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ABSTRACT: Tricyclic tetrahydroquinolines (THQs) have been repeatedly
reported as hits across a diverse range of high-throughput screening (HTS)
campaigns. The activities of these compounds, however, are likely due to
reactive byproducts that interfere with the assay. As a lesser studied class of
pan-assay interference compounds, the mechanism by which fused THQs react
with protein targets remains largely unknown. During HTS follow-up, we
characterized the behavior and stability of several fused tricyclic THQs. We
synthesized key analogues to pinpoint the cyclopentene ring double bond as a
source of reactivity of fused THQs. We found that these compounds degrade in solution under standard laboratory conditions in
days. Importantly, these observations make it likely that fused THQs, which are ubiquitously found within small molecule screening
libraries, are unlikely the intact parent compounds. We urge deprioritization of tricylic THQ hits in HTS follow-up and caution
against the investment of resources to follow-up on these problematic compounds.

1. SIGNIFICANCE
Tricyclic tetrahydroquinolines (THQs) are a family of lesser
studied pan-assay interference compounds (PAINS). These
compounds are found ubiquitously throughout commercial and
academic small molecule screening libraries. Accordingly, they
have been identified as hits in high-throughput screening
campaigns for diverse protein targets. We demonstrate that
fused THQs are reactive when stored in solution under standard
laboratory conditions and caution investigators from investing
additional resource into validating these nuisance compounds.

2. INTRODUCTION
Fused tetrahydroquinolines (THQs) are frequent hitters in hit
discovery campaigns. Pan-assay interference compounds
(PAINS) have been controversial in the recent literature.
While some literature supports these as nuisance compounds,
other papers describe PAINS as potentially valuable leads.1−4

There have been descriptions of many different classes of PAINS
that vary in their frequency of occurrence as hits in the screening
literature. Alkylidene barbiturates and 2-hydroxy-phenyl-
hydrazones (Figure 1) are examples of enriched PAINS
substructures.5 Fused THQs have been identified in multiple
screens (Figure 3), some of which have flagged them as false
positives or frequent hitters.4,6 Although these compounds have
generally good calculated physicochemical properties, no
optimized chemical probes or approved drugs contain the
chemotype. Still, some fused THQs have been evaluated in vivo
and were found to be very poorly behaved as well as demonstrate
suboptimal pharmacokinetic properties.7 The number of papers
that selected this scaffold during hit discovery campaigns from

multiple chemical libraries supports the idea that fused THQs
are frequent hitters. At first glance, these compounds appear to
be valid, optimizable hits, with reasonable physicochemical
properties. Although micromolar and reproducible activity has
been reported for multiple THQ analogues on many protein
targets, hit-to-lead optimization programs aimed at improving
the initial hits (Supporting Information (SI), Table S1) have
resulted in no improvement in potency or no discernible
structure−activity relationships (SAR). We stress the impor-
tance of flagging and/or removing scaffolds fromHTS screening
collections that generate aberrant results to break the cycle of hit
identification and investment of follow-up chemistry on
nonprogressable compounds.
2.1. Many Fused THQ Analogues Are Present in

Chemical Screening Libraries. The fused/tricyclic THQ
scaffold is shown in Figure 1. Analogues have been made with
high chemical diversification at the R1−R5 groups with alkyl,
aryl, halogen, carboxylic acid, ether, ester, nitro, acyl, amide, and
other functional groups. A carboxylic acid is a frequently
observed R5 substituent due to its ease of synthesis. This
diversification of the fused THQ chemotype has led to a
plethora of analogues being included in academic and
commercial small molecule screening libraries. Notably, several
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commercial vendors have screening libraries that include fused
THQs available for purchase. A substructure search in a widely
used chemical compound database (SciFinder) for the generic
structure in Figure 1, where R1−R5 = H yielded over 19 000
compounds bearing the fused THQ core, 15 867 of which were
available for purchase by one or more vendor. A deeper dive into
the results showed that 1456 of these compounds were available
for purchase from more than one vendor. This clearly illustrates
that these compounds are very easy to obtain for confirmatory
experiments, exacerbating the situation and maximizing the
potential expense spent following up on these false leads.
2.2. Few Structures of Protein-Bound Tricyclic THQs

Have Been Solved. A search of the PDB for fused THQs
yielded only four structures for two proteins. The specific search
term queried in the PDB to yield the total answer set of four
structures was “tetrahydro-3H-cyclopenta[c]quinoline”. A sin-
gle peer-reviewed paper described the structure of Shank3
bound to a fused THQ (PDB 3O5N, Figure 2).8 Three

additional PDB structures that do not appear in peer reviewed
literature include THQs bound to carbonic anhydrase 2:6SYS
that contains a tricyclic THQ (Figure 2), and 6SX9 and 6SYB
contain THQs with fully saturated cyclopentane rings. The
atoms that make hydrogen bonds with the target proteins are
highlighted with blue boxes in Figure 2. That both solved
structures of bound fused THQs bear electron-withdrawing
substituents is coincidental and unlikely to confer added stability
to the scaffold. In carbonic anhydrase 2, the primary sulfonamide
provides the key pharmacophore for molecular recognition by
the enzyme.9−12 The following sections reviewmany papers that
have identified fused THQs as hits from high-throughput
campaigns (Figure 3). While their activities are modest (in the
micromolar range), it is striking that additional cocrystal
structures have not been solved.

