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Abstract

High-throughput screening (HTS) was employed to discover APOBEC3G inhibitors and multiple 

2-furylquinolines (e.g., 1) were found. Dose-response assays with 1 from the HTS sample, as well 

as commercial material, yielded similar confirmatory results. Interestingly, freshly synthesized and 

DMSO-solubilized 1 was inactive. Repeated screening of the DMSO aliquot of synthesized 1 
revealed increasing APOBEC3G inhibitory activity with age, suggesting 1 decomposes into an 

active inhibitor. Laboratory aging of 1 followed by analysis revealed that 1 undergoes oxidative 

decomposition in air, resulting from a [4+2] cycloaddition between the furan of 1 and 1O2. The 

resulting endoperoxide then undergoes additional transformations, highlighted by Baeyer-Villager 

rearrangements, to deliver lactam, carboxylic acid, and aldehyde products. The endoperoxide also 

undergoes hydrolytic opening followed by further transformations to a bis-enone. Eight 

structurally related analogues from HTS libraries were similarly reactive. This study constitutes a 

cautionary to validate 2-furylquinolines for structure and stability prior to chemical optimization 

campaigns.

1. Introduction

The translation of high-throughput screening (HTS) hits to mechanistic probes and lead 

molecules for drug discovery is often plagued by false positives: compounds that exhibit the 

desired assay outcome though not as a result of specific interaction with the intended 

biological target.1 In 2007, Inglese, Shamu & Guy recommended guidelines for reporting 

HTS-identified small molecules after recognizing the absence of standards for publishing 

such discoveries.2 Included in this commentary is caution for scientists employing HTS to 
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structurally validate their identified small molecules prior to publication, as false positives 

can not only result in inaccurate data reporting, but their characterization and elimination 

can burden a drug discovery campaign.2,3

Annotations of chemical libraries to identify scaffolds prone to hit in unrelated assays have 

been performed in recent years. These offending compounds, termed Pan Assay Interference 

Scaffolds or PAINS, result as a consequence of the physical and chemical properties of the 

small molecule and/or its interactions with certain components of the HTS assay.4-7 False 

positives can arise through various mechanisms including colloidal aggregation, 

compromised chemical integrity, or inherent reactivity of the small molecule; in addition to 

organic and/or inorganic impurities in the compound stock solution.8-14 Maintaining the 

chemical integrity of small molecule libraries as dimethylsulfoxide (DMSO) stock solutions 

upon long-term storage and freeze/thaw cycles remains a fundamental concern.15-17 It is 

known that a percentage of HTS library members decompose when stored in DMSO, which 

is the most common solvent employed.9 A number of decomposition mechanisms are 

possible, such as hydrolysis, oxidation, isomerization, and rearrangement reactions. 

Moreover, compounding factors such as organic (e.g., residual solvent) and inorganic (e.g., 

salt) impurities may promote decomposition.9 Herein, we report the decomposition of a 

seemingly stable HTS scaffold whose substructure is present in 133 of the 329510 NIH 

MLPCN library members.

Our laboratories have performed HTS to identify small molecule inhibitors of the DNA 

cytosine deaminases APOBEC3A (A3A) and APOBEC3G (A3G).18 The APOBEC3 

(apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3) family functions in 

vivo to deaminate single-stranded DNA (ssDNA) cytosines to uracils (C-to-U), initiating the 

protective mechanism of foreign DNA degradation.19 APOBEC3s, in most cases, play a 

protective role as an innate immune defense mechanism in cells; however the mutative 

capacity of A3 enzymes may also contribute to human disease. A3G is predicted to drive 

human immunodeficiency virus-1 (HIV-1) evolution by enabling a consistent source of 

sublethal mutation in the HIV-1 genome.20-22 Moreover, the expression of nuclear-localized 

APOBEC3B (A3B) is up-regulated in over half of primary breast carcinomas, accounting 

for a large proportion of the mutational load in these tumors.23 A3B over-expression 

correlates to a higher overall mutational frequency, and poorer clinical outcomes, such as 

disease-free and overall survival, in estrogen receptor positive (ER+) breast cancer 

patients.23,24 Additionally, A3B over-expression has been implicated in the mutagenesis of 

bladder, cervix, head and neck, and lung cancers, both adenocarcinoma and squamous, 

suggesting that A3B-contributed mutation is a common paradigm in cancer 

mutagenesis.25,26 Consequently, the identification of small molecule inhibitors of the 

APOBEC3 enzymes may provide leads that can be further developed into clinical candidates 

for suppressing mutation and evolution in HIV-1 and cancer.

