchange with a key member of this series. As with the ITC,
the experimental method was validated with UNC0379 wherein
protection was observed and mapped back to residues in the
peptide pocket. Ultimately, a focused chemistry effort was
initiated and resulted in a flat SAR against the biochemical assay
and the same inconsistent activity profile in the biophysical
assay systems.
Similarly, the quinoline scaffold was identified in screening

for EZH2, with the most active example demonstrating an IC50
of 20 μM and a SAM-competitive MoA. However, additional
examples drawn from our collection or specifically prepared as
part of a hit assessment exercise showed no improvement in
potency or LE, and the MoA was not retained. The scaffold was
subsequently deprioritized as a likely false positive.
Thus, hit identification through HTS of MTases requires

special considerations both to identify the initial hits and to
confirm that they are acting through interactions that will allow
for SAR/SPR optimization. Our experience with this data set
suggests that despite sequence and active site homology in the
gene family, there is limited cross-reactivity of ligands in the
catalytic domains of these proteins. With the exception of slight
modifications of SAM-like compounds, scaffolds that are
observed frequently in multiple MTase assays should be viewed
with caution. False positives can often be attributed to PAINS
mechanisms, but may also reflect the highly charged nature of
the surface of these proteins, whose native substrates include
polar residues on histones wrapped by DNA. Therefore, weak
electrostatic interactions result in modest affinity that does not
translate into true SAR. The inability to optimize potency then
leads one to conclude that, while the active was validated
through retest or MoA studies, it is not bound to a truly
druggable pocket and that minor changes in structure disrupt
its weak interactions with the protein. Based on our experience,
biophysical methods provide an efficient way to detect these
compounds. However, it is worth noting that no single
biophysical method is 100% reliable at identifying and triaging
false positives. A screening hit is regarded as a viable starting
point only if there are consistent evidence across multiple
biochemical and biophysical methods. A scaffold analysis across
multiple targets can help identify suspect structures, and
common themes do emerge. We hope that sharing our learning
from this challenging target class highlights the need for robust
confirmation of actives with flow schemes that include
confirmation of binding through biophysical or other
orthogonal methods to avoid wasting further resources on
likely false positives.
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