3. EXAMPLES OF FUSED THQS AS “HITS” ARE
PERVASIVE

Specific examples of screening campaigns that have identified
tricyclic THQs as hits have been collected and grouped below,
organized by the target protein. This arbitrary organization is for
clarity of presentation and simply reflects the biological interests

of those executing the campaign. This is not a comprehensive
collection of all published data on this ubiquitous scaffold but
rather a selection of representative examples from the published
literature. The diversity of protein targets captured below
supports the premise that the fused THQ scaffold does not yield
specific hits for these proteins but that the reported activity is a
result of pan-assay interference. Supporting Information, Table
S1, includes additional details about the tricyclic THQs hits and
screens used to identify them. That so many examples of these
compounds as hits exist in the literature is driven by groups
seeing other respected scientists publishing and patenting
members of this chemical series and interpreting that as support
for pushing these compounds forward in their project. A boom
in interest in HTS coupled with this phenomenon has produced
a steady stream of patents and publications in influential journals
featuring fused THQs. As evidence of this, those compounds
featured in Figure 3 were all published in the period of 2003−
2020.
3.1. Fused THQs Identified in Hit Discovery Efforts for

Mammalian Targets. As shown in Figure 3 and summarized
below, more than 10 different works have included a tricyclic
THQ as a hit. That the targets being pursued were not
structurally homologous or involved in related biological
functions suggests that the activity was unrelated to a conserved
structural fold or motif in the target proteins.

Phosphatases. An HTS campaign using a fragment-based
library identified fused THQs as a class of inhibitors of protein
tyrosine phosphatases, PTPN5, PTPRR, and PTPN7. Com-
pound 1a with X = Y = H (Figure 3), was computationally
docked into PTPRR. Enzymatic inhibition, presented as a
fraction of control (FoC) between 8% and 76% was reported at
100 μM.13

An HTS of 10 000 small molecules from the ChemBridge
PRIME-Collection compound library identified fused THQ
5661118 with X = COOH and Y = H (Figure 3) as a mixed
partial competitive inhibitor of the enzymatic activity of human
Cdc25B (IC50 = 2.5 μM). Despite a central role of Cdc25
phosphatases in cell cycle progression, 5661118 failed to elicit
cell cycle arrest at ≥30 μM. Presented in the PTPN paper that
identified compound 1a is 1c,13 which has the same structure as
5661118. Accordingly, 5661118 demonstrated inhibition of
PTP1B with an IC50 = 6.6 μM14 and 0.3 FoC at 100 μM.13

To find inhibitors of mitogen-activated protein kinase
phosphatase-1 dual-specificity protein phosphatase (MKP-1),
an HTS using the 65 000-member NIH diversity library was
performed at 10 μM. A fluorescence-based assay readout
identified active compounds (≥50% inhibition at 10 μM) and
the assay was employed in dose−response format to select
compounds with IC50 < 50 μM, which were then clustered by
structural similarity. Cluster 7 included several tricyclic THQs
with micromolar potency (4249621, 4263567, and 844096 in
Figure 3).15

Figure 1. Structures of common PAINS and fused/tricyclic THQs.

Figure 2. Structures of cocrystallized tricyclic THQs. Blue boxes
indicate the atoms that make hydrogen bonds with the target proteins.
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An inhibitor of hematopoietic protein tyrosine phosphatase
(HePTP/PTPN7) was identified using an HTS of 112 000
compounds (from the MLSCN library and ChemBridge
DIVERSet) at 20 μM using an assay that employed pNPP as
the substrate. Among the active compounds with IC50 < 10 μM
was a cluster of tricyclic THQs, including 654089 (IC50 = 0.20
μM, Figure 3).16

Virtual screening of 500 000 compounds was used to identify
34 candidate inhibitors of bovine low molecular weight protein
tyrosine phosphatase (lmwPTP). Six of the 34 compounds
selected for evaluation were tricyclic THQs. Experimental
screening in an enzymatic assay with pNPP as the substrate
confirmed nine compounds as competitive inhibitors, including
fused THQ ptp-194 (Figure 3) with Ki = 9.0 μM.17

Figure 3. Structures of tricyclic THQs that are exemplified in the literature as screening hits.
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Kinases. A high-throughput time-resolved fluorescence
energy transfer (TR-FRET) screen was developed to identify
inhibitors of the enzymatic activity of pololike kinase 1 (PLK1).
Following interrogation of a 97 000-member library from the
NIH repository at 10 μM and concentration−response
confirmation, 40 “hit compounds” were identified, seven of
which had IC50 < 1 μM and 20 of which had IC50 = 1−5 μM,
including the THQ 4248049 (Figure 3) with IC50 = 17 μM.18