Using a previously reported fluorescence-based ssDNA C-to-U deaminase assay, we 

identified 62 structurally unique dual inhibitors of A3A (92% identical to A3B) and A3G 

from an HTS of 21126 small molecules at the University of Minnesota, which included 

compounds from the following commercial libraries: Sigma LOPAC (LO1280), 

Tocriscreen, Prestwick Chemical, NIH Clinical Collection and MicroSource Discovery.18 A 
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detailed description of the screening assay can be found in the SI (Figure S1).18 Compound 

1 was particularly intriguing because of its low micromolar potency against A3A (IC50 = 2.8 

μM) and A3G (IC50 = 10.8 μM), and its low toxicity against 293T and HeLa cells (>85% 

cell viability when treated with 50 μM compound after 5 days). We confirmed this observed 

activity by purchasing 1 (Figure 1), commercially available from ChemBridge Corporation 

(#7922691), and subjecting the commercial material to dose response experiments against 

recombinant A3A and A3G. Purchased 1 substantiated our HTS observations demonstrating 

inhibition of both A3A (IC50 = 9.8 μM) and A3G (IC50 = 50.3 μM), albeit to a lesser extent.

Quinoline 1 is a privileged scaffold as related analogues bearing the 2-furan moiety have 

been investigated as leads for neurokinin-3 receptor inhibition, and in antimicrobial, 

antiviral, contraceptive, antitrypanosomal, and anticancer applications, though to the best of 

our knowledge, none of these molecules have advanced to clinical studies.27-34 Consistent 

with this observation, the 2-furylquinoline-4-carbonyl substructure is present in 170 HTS 

library members available in the University of Minnesota and the NIH MLPCN screening 

libraries and in many of our own HTS hits (Figure 1). As a result of marked A3 inhibition in 

HTS screening, a low toxicity profile against human cells, and the lack of PAINS warnings, 

we initiated a structural optimization campaign to refine 1 for potency and selectivity.

2. Results & Discussion

2.1 Synthesis and Enzymatic Assays with 1

In an effort to investigate this scaffold as a potential lead molecule for structure-activity 

relationship (SAR) studies, we synthesized 1 (Scheme 1). A short two-step sequence 

delivered 1 in 17% overall yield, which began with the preparation of 3. Pfitzinger-Borsche 

chemistry was employed by reacting isatin (2) with 5-acetyl-2-methylfuran under basic 

conditions to deliver 3 in 79% yield.34 Commercially available 4 and carboxylic acid 3 were 

coupled under EDCI·HCl/HOBt conditions to achieve 1 in 22% yield. Amine 4 can also be 

synthesized as previously reported.35

Synthetic 1 was subsequently evaluated for A3A and A3G inhibition using our previously 

described fluorescence-based deamination assay.18,36 However, we were surprised to find 

that 1 exhibited no inhibition of either A3 enzyme when tested in dose response assays up to 

200 μM concentrations (Figure 2; day 0). To verify our results, the same DMSO stock of 1 
was re-tested on multiple occasions in the days that followed, and curiously, A3G inhibitory 

activity was noted, with the magnitude of A3G inhibition paralleling the age of the DMSO 

stock solution. A testing schedule that assayed for A3G inhibition at days 3, 21, 38, and 72 

demonstrated that the DMSO stock solution of 1, aged in a closed microcentrifuge tube at 

20-22 °C (on lab bench), increasingly and incrementally gained A3G inhibitory activity over 

a period of approximately two months, and as early as three days. Specifically, at 200 μM 

treatment, the aged stock of 1 reduced A3G deamination efficiency to 82% (3 days), 55% 

(21 days), 29% (38 days), and 29% (74 days) (Figure 2). It is worth noting that although this 

phenomenon with A3G was consistently reproduced, inhibitory activity against A3A, as 

seen in the HTS, was never recovered.
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2.2 Identification of the Decomposition Products of 1

Based on the observed increase in inhibitory activity over time, we proposed that 1 
decomposes into one or more chemically distinct A3G inhibitors. We first HPLC analyzed a 

10 mM stock solution of synthesized 1 that was fortuitously dissolved in DMSO and stored 

in the laboratory for 16 months. This discrete sample primarily existed as a single product 

(SI, Figure S2). The major peak was isolated by HPLC, and the decomposition product was 

identified as 5 by 1H and 13C NMR, IR, and LC-MS. Spectroscopic data suggested that 5 
exists as the more energetically stable lactam,37-39 which is supported by an IR spectrum 

that shows a strong C=O vibrational frequency (1771 cm-1) and the notable absence of a 

strong, broad –OH signal. To confirm that 5 is a decomposition product of 1 and that it 

inhibits A3G, we synthesized 5 by coupling amine 4 and commercially available 2-

hydroxyquinoline-4-carboxylic acid with PyBOP in 59% yield (SI, Figure S3A).40 

Following the isolation and characterization of 5, the purified aliquot was evaluated for A3A 

and A3G inhibitory activity. We found that isolated 5 reduced A3G-deamination efficiency 

to 83% at 200 μM, accounting for some of the inhibitory activity associated with the aged 

stock solution of 1 (SI, Figure S3B). Biochemical evaluation of synthesized 5 revealed a 

weak A3G inhibitor, reducing deamination efficiency by 50% (±1.5) at 200 μM (SI, Figure 

S3B). LC-MS/MS traces of isolated 5 and synthesized 5 were identical, thereby confirming 

the identity of the decomposition product (SI, Figures S3C,D). The slight discrepancy 

between the observed biochemical activities can be accounted for by the small amount of 5 
(<1 mg) isolated from the aged DMSO stock solution. Inherently, the determined mass of 

purified 5 could reflect a higher probability of error, skewing the concentration of the stock 

solution, and thus, the calculated percent inhibition.