Screening the Core Library of 9600 compounds from the
Drug Discovery Initiative at the University of Tokyo using a
high-throughput ADP-Glo diacylglycerol kinase (DGK) assay
identified several putative inhibitors of diacylglycerol kinase α
(DGKα). Four compounds demonstrated >20% inhibition at
30−50 μM. Among the hits wasCU-4, a fused THQ (Figure 3).
CU-4 was found to strongly inhibit the α-, δ-, κ-, and ι- isozymes
of DGK at 5 μMand was deprioritized due to a lack of selectivity
for DGKα.19

Receptors. Following an in silico screen of 434 000 drug-like
molecules from the Chemical Diversity Laboratories collection
using a formylpeptide receptor (FPR) homologymodel, a subset
of 4324 compounds were prioritized for screening. Direct
binding to human FPR was assessed via the flow cytometry at 67
μM and then in dose−response format, leading to identification
of 30 hits from nine chemical families with Ki = 1−32 μM. One
of the families contained THQ 2448-0030 (IC50 = 16 μM,
Figure 3), which was further characterized as a FPR antagonist.20

An antagonist of the androgen receptor (AR) was identified
following a structure-based virtual screen of 200 000 compounds
in the Specs database. A total of 32 candidate ligands were
evaluated for antagonistic activity using an AR-dependent
reporter gene assay at a concentration of 10 μM. Three primary
actives were further analyzed in a competitive binding assay
using the AR ligand binding domain. A tricyclic THQ, C18
(Figure 3), was found to bind to the AR with IC50 = 4.0 μM and
inhibit AR transcriptional activity with IC50 = 2.4 μM. An
additional eight tricyclic THQ analogues were prepared, which
displayed IC50 = 0.15−2.4 μM as AR antagonists in the reporter
gene assay.21

Protein−Protein Interactions (PPIs) or Mediators. Com-
pounds capable of disrupting the interface been the RNA-
binding protein La and RNA derived from cyclin D1 mRNA
were identified using a high-throughput fluorescence polar-
ization (FP) assay. The ChemBridge DIVERSet library of
50 000 compounds was screened at 100 μM with >80%
reduction in signal triggering dose−response follow-up. Six
compounds were identified with IC50 = 2.5−50 μM and two,
including fused THQ C6 (Figure 3), were selected for
orthogonal evaluation. C6 was found to impair complex
formation with several RNA partners in electrophoretic mobility
shift assays (EMSAs) at 10−20 μM. Additional tricyclic THQs
were purchased bearing an isobutyl or butyl ester in place of the
ethyl ester of C6 and were found to block La:fD1 interactions at
a similar concentration range.22

Shank3 is a central scaffolding protein that interacts with other
proteins through a PDZ domain. To find small molecules that
bind to the Shank3 domain, a small-molecule FP assay using a
high-affinity peptide was performed. The 17 000-member
ChemBioNet library was screened at a concentration of 10
μM, yielding 13 hits after removal of those with autofluor-
escence. In dose−response follow-up, two compounds demon-
strated an IC50 < 250 μM, including tricyclic THQ 34 (Figure
3). Next, 21 additional analogues were synthesized but only two
demonstrated Ki values <250 μM (17 and 70 μM). One of these

fused THQs was 37 (Figure 3), which is also known as 5661118
and was previously identified as a hit in two of the phosphatase
screens,13,14 and 36 (Figure 3), that was cocrystallized with the
Shank3 PDZ domain (PDB 3O5N).8

The interaction between EED and EZH2 and PRC2
containing EZH2 Y641F, harboring a somatic activating
mutation, was targeted via two independent HTS campaigns
using libraries of synthetic and natural product-derived
compounds from the Chinese National Compound Library.
The PRC2-EZH2 Y641F screen employed a homogeneous
time-resolved fluorescence (HTRF) assay to screen 250 000
compounds at 10 μM, resulting in 162 hits that demonstrated
concentration-dependent inhibition. An FP assay of a different
60 000 compounds at 20 μM resulted in 97 hits for the EZH2-
EED interaction. One fused THQ (WNN1770-D009) that was
identified as an inhibitor of PRC2-EZH2 Y641F was also found
to inhibit WT PRC2-EZH2 and the EZH2-EED interaction,
albeit at higher concentrations. Two tricyclic THQs
(WNN2125-H007 and WNN2074-A009) were found to be
weak EZH2-EED PPI disruptors that also inhibited WT PRC2-
EZH2. Finally, WNN1208-G009 was identified as an inhibitor
of PRC2-EZH2 Y641F that lacked the inhibitory activity onWT
PRC2-EZH2.23

Motility and Transport Proteins. To identify inhibitors of
macrophage migration inhibitory factor (MIF), candidate
binders from the 11 046-member Coelacanth chemical com-
pound library predicted by computational docking were
evaluated for direct binding to MIF by surface plasmon
resonance (SPR). Confirmed binders were analyzed for their
ability to inhibit MIF tautomerase activity, where compound 5
(Figure 3) demonstrated IC50 = 3.4 μM.24