Next, analytical HPLC was employed to monitor the decomposition kinetics of 1 over the 

time frame that we observed increasing A3G inhibitory activity (t = 72 days, Figure 2). As 

expected at time 0, 1 exists in solution as a pure compound (Figure 3A). It was observed that 

by 21 days, however, notable decomposition of 1 had occurred, resulting in a mixture of 

decomposition products (Figure 3B). LC-MS analysis of the aged stock identified the 

masses of the three prominent peaks as 378.1, 464.1, and 430.1, respectively. The structures 

corresponding to these three masses were predicted to be oxidative decomposition products 

6, 7a-7b, and 8 (Figure 3C), which were confirmed by HPLC isolation and 1H NMR and 

HRMS driven structural elucidation. To verify that the isolated samples were, in fact, 

decomposition products of 1, aliquots of the isolated samples (as 10 mM DMSO stock 

solutions) were spiked into a stock solution of 1 aged to 21 days. The anticipated enrichment 

of the intensity of decomposition peaks for 6, 7a-7b, and 8 (Figure 3B) was observed (SI, 

Figure S4). Decomposition products 6 and 8 were also synthesized by RuO2·H2O/NaIO4-

catalyzed oxidation of 1 to give a 2:1:2 mixture of 6:1:8. These compounds were isolated by 

HPLC and characterized. LC-MS/MS traces of isolated and synthesized 6 and isolated and 

synthesized 8 were respectively identical, confirming the identities of these decomposition 

products (SI, Figures S5, S6). Moreover, aliquots of the synthesized compounds (as 10 mM 

DMSO stock solutions) were spiked into an aged stock of 1 at 21 days. Enrichment of the 

intensities of the appropriate peaks was observed (SI, Figure S4).

Olson et al. Page 4

J Med Chem. Author manuscript; available in PMC 2016 September 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Biochemical evaluations of synthesized 6 and 8 identified 8 as the most potent A3G 

inhibitor, with an IC50 = 20 ± 4.2 μM (SI, Figure S7). Decomposition product 6 reduced 

deamination efficiency to 43% (± 2.8) at 200 μM, exhibiting activity similar to 5, which 

reduced deamination efficiency to 50% (±1.5) at 200 μM (SI, Figure S8). A freshly isolated 

sample of 7a-7b was also biochemically evaluated, but this intermediate exhibited no A3G 

inhibition. 2-Hydroxyquinonline-4-carboxylic acid, quinoline-2,4-carboxylic acid, and 5-

(pyridin-4-yl)-1,3,4-thiadiazol-2-amine (4), which are substructures of the decomposition 

products, were also evaluated for A3G inhibitory activity and found to be inactive (data not 

shown). Taken together, decomposition product 8 (IC50 = 20 ± 4.2 μM for A3G) most 

closely mirrored the biochemical activity exhibited by the commercially-available 

ChemBridge material (IC50 = 50.3 μM for A3G) and in the HTS (IC50 = 10.8 μM for A3G).

2.3 Mechanism of Decomposition

To elucidate the mechanism by which 1 undergoes decomposition to 5, 6, 7a-7b, and 8, we 

first performed an equivalent aging experiment, except a saturated N2 atmosphere was used 

instead of laboratory air. Degradation of 1 was dramatically slowed under these conditions, 

supporting an oxidative mechanism of decomposition (Figure 3D). Moreover, 

decomposition was inhibited when DMSO stocks of 1 were maintained in the dark or in the 

presence of 1O2-quenching reagent NaN3 (Figures 3E,F). From these qualitative 

experiments, we proposed that the decomposition of 1 is enabled by the in situ generation 

of 1O2, which is (auto)photosensitized by 1. Additional experiments revealed that 

decomposition occurs at the same rate regardless of the temperature in which the DMSO 

stock is stored (-20 °C vs. rt vs. 37 °C; data not shown).

Singlet oxygen is 22 kcal/mol higher in energy than ground state oxygen and exhibits double 

bond character as a result of having paired electrons in the same LUMO.41 Schenck first 

proposed this [4+2] cycloaddition by hypothesizing that sensitized or auto-sensitized 

photooxygenations of furans produce endoperoxides.42 Subsequent work demonstrated that 

the resulting endoperoxides can yield dioxirane intermediates (via carbonyl oxides) that 

further rearrange to give “anomalous ozonolysis” products through an intramolecular 

Baeyer-Villiger mechanism.43-45 Evidence for the carbonyl oxide intermediate has been 

demonstrated through trapping experiments.46 A Baeyer-Villiger mechanism would explain 

the incorporation of the lactam carbonyl and the carboxylic acid at the 2-position of 1 
(Figure 4, 5 & 6). Based on this previous literature, we propose that the furan of 1 undergoes 

[4+2] cycloaddition with 1O2 to give endoperoxide 9. The endoperoxide can collapse 

without directional bias to yield carbonyl oxide species that readily convert into dioxirane 

intermediates. This mechanism is unlikely to be concerted as previous research has 

demonstrated that carbonyl oxide intermediates are readily intercepted by olefins, sulfides, 

and ketones.47 Furthermore, cyclization to the dioxirane resonance is thought to be driven 

by destabilization of the carbonyl oxide by the enone.47 The resulting dioxiranes can then 

undergo Baeyer-Villiger-type rearrangements to produce four penultimate esters that are 

hydrolyzed in aqueous conditions. Our proposed mechanism could also yield α,β-

unsaturated acid 10 and aldehyde 11, in addition to, lactam 5 and carboxylic acid 6. To 

account for observed decomposition products 7a, 7b, and 8 (Figure 3), endoperoxide 9 could 

alternatively be hydrolyzed by H2O present in the DMSO stock.48 We propose that the 
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hydrolysis of 9 yields peroxides 7a and 7b, which are inherently unstable and can rearrange 

to enone 8 via the loss of -OOH and ring opening (Path E, Figure 4)48 or decomposition 

products 5, 6, 10 and 11 through the reversible loss of H2O and the aforementioned 

mechanisms (Figure 4). When isolated by HPLC, 10 mM DMSO stocks of 7a/7b exhibited a 

short shelf life of <48 h. After which, analysis of these stocks by analytical HPLC displayed 

primarily 6 and 8, which were confirmed by isolation and 1H NMR (data not shown).

LC-MS analysis of DMSO stock solutions of 1 aged 38 days under ambient air provided 

significant experimental support for our proposed mechanism of decomposition. Lactam 5 
(m/z 350.1), carboxylic acid 6 (m/z 378.1), enone 8 (m/z 430.1), α,β-unsaturated acid 10 (m/z 

432.1), and aldehyde 11 (m/z 404.1) were all found in our analysis (Figure 4; full mass 

chromatograms and extracted ion currents for each of the decomposition products and 

intermediates are shown in the SI, Section XVII). Furthermore, we also observed masses 

that correspond to either 7a or 7b (m/z 464.1), which would result from hydrolysis of 

endoperoxide 9. Hydrolysis of the carbonyl oxides or dioxiranes could also yield this same 

mass (m/z 464.1). Additionally, the mass corresponding to 1O2 addition to the furan (m/z 

446.1) was observed in our sample, which could denote the endoperoxide 9, the carbonyl 

oxides, the dioxiranes, or the esters (Figure 4, possible m/z 446.1 intermediates are 

highlighted in yellow). Aging of a DMSO solution of 1 under an atmosphere of [18O]-O2 

was performed to further support that 1 reacts with photosensitized molecular oxygen to 

yield the intermediates reported above. Accordingly, we found incorporation of heavy 

oxygen into 5* and 6* (m/z 352.1 and 380.1 for aging under [18O]-O2 versus 350.1 and 

378.1 for 5 and 6, respectively), as well as isotopically-labeled 7a* or 7b* (+4 Daltons) in 

our analysis (SI, Section XIV).

Similar patterns of decomposition following laboratory aging in DMSO are observed 

regardless of the sample analysis method (e.g., 4.6 × 150 mm, 3.5 μm C18 column, 

trifluoroacetic acid modifier versus 0.5 × 150 mm, 5 μm C18 column, trifluoroacetic acid 

and formic acid eluent modifiers). The addition of formic acid to the eluent was required for 

mass spectrometry analysis (LC-MS). However, we do note some minor differences in the 

relative abundances of the decomposition products as visible in the UV chromatograms 

between these methods. Given that quantitative measurements of the decomposition 

products are outside the scope of this investigation, and that the masses of decomposition 

products are clearly observed (full mass chromatograms are provided in the SI), we 

employed these HPLC methods interchangeably for sample analysis in additional 

mechanistic queries.

To further demonstrate that 1 decomposes by the proposed cycloaddition-rearrangement 

sequences, we employed known photochemical conditions to an oxygenated solution of 1.49 

A 10 mM DMSO solution of 1 was irradiated with visible light (300 W) under an oxygen-

saturated environment (O2 balloon, 1 atm) in the presence of rose bengal (RB), a 

photosensitizer. LC-MS analysis of the crude reaction mixture exhibited m/z products 

corresponding to 5, 6, 7a-b, 8, the intermediates with the common m/z of 446.1, and related 

analogues 10 and 11 (Figure 5A; SI, Section XI). To demonstrate that 1 auto-sensitizes its 

photooxygenation, we also irradiated 1 in DMSO using visible light (300 W) in an oxygen-
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saturated atmosphere (O2 balloon, 1 atm) that was absent of sensitizer. Surprisingly, we 

observed more extensive decomposition without addition of photosensitizer (Figure 5B). 