The ATP binding cassette family C2 (ABCC2) is a multidrug
resistance protein family member without known inhibitors, the
inhibition of which could reduce acquired chemotherapy
resistance. Using a vesicular transport assay and two substrates
(EG and CDCF), 432 compounds from the University of
Pittsburgh Center for Chemical Methodologies and Library
Development library were screened at 80 μM. In total, 96
compounds modulated transport, and 53 remained active when
evaluated in dose−response format. Twenty-five of the 96
actives identified in the primary screen were tricyclic THQs. The
authors noted that the THQ scaffold has been identified inmany
other binding assays. Following dose−response studies, 11 fused
THQs (1a, 1c, 1e, 1g, 1h, 1i, 1j, 1k, 1l, 1n, and 1q in Figure 3)
demonstrated an IC50 < 30 μM in at least one assay.25,26

3.2. Tricyclic THQs Identified in Hit Discovery
Campaigns for Nonmammalian Targets. Figure 3 includes
tricyclic THQs from manuscripts and a patent that were
identified as hits for a diverse range of bacterial, parasitic, and
viral proteins. Discovery of these compounds is summarized in
the following sections, and additional details are provided in SI,
Table S1. The recurrent activity of various fused THQs as hits
against a wide range of nonmammalian protein targets is
consistent with their pan-assay interference and echoes the
conclusion that these compounds are not specific for the protein
targets featured in each subsection.

Bacterial Proteins. A structure-based virtual screen was used
to select candidate non-nucleotide inhibitors of the edema factor
(EF) of Bacillus anthracis by docking a library of small molecule
fragments into the EF active site. The NCI-2000 and ZINC
databases were employed in docking studies. The 19 diverse
compounds with the best docking scores were evaluated for their
ability to reduce cAMP secretion induced by EF in cells by
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ELISA. Three compounds from orthogonal chemotypes
demonstrated inhibition at <10 μM. One of these compounds
(DC8, Figure 3) belongs to the tricyclic THQ chemotype.27

A high-throughput fluorescence-based assay was used to
screen the 50 000-member ChemBridge PRIME-Collection
Library at ∼30 μg/mL (50−200 μM) to identify inhibitors of
bacterial DNA adenine methyltransferases (DAM). Fused
THQs were one of five major structural classes of inhibitors
with 20 of the hits based on the chemotype. Hit expansion
yielded another 43 THQs, but these were found to have limited
SAR and lack selectivity for DAM. The most potent DAM
inhibitors from the tricyclic THQs are summarized in Figure 3 as
Class I inhibitors (IC50 = 14−113 μM).28

To find inhibitors of the IspD domain of the IspDF protein
from Helicobacter pylori, more than 103 000 small molecules
fromBASF SEwere profiled at 50 μMusing a photometric assay.
In total, 84 compounds demonstrated IC50 < 10 μM. Twenty-
two compounds that had IC50 = 1−3 μM were prioritized for
further study, including tricyclic THQ compound 27 (Figure 3).
Compound 27 did not show an inhibitory effect when evaluated
by an IspF domain assay using 13C NMR and was found to be
only a weak inhibitor of H. pylori growth.29

A fluorescence-based HTS of 700 000 small molecules for
inhibitors of the bacterial GroEL/GroES-mediated refolding
cycle at 10 μM and then in dose−response format identified 21
compounds with IC50 < 10 μM. Tricyclic THQs 10, 12, 13, and
21 (Figure 3) were among the active inhibitors of GroEL/
GroES refolding. These compounds were only weakly active or
inactive in MDH inhibition and GroEL/GroES ATPase assays.
Compounds that were active in the MDH counter screen were
flagged as nonselective, while compounds that were active in the
ATPase assay were proposed to bind at the ATP-site of these
enzymes.30

To identify inhibitors of N-acetylglucosamine-1-phosphate
uridyltransferase (GlmU) as potentialMyobacterium tuberculosis
agents, structure and ligand based computational models were
developed and used in a virtual screen of a library of 20 000
compounds from the ChemBridge DIVERSet database. A set of
the 125 most active published GlmU inhibitors identified in an
HTS of a 216 000-member library by the MLSCN at 30 μM and
then confirmed via dose−response follow-up (PubChem
Bioassay AID 1376) were used to develop the in silico filters
that were applied to the ChemBridge library. Fused THQ
compound 75 (Figure 3) was included in these 125 but
demonstrated only weak GlmU inhibition. Experimental
screening of the candidates from the in silico screen at 100 μM
resulted in identification of 15 hits that demonstrated >40%
GlmU inhibition, none of which were a fused THQ.31

A patent from Oscient Pharmaceuticals included a series of
tricyclic THQs as potent inhibitors of UDP-N-acetylglucos-
amine enolpyruvyl transferase (MurA) and potential antibacte-
rial agents. These compounds (MurA inhibitors, Figure 3) were
evaluated in dose−response fashion in a MurA enzyme assay.
The most potent THQ analogues were found to demonstrate
inhibition of MurA with an IC50 < 5 μM, but structural details
about these analogues were not disclosed.32

Parasitic and Viral Proteins. An HTS of 13 000 small
molecules at 20 μM was executed to find inhibitors of
Trypanosoma cruzi glucokinase (TcGlcK). The compounds
were assembled from the TimTec Diverse Synthetic andNatural
Derivatives Libraries. This campaign yielded 25 TcGlcK
inhibitors from nine different chemotypes, 13 of which
demonstrated TcGlcK IC50 < 20 μM. Among the 25 TcGlcK

actives was fused THQ GLK7-001 (Figure 3), which
demonstrated 74% TcGlcK inhibition at 20 μM but did not
show confirmatory activity in dose−response follow-up using a
TcGlcK-coupled assay.33