These conditions permitted additional mechanistic work without the long incubation times 

used previously (e.g., weeks of time, Figure 3) To rule out the potential influence of heat 

generated by the lamp on the decomposition of 1, and to further provide evidence for 

oxidative decomposition, an identical experiment was performed under an N2 atmosphere 

(balloon, 1 atm). In the absence of oxygen, virtually no decomposition of 1 was observed 

over 9 h, although constantly irradiated (Figure 5C). Finally, we observed the incorporation 

of isotopically labeled [18O]-O2 by performing this photooxidation in a saturated 18O2 

environment (balloon, 1 atm; Figure 5E). LC-MS analysis revealed incorporation of the 

isotope, yielding 5* (m/z = 352.1, + 2.0 Daltons), 6* (m/z 352.1, +2.0 Daltons), and 

hydrolysis products 7a* and/or 7b* (m/z 468.1, +4.0 Daltons). Conversely, irradiation of 1 
in an O2 environment (balloon, 1 atm) in the presence of H2

18O yielded incorporation of the 

isotope only as a result of hydrolysis with [18O]-labeled water and no incorporation into any 

other intermediate (SI, Section XV).

2.4 Mechanistic Determinants

To determine the minimal sub-structure of 1 susceptible to this mechanism of 

decomposition, a series of mechanistic probes was synthesized and subjected to laboratory 

aging. The designed probes gauged the necessity for a 4-position amide, a methyl furan, a 

quinoline ring, and a 4-position carbonyl. Accordingly, analogues were studied which 

contained a free carboxylic acid as opposed to an amide linkage (12,14,16,18,20,22), a furan 

as opposed to a methyl furan (13,14,17,18,21,22), a pyridyl (15-18) or naphthyl ring (19-22) 

in place of the quinoline, or the absence a 4-position substituent (23,24). Syntheses were 

performed according to standard organic transformations. Generally, ring system-furan 

connections were accomplished under Stille or Suzuki conditions from commercial reagents, 

and amide bond couplings were accomplished with EDCI·HCl, HOBt, and DIPEA. DMSO 

stock solutions (10 mM) for the 13 probes were made identically to those prepared for 1 and 

solutions were exposed to laboratory air at 25 °C for 38 days. Aliquots were taken at 0, 2, 7, 

21 and 38 days and analyzed by analytical HPLC. Percent decomposition was measured by 

dividing the ratio of the area under the curve (AUC) of compound over internal standard at 

day 38 by the ratio at time 0 (Table 1). The stock solutions of each compound were also 

subjected to LC-MS analysis at day 38. The extent of decomposition varied widely across 

the mechanistic probes. The following general trends were observed: (1) a higher degree of 

decomposition occurred in probes that contained 4-position amide linkages as compared to 

their free carboxylic acid counterparts, (2) a higher degree of decomposition was observed 

in probes with methyl functionalized furans in comparison to the non-substituted analogues, 

(3) probes lacking a 4-position carbonyl exhibited the least decomposition, and (4) the 

identity of the ring system had little effect on the extent of decomposition. Notable 

exceptions to these trends were observed, and thus, they must be accepted as only 

suggestions. For example, quinoline-based probe 14, which is absent of the 4-position amide 

linkage and methyl-substituted furan, showed more decomposition than probes 12 (methyl 

furan) and 13 (amide linkage). Additionally, naphthyl-based probe 21 showed extensive 

decomposition, although it lacked a furan methyl substituent. The percentage parent 

remaining for probes exhibiting a 4-position carboxylic acid ranged from 69-92%, for 
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probes exhibiting a 4-position amide linkage from 0-99%, and >99% for probes lacking a 4-

position carbonyl. Decomposition was observed for probes based on all three ring systems, 

with 6-99% parent remaining for the quinoline-based series, 34-99% remaining for the 

pyridine-based series, and 0-89% for the naphthylene-based series. The most common 

decomposition products observed by LC-MS were the putative endoperoxide intermediates, 

the carboxylic acid products (analogous to 6), and the enone products (analogous to 8); 

however, definitive proof for the formation of such decomposition products requires 

isolation and characterization of the individual compounds and/or co-injection with 

authentic standards, as performed for 1 (vide supra). Nonetheless, given the structural 

similarities of these probes with 1, a high degree of confidence can be attributed to our LC-

MS-based approach to decomposition product characterization. Full mass chromatograms 

and extracted ion currents for each of the decomposition products and intermediates are 

shown in the SI, Sections XIX-XXXI. It is important to note that the reported percentages of 

probe remaining are in the context of 38 d, and that DMSO stocks analyzed at later times 

points (t = months) exhibited decomposition in every probe (data not shown). Taken 

together, each of the furan-substituted aromatic systems investigated in this study are prone 

to oxidative decomposition, albeit to varying rates.

2.5 General Applicability of Oxidative Decomposition to Structurally Related HTS Library 
Scaffolds

Together, the University of Minnesota and the NIH MLPCN screening libraries contain 170 

compounds based on this 2-furylquinoline-4-carbonyl substructure. To investigate if other 2-

furylquinoline HTS members can decompose similarly to 1, we purchased eight 

representative compounds that were present in either the University of Minnesota library or 

the NIH MLPCN screening collection. DMSO stock solutions (10 mM) for the eight 

compounds were made identically to those prepared for 1 and solutions were exposed to 

laboratory air at 25 °C for 38 days. Aliquots were taken at 0, 2, 7, 21 and 38 days and 

analyzed by HPLC. Decomposition was observed in all of the compound stocks as early as 2 

days post solvation, and at day 38, the stocks had decomposed between 16 – 81% (Table 2). 

Percent decomposition was calculated as described above. The stock solutions of each 

compound were subjected to LC-MS analysis, and in each case, peaks consistent with the 

formation of an oxygen-furan cycloaddition adduct [M+O2+H]+, the lactam decomposition 

product (equivalent to 5), and the carboxylic acid decomposition product (equivalent to 6) 

were observed. In the majority of experiments, our data supports the formation of the bis-

enone (equivalent to 8), the α,β-unsaturated acid (equivalent to 10), and the aldehyde 

(equivalent to 11) decomposition products (SI, Sections XXXII - XXXIX). Our data 

suggests that HTS library compounds containing the 2-furylquinoline-4-carbonyl 

substructure are wholly subject to oxygen-mediated decomposition via the aforementioned 

mechanism and that this decomposition occurs within a timeframe relevant to HTS 

screening investigations.

3. Conclusions

In summary, it was found that the chemical integrity of 1 was compromised by air oxidation 

of the furan, yielding intermediates that rearrange through a Baeyer-Villiger mechanism to 
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products 5, 6, 10, and 11, and via hydrolysis-promoted rearrangement to 8. Oxygen 

mediated decomposition of the 2-furylquinoline-4-carbonyl moiety appears to occur in 

chemically analogous scaffolds as demonstrated through the aging of eight randomly 

selected HTS library compounds. Our observations reinforce the phenomenon that small 

molecule instability in DMSO continues to plague HTS-based drug discovery efforts. 

Moreover, the 2-furylquinoline-4-amide substructure should be considered a PAINS 

scaffold and only prioritized as a drug lead with extensive structural validation. Finally, 

taking the steps to deconvolute this impure screening hit translated to the discovery of a 

modestly potent small molecule inhibitor of A3G.

4. Experimental Section

General Synthesis Information

Chemical reagents were purchased from commercial sources and used without additional 

purification. The eight representative 2-furylquinolines (25-32) were purchased from 

Chembridge Corporation, and determined to be >95% by two-wavelength HPLC (254 and 

215 nm). Bulk solvents were from Fisher Scientific and anhydrous N,N′-dimethylformamide 

(DMF) was purchased from Sigma-Aldrich. Anhydrous solvents were obtained from an 

MBraun Solvent Purification system. Reactions were performed under an atmosphere of dry 

N2 where noted. Silica gel chromatography was performed on a Teledyne-Isco Combiflash 

Rf-200 instrument using Redisep Rf Gold High Performance silica gel columns (Teledyne-

Isco) or self-packed columns with SiliaFlash 60Å silica gel (SiliCycle). HPLC analyses were 

performed on an Agilent 1200 series instrument equipped with a diode array detector and a 

Zorbax SB-C18 column (4.6 × 150 mm, 3.5 μm, Agilent Technologies). Compounds used in 

biological testing were no less than 98% pure as determined by two-wavelength HPLC 

analysis (254 and 215 nm). Nuclear magnetic resonance (NMR) spectroscopy was 

performed using a Bruker Avance instrument operating at 400 MHz or 500 MHz (for 1H) 

and 100 MHz or 125 MHz (for 13C) at ambient temperature. Chemical shifts are reported in 

parts per million and normalized to internal solvent peaks or tetramethylsilane (0 ppm). 

High-resolution mass spectrometry (HRMS) was recorded in positive-ion mode on a Bruker 

BioTOF II instrument.