In a similar approach, a high-throughput FP screen was
employed to find GTP-binding inhibitors of the flavivirus NS5
N-terminal capping enzyme. Using an assay for monitoring GTP
binding to the capping enzyme in real time, a pilot screen of 46
000 compounds at 12.5 μg/mL was executed with a secondary
functional assay used for hit validation. The small molecule
library was selected from a compilation of commercially
available libraries at the NERCENational Screening Laboratory.
One fused THQ (5660163, Figure 3) was among the eight hits
identified with Ki < 10 μM.34

3.3. Undisclosed or Unpublished Fused THQs Identi-
fied in Screens for Protein−Protein Disruptors. The
PAINS concept was derived from a series of assays measuring
PPIs.5 Although these assays were performed on undisclosed
targets, an effort was made to summarize the frequent hitters,
which included tricyclic THQs. The TREAT-AD program35

also ran an HTS for a PPI and identified PAINS, including
several fused THQs. Additional details about the fused THQs
identified and screens employed are listed in SI, Table S1. This
section summarizes fused THQs identified in original PAINS
report as well as in a contemporary screen. That tricyclic THQs
were a nuisance during PAINS inception and continue to plague
the research community reinforces that this is not a solved
problem.

Generalized AlphaScreen Assays. Six HTS campaigns were
analyzed to identify PAINS within theWEHI 93KHTS library.5

In general terms, these assays were designed for PPIs between a
GST-protein target and amphipathic helical ligand (3 separate
screens), IL13Rα1-Fc receptor and cytokine IL13, the SH2-
binding domain of SOCS2 and gp130, and the SH2-binding
domain of SOCS3 and gp130. When screened at a single
concentration of 25 or 50 μM, 1−7 tricyclic THQs were
identified as primary hits that demonstrated ≥50% inhibition in
2−6 of the AlphaScreen assays. Compound 12 (WEHI-97605)
in Figure 3 was an example of the problematic fused THQs for
which the authors described follow-up and wasted investment of
resources.5

MSN-CD44. Guided by structural studies, the TREAT-AD
program developed a TR-FRET-based assay that employed the
FERM (four-point-one ezrin radixin moesin) domain of human
moesin (MSN) protein and a CD44 peptide to identify
inhibitors of the PPI between MSN and CD44.36 This assay
was miniaturized for ultra-HTS and a 138 000-member
compound library from Emory University was screened at 20
μM. Primary hits were retested in dose−response using the TR-
FRET assay, resupplied from commercial vendors, and
reconfirmed for activity by TR-FRET. Those 22 hits that
reconfirmed were further evaluated in a chromatography-based
GST-pulldown assay using cell lysate overexpressing full-length
GST-MSN and Venus-Flag-CD44. Three tricyclic THQs
(5662143, 5795566, and 5661118 in Figure 3) demonstrated
disruption of the PPI with IC50 = 3.6−27 μM.37

4. FUSED THQS ARE REACTIVE
The literature has hinted that tricyclic THQs interfere with
assays. Like other PAINS, fused THQs appear to be reasonable,
albeit small structures with a lipophilic surface that can make
hydrophobic interactions and heteroatoms that can engage in
hydrogen bonds. Their potential for protein reactivity is masked
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by these favorable characteristics.4 These discussions simply flag
these compounds as potentially problematic but mostly fail to
suggest a mechanism for the modest (and nonselective) potency
or confirm mechanism(s) by which they might react with a
target protein. As the literature supports that these are not
advanceable compounds, helping to deconvolute this reactivity
has been an aim of ours.
4.1. Mechanism of Reactivity of Fused THQs. While

some PAINS structural classes have more obvious and well-
described assay interference mechanisms, reasons for the
problematic behavior of fused THQs have been left largely
undefined. They are not highly colored, excluding photometric
interference, sometimes called an “inner filter effect”, as the
predominant driver of their problematic behavior. The relevant
mechanism of assay interference for fused THQs has been
suggested to hinge on the presence of an alkene activated toward
nucleophilic attack.5 It has also been proposed that fused THQs
could be oxidized in DMSO screening samples to form traces of

quinoid-like structures, which would then interfere in an assay
and yield false positive results.4,6 Another report discusses that
while an original fused THQ sample in solution remained active,
the resynthesized compound was inactive. The group
hypothesized that the activity was due to traces of the
intermediate diaryl imine formed during synthesis, which was
stable in a DMSO solution and would find lipophilic protein
pockets with which to react. The mildly electrophilic nature was
suggested to make it refractory to isolation via reverse phase
chromatography.4 Finally, there is a possibility that retro-
synthetic degradation may occur in the screening sample, a
process that could be promoted by trace amounts of residual
acid remaining after purification.4 While many proposed
mechanisms could potentially contribute to the observed
reactivity of fused THQs, that a reactive structure different
from the original fused THQ is present in stock solutions is a
uniting theme of this discussion.