2-(5-Methylfuran-2-yl)-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)quinoline-4-carboxamide (1)

To a 0 °C solution of 2-(5-Methylfuran-2-yl)quinoline-4-carboxylic acid (3)34 (101 mg, 0.40 

mmol) and pyridine thiadiazole 435 (79 mg, 0.44 mmol) in DMF (4 mL) were added 

EDCI·HCl (86 mg, 0.45 mmol) and HOBt (82 mg, 0.61 mmol), followed by NMM (240 

μL). The reaction solution was slowly warmed to room temperature and stirred for 18 h. The 

resulting solution was poured into sat. aq. NH4Cl (30 mL) and extracted with EtOAc (3 × 30 

mL). The combined organic layers were washed with brine (2 × 30 mL), dried over 

anhydrous Na2SO4, filtered and concentrated. The crude product was purified via SiO2 

column chromatography using a gradient of MeOH (0% to 50%) in CH2Cl2 to afford 36 mg 

(22%) of 1 as a yellow solid. IR (neat) 2968 cm-1, 1774 cm-1, 1506 cm-1; 1H NMR (DMSO-

d6) δ = 13.82 (s, 1H), 8.77 (dd, J = 4.5 Hz, 1.6 Hz, 2H), 8.27 (s, 1H), 8.15 (d, J = 8.0 Hz, 

1H), 8.09 (d, J = 8.0 Hz, 1H), 8.01 (dd, J = 4.5 Hz, 1.6 Hz, 2H), 7.83 (ddd, J = 8.4 Hz, 7.0 

Hz, 1.3Hz, 1H), 7.64 (ddd, J = 8.2 Hz, 7.0 Hz, 1.1 Hz, 1H), 7.39 (d, J = 3.3 Hz, 1H), 6.40 
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(dd, J = 3.3 Hz, 0.9 Hz, 1H), 2.45 (s, 3H); 13C (DMSO-d6) δ = 165.4, 160.3, 159.8, 154.9, 

150.9, 150.8, 147.8, 147.8, 139.0, 137.0, 130.6, 129.1, 127.2, 124.9, 122.4, 120.9, 116.9, 

113.1, 109.2, 13.6; HRMS-ESI+ m/z [M + H]+ calc'd for C22H15N5O2S: 414.1025, found: 

414.1033.

2-oxo-N-(5-pyridin-4-yl)-1,3,4-thiadiazol-2-yl)-1,2-dihydroquinoline-4-carboxamide (5)

2-oxo-1,2-dihydroquinoline-4-carboxylic acid (6) (50 mg, 0.27 mmol) and PyBOP (156 mg, 

0.300 mmol) were placed in a dry flask and dissolved in DMF (1 mL). 2-Amino-5-(4-

pyridyl)-1,3,4-thiadiazole (4, 54 mg, 0.3 mmol) was added followed by NMM (33 μL, 0.30 

mmol). The reaction was stirred overnight at room temperature. A light precipitate formed 

over the course of the reaction. This precipitate was collected via vacuum filtration and dried 

under vacuum to afford 54 mg (59 %) of 5 as a light yellow powder. IR (neat) 3058 cm-1, 

2970 cm-1, 1772 cm-1, 1594 cm-1, 1505 cm-1; 1H NMR (DMSO-d6): δ = 13.72 (s, 1H), 

12.10 (s, 1H), 8.77 (d, J = 8.0 Hz, 2H), 7.99 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 1H), 

7.59 (t, J = 8.0 Hz, 1H), 7.40 (d, J = 8.0 Hz, 1H), 7.23 (t, J = 8.0 Hz, 1H), 6.91 (s, 1H); 13C 

(DMSO-d6): δ = 165.2, 160.4, 159.7, 150.8, 149.2, 147.5, 142.0, 136.9, 131.6, 128.5, 128.5, 

125.2, 122.9, 121.7, 120.9; HRMS-ESI+ m/z [M + H]+ calc'd for C17H11N5O2S: 350.0712, 

found: 350.0714.

4-((5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)carbamoyl)quinoline-2-carboxylic acid (6) and (Z)-2-
(4-oxopent-2-enoyl)-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)quinoline-4-carboxamide (8)

This procedure was adapted from published literature.50 To a mixture of 2-(5-

methylfuran-2-yl)-N-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)quinoline-4-carboxamide (1, 

250.0 mg, 0.605 mmol) in CCl4/MeCN (6 mL, 1:1, v/v) was added NaIO4 (582.0 mg, 2.721 

mmol) in H2O (6 mL) and RuO2·H2O (6.0 mg, 0.048 mmol).The biphasic mixture was 

stirred vigorously at rt exposed to ambient air. After 16 h, the resulting precipitate was 

removed by filtration and washed with MeOH (5 × 20 mL) to yield a brown powder. 

Purification of 25 mg crude product was performed on an Agilent 1200 series instrument 

equipped with a diode array detector and Zorbax SB-C18 column (4.6 × 150 mm, 3.5 μm, 

Agilent Technologies). The purification method (1 mL/min flow rate) involved isocratic 

10% MeCN in ddH2O (both containing 0.1% TFA; 0 to 2 mins) followed by linear gradients 

of 10% to 25% MeCN in ddH2O (both containing 0.1% TFA; 2 to 12 mins), 25-35% MeCN 

in ddH2O (both containing 0.1% TFA; 12 to 27 min), 35-90% MeCN in ddH2O (both 

containing 0.1% TFA; 27 to 35 min), and isocratic 90% MeCN in ddH2O (both containing 

0.1% TFA; 35-40 mins). Wavelengths monitored = 215 nm and 254 nm. Compound 6 (5.0 

mg, 29%) was isolated as a pale yellow powder, and compound 8 (9.1 mg, 36%) was 

isolated as a brown powder. It is important to note that compound 8 is not stable for storage 

in organic solvents for significant periods of time. (6) 1H NMR (DMSO-d6): δ = 13.90 (bs, 

1H), 8.77 (d, J = 5.0 Hz, 2H), 8.47 (s, 1H), 8.30 (d, J = 9.5 Hz, 1H), 8.28 (d, J = 8.5 Hz, 

1H), 8.01 (d, J = 5.0 Hz, 2H), 7.97 (t, J = 7.5 Hz, 1H), 7.86 (t, J = 7.5 Hz, 1H); HRMS-ESI+ 

m/z [M + H]+ calc'd for C17H11N5O2S: 378.0655, found: 378.0662; (8) 1H (DMSO-d6): δ = 

14.00 (bs, 1H), 8.80 (bd, 2H), 8.54 (s, 1H), 8.47 (d, J = 16.5 Hz, 1H), 8.41 (d, J = 8.5 Hz, 

1H), 8.36 (d, J = 9.0 Hz, 1H), 8.04 (m, 3H), 7.93 (t, J = 8.0 Hz, 1H), 7.19 (d, J = 16.5 Hz, 
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1H), 2.56 (s, 3H); HRMS-ESI+ m/z [M + H]+ calc'd for C17H11N5O2S: 430.0968, found: 

430.0957.

Synthesis of Mechanistic Probes (Compounds 12-32)

For synthetic procedures and compound characterizations pertaining to the small molecules 

in Table 1, see the SI, Section XVIII.

Expression and Purification of APOBEC3A and APOBEC3G

A3A and A3G were expressed and purified as previously described.18

DNA Deaminase Assay

The DNA deaminase assay was performed as previously described with the ssDNA 

oligomer 5′-6-FAM-AAA-TAT-TCC-CTA-ATA-GAT-AAT-GTG-A-TAMRA-3′.18 A 

detailed description of the fluorescence-based deamination assay can be found in the SI, 

Section I. None of the synthesized compounds inhibited uracil DNA glycosylase in the 

context of the in vitro assay.

Aging of 1 Under Ambient Conditions

To a scintillation vial containing 1 (62.0 mg, 0.15 mmol) was added DMSO (15 mL). An 

aliquot (1 mL) was dispensed into a separate scintillation vial and left uncapped, exposed to 

laboratory air. A second aliquot (1 mL) was transferred to a flame dried scintillation vial 

under N2. Aliquots (100 μL at time points 0, 3, 7, 14, and 21 days were diluted with MeCN 

(0.9 mL) and analyzed on an Agilent 1200 series instrument equipped with a diode array 

detector and Zorbax SB-C18 column (4.6 × 150 mm, 3.5 μm, Agilent Technologies). The 

analysis method (1 mL/min flow rate) involved isocratic 10% MeCN in ddH2O (both 

containing 0.1% TFA; 0 to 2 mins) followed by linear gradients of 10% to 85% MeCN in 

ddH2O (both containing 0.1% TFA; 2 to 24 mins) followed by 85% to 95% MeCN in 

ddH2O (both containing 0.1% TFA; 24-26 mins). Wavelengths monitored = 215 nm and 254 

nm. The experiment was performed in triplicate. Similar data was obtained for each 

replicate.

Isolation of 5, 6, 7a-b, and 8 from DMSO Stock Solutions of Aged 1 (10 mM)

Purification was performed on an Agilent 1200 series instrument equipped with a diode 

array detector and Zorbax SB-C18 column (4.6 × 150 mm, 3.5 μm, Agilent Technologies). 

The purification method (1 mL/min flow rate) involved isocratic 10% MeCN in ddH2O 

(both containing 0.1% TFA; 0 to 2 mins) followed by linear gradients of 10% to 25% MeCN 

in ddH2O (both containing 0.1% TFA; 2 to 12 mins), 25-35% MeCN in ddH2O (both 

containing 0.1% TFA; 12 to 27 min), 35-90% MeCN in ddH2O (both containing 0.1% TFA; 

27 to 35 min), and isocratic 90% MeCN in ddH2O (both containing 0.1% TFA; 35-40 mins). 

Wavelengths monitored = 215 nm and 254 nm.

Aging of 1 under Photochemical Conditions

Rose Bengal (25.0 mg, 0.0242 mmol, 10 mol %) and 1 (100.0 mg, 0.242 mmol) were 

suspended in DMSO (1 mL) and O2 was bubbled into