Scheme 1. Synthetic Route to Remake and Diversify Fused THQ 5661118

Figure 4. Fused THQs decompose in solution. (A) Analogue 1 dissolved in DMSO-d6 and kept in the light for 72 h. (1) 25 mg and (2) 5 mg
decomposed and changed color (purple), while the sample in DMSO-d6 that was kept in the dark for 72 h remained a clear solution ((3) 5 mg). (B)
Analysis of a solution of 1 dissolved in (4) CDCl3 and (5)DMSO-d6 for 48 and 120 h at ambient temperature in the light via thin layer chromatography
analysis (eluent: 20% ethyl acetate/80% hexane). Sample (6) was stored in anNMR tube wrapped in foil and exposed to light only from the top for 120
h. (C) The structures of 1 and potential structures of the decomposition product (1a and 1b). (D) LCMS data collected from a discolored solution of 1
(from A), indicating the mass observed for the decomposition material (312 m/z).
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4.2. Tricyclic THQs Decompose in Solution. To enable
hit confirmation in the TREAT-AD MSN/CD44 screening
campaign, fused THQs 5662143, 5795566, and 5661118
(Figure 3) were resynthesized and a few analogues were also
prepared. The synthetic scheme for analogues of 5661118 is
shown in Scheme 1. Discoloration of solutions prepared for
NMR analyses in DMSO-d6 or CDCl3 was noted for both 1 and
5661118 after sitting at ambient temperature for 72 h (Figure
4A, samples (1) and (2) are 1 in DMSO-d6). The same
discoloration was observed when a solution of 5661118 in
DMSO (10 mM) was prepared for the biological evaluation. A
sample of 5661118 (Figure 3) purchased from Aurum
Pharmatech (catalogue number GN37789) and 5795566
(Figure 3) purchased from Vitas-M Laboratory (catalogue
number STK880452) demonstrated similar discoloration when
dissolved in DMSO. Interestingly, when a solution prepared for
NMR analysis in DMSO-d6 was kept in the dark at ambient
temperature for 72 h, the solution remained clear ((3) in Figure
4A). A color difference when samples were kept in the dark was
serendipitously discovered when an NMR sample was stored in
a foil lined container. Compared to the benchtop compound
((5) in Figure 4B), this foil-wrapped sample only experienced
partial exposure to light at the top of the NMR tube ((6) in
Figure 4B). This disparity between solutions kept in the dark

versus those exposed to light revealed that one decomposition
mechanism was light-catalyzed.

Thin layer chromatography (TLC) of the discolored solution
of 1 revealed the decomposition of the parent compound into
multiple other compounds over time (Figure 4B). Streaking and
tailing of diacid 5661118 on the TLC plate precluded a similar
analysis of this compound. The separation of 1 and its
breakdown products by silica gel column chromatography
allowed the isolation of the major decomposition product (SI,
Figure S1).

Further analyses of the discolored solutions were carried out
via multiple methods. First, the discolored solution ((1) in
Figure 4A) was analyzed via mass spectrometry. As shown in
Figure 4D, the predominant mass in the solution was not diester
1. Instead, a slightly lower mass of 312 m/z was observed.
Potential decomposition products 1a and 1b in Figure 4C were
suggested based on the observed mass. While we have elected to
draw 1b with specific double bond orientations, it is worth
noting that this compound can exist as many different tautomers
in which the double bonds within the cyclopentadiene ring are
moved around with the five- and adjoining six-membered ring
systems (SI, Figure S2). The conjugation of some of these
potential alternative structures could confer additional stability
versus the form drawn in Figure 4C. The discolored and clear

Figure 5. 1H NMR spectra of 1 in various states of decomposition. (A) 1H NMR spectrum of 5 mg of 1 in DMSO-d6 after 72 h in the dark. (B) 1H
NMR spectrum of 5 mg of 1 in DMSO-d6 after 72 h in the light (benchtop indoors), showing decomposition. (C) 1H NMR spectrum of 25 mg of 1 in
DMSO-d6 after 72 h in the light (benchtop indoors), showing decomposition. (D) 1H NMR spectrum of 5 mg of 1 in CDCl3 after 120 h in the light
(benchtop indoors).
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solutions ((2) and (3) in Figure 4A, respectively) were also
analyzed via 1H NMR. As shown in Figure 5, the 1H NMR
spectrum of the sample kept in the dark for 72 h ((3), Figure 5A)
differed from the 1H NMR spectra of the samples kept in the
light at ambient temperature ((2) in Figure 5B and (1) in Figure
5C) and new peaks had emerged, especially downfield in the
aromatic region (∼6−13 ppm). Despite the additional lower Rf
spots observed on the TLC plate in CDCl3 ((4) in Figure 4B),
1H NMR analysis of samples kept in CDCl3 for 120 h in light
showed no significant changes in the spectra. An 1H NMR
spectrum as well as TLC and LCMS analysis of a small amount
of the isolated decomposition product of 1 (SI, Figure S1)
revealed that it was a very different chemical structure from the
parent fused THQ.
4.3. A Saturated Analogue Lacks Activity and

Reactivity. Structural modifications were made to ascertain
the part of the tricyclic THQ system that contributed to its
decomposition. The double bond in the cyclopentene ring was
reduced to yield THQs 2 and 3 (Scheme 1). No discoloration
was observed when these compounds were dissolved in DMSO,
even after 5 days at ambient temperature. When evaluated in an
MSN/CD44 TR-FRET assay (SI, Figure S3) these saturated
analogues were inactive (3, Figure 6). Parent compound
5661118 was evaluated in parallel (Figure 6). By comparing
the data for 5661118 and 3, it was concluded that the double
bond in the cyclopentene ring was at least partially responsible
for the promiscuous activity of 5661118 as well as its propensity
to decompose in solution. It is likely that other unsaturated
tricyclic THQs also undergo oxidative decomposition in
solution, which accounts for their pan-assay interference (Figure
3).
A few variables were considered when analyzing the TR-

FRET data. The assay buffer contained 25 mM HEPES at pH
7.5, 0.05% 150 mMNaCl, Tween-20, and 1 mMDTT. Presence
of nonionic detergent Tween-20 should have reduced the
propensity for both the compound and protein to aggregate. The
reducing agent DTT should have suppressed oxidative
decomposition of the compound in the assay (but not prior to
testing) and limit protein aggregation via preventing disulfide

formation. The high Hill coefficient of 3.4 for diacid 5661118
was indicative of a nonstandard dose−response curve, which
might be a result of compound aggregation, a nonspecific
mechanism of inhibition, or direct interference with the assay
readout.38,39 Our evidence-based exercise bolsters the few
reports in the literature of fused THQs as PAINS. That a
saturated analogue (3) does not manifest the same reactivity as
its unsaturated congener (5661118) points to it being a more
stable structure. The saturated structure of 3 lacks a double bond
that can be oxidized and cannot retrosynthetically degrade to
reactive precursors. Compound 3 was also isolated via filtration
via Celite, and the contaminating impurities could have been
removed. While a clear answer on the mechanism(s) that drive
the reactivity of tricyclic THQs has not been defined, at least one
part of the scaffold that contributes to its assay interference has
been identified and characterized.

5. PERSPECTIVES
In reviewing the body of literature around fused THQs, we
observed that these compounds are members of multiple large
screening libraries employed in HTS and other small molecule
screening campaigns. While it might be more widely known that
a large HTS will unearth nuisance, nonspecific compounds,4 it is
worth noting the fact that small HTS decks (<10 000
compounds) also face this problem. Based on our research,
this is true in both physical and virtual screens. Because
screening of smaller HTS sets typically yields fewer potential
hits, PAINS have a higher probability of being prioritized for
follow-up as part of these studies. Overall, the fact that tricyclic
THQs are so ubiquitous in academic and commercial screening
libraries makes it difficult to purge them from so many
compound collections.

When considering the assay readouts employed in these many
divergent assays, we found spectrophotometric (absorbance/
fluorescence) to be the most popular.5,8,13−15,17,18,20−30,32−34,37

Colorimetric16,31 and chemiluminescent19 readouts were also
exemplified. Finally, orthogonal assays, including SPR24 and
radiochemical,25,26 have been used in combination with these
other methods as part of either filtering or confirmatory

Figure 6. TR-FRET assay results for (A) 5661118 and (B) saturated analogue 3.

Figure 7. Structures of specific tricyclic THQs that are hits in the multiple discussed screens.
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experiments. The fact that so many different assays have
identified these compounds as hits implies that their discovery is
not linked to a specific readout. Although we have not discussed
phenotypic screens herein, we believe they are no different from
the types of screens described in that if a tricyclic THQ “hits”, it
is not worth following up.
Next, we looked at the hits more closely. As shown in Figure 7,

certain fused THQs were found by multiple groups in their hit
list. Compounds in Figure 7 are labeled by their ChemBridge
identifiers and/or CAS registry numbers, and the number of
publications that we reviewed that had them shown is listed
under each. 5661118 was most frequently identified, including
by our group, but also in assays for human phosphatases,13,14

Shank3,8 the PRC2-EZH2 interaction,23 and bacterial DNA
adenine methyltransferases (DAM).28 This compound is also
covered by multiple commercial patents for a variety of
applications, including MIP-1α, RANTES, MASP-2, CNKSR1,
and Pin1.6,40−42 5654172, 5654435, and 4141340 were
identified as hits for multiple phosphatases13,14,16 in addition
to other targets (DAM for 5654172 and 565443528 andMIF for
5654172).24 Compound 5660163 was found to be an active
compound for multiple nonhuman targets.33,34 Finally, in our
MSN-based study, we found a compound (353484-24-9) that
was also exemplified in a targeted screen for the PRC2-EZH2
interaction.23 The repeated inclusion of the same structures as
hits from multiple screens supports how common these
compounds are in screening sets from different sources, their
promiscuity in binding to divergent protein targets, and their
exclusion from hit-to-lead optimization campaigns.
Resources have been invested in diversifying these scaffolds,

either through purchase or synthetic efforts. To try to determine
whether a hit is truly a hit and to provide confidence that it is a
series worth working on, there are two questions worth
considering here for the fused THQs. The first question is
whether the compounds in question demonstrate selectivity
within a target class. The second question is whether analogues
within the series show demonstrable and robust structure−
activity relationships (SAR) for a single target. For many of the
THQ publications, analysis of the data generated when multiple
THQ analogues were tested against different enzymes within a
family or protein class often demonstrated that no selectivity was
observed.13,14,22,23 This points to these compounds being
indiscriminate binders. The papers that took advantage of
cross-screening within a target class often profiled overlapping
targets, such as PTP1B13,14 and PTPN713,16 by groups
interested in phosphatase inhibitors. For another phosphatase,
several MKP-1 inhibitors that were discovered in the HTS were
members of structural classes or shared a pharmacophore with
previously reported MKP-1 or other phosphatases. This overlap
was viewed favorably as validating the screening assay.15 An
alternative viewpoint is that these compounds are promiscuous
and bind to many protein targets, making them artifacts rather
than assay confirmatory.
In response to the second question, when THQ analogues

were prepared and tested against the intended target, they most
often did not demonstrate compelling and robust SAR over a
broad potency range. Structurally related analogues are either of
similar potency or completely inactive.13,14,21,28 This lack of SAR
is also captured in Figure 3, where multiple analogues
demonstrate similar activities for a single target, and with a
few exceptions, the potency across the entire spectrum of
compounds hovers between 2 and 20 μM.

Potential mechanisms of fused THQ reactivity have been
refuted, and others confirmed. Tricyclic THQs are unstable in
solution, and part of their decomposition mechanism is
mediated by light. Based on reduction of the double bond in
the cyclopentene of fused THQs eliminating decomposition as
well as activity of the resulting analogue, it is reasonable to
conclude that this position is at least partially responsible for the
reactivity of this compound class. It remains a possibility,
however, that a reactive imine intermediate that is present when
these compounds are synthesized or retrosynthetically formed
and present in solution is partially responsible for their reactivity.
This further supports the need to remove fused THQs from
screening collections. Because vendors will continue to supply
the compounds if there are buyers, the onus is on scientists to
recognize and deprioritize these PAINS.

PAINS are difficult to confirm as bad actors. Development of
methods such as ALARM NMR, an assay developed by Abbott
to detect protein-reactive frequent hitters, has enabled
pharmaceutical companies to cull their HTS collections.
Academic laboratories, however, remain prone to identification
of these nonprogressable compounds.4 Assay interference filters
that recognized and flag PAINS based on structural motifs have
been adopted by some groups, but they are also not perfect
because not all potentially reactive structural motifs will be
flagged.4,5 Stringent use of these filters can result in reduced
chemical diversity but should leave only potentially progressable
compounds, and this is a price worth paying. These methods
could become more widely adopted to reduce the level of
advancement of PAINS in hit-to-lead optimization campaigns.
In the absence of such strategies being implemented, efforts such
as this one to clean up the literature and increase awareness of
classes of PAINS are especially important.

6. CONCLUDING REMARKS
It is troublesome that tricyclic THQs are prevalent in the
literature as hit compounds for a diverse portfolio of targets.
While there are a handful of examples of the confirmation of
binding by X-ray crystallography, these structures have been the
exception to the rule. Our review and evidence-based experi-
ments solidify the idea that tricyclic THQs are nuisance
compounds that cause pan-assay interference in the majority of
screens rather than privileged structures worthy of chemical
optimization. Their widespreadmicromolar activities on a broad
range of proteins with diverse assay readouts support our
assertion that they are unlikely to be valid hits. Notably,
unsaturated tricyclic THQs undergo rapid oxidative decom-
position in DMSO solution, while the corresponding saturated
analogues are stable but lack biological activity. We built upon
the already published notion that fused THQs are problematic,
and we provided additional data to reinforce the message that
these compounds should be avoided.

Fused THQ analogues are present in many screening libraries
and readily available for purchase from a plethora of vendors.
That the compounds in these screening decks are typically
stored as DMSO stock solutions with no special handling to
avoid light and in the presence of oxygen could accelerate their
decomposition pathways. The compounds thought to be
tricyclic THQs in solution have likely decomposed over time,
and any observed activity is unlikely to be due to the original
compound structures. It is unclear whether routine QC has
detected the decomposition of these fused THQs, because so
many examples remain in commercial screening libraries. The
formation of many different decomposition products coupled
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with difficulties associated with isolation has complicated the
exact assignment of what is being formed. It is clear, however,
that the starting fused THQ is not the only small molecule in
solution and the heterogeneous stock solution contains reactive
species.
In conclusion, we caution the scientific community against

investing in resource screening of tricyclic THQs or follow-up of
putative hits. By providing this survey of the scientific literature
as well as evidence of the decomposition of DMSO solutions of
unsaturated THQs, we hope that others will becomemore aware
of this problematic class of pan-assay interfering compounds. It
is tragic to continue to watch groups invest time and resources in
dead-end hit-to-lead campaigns, and the medicinal chemistry
community will benefit everyone if the cycle stops.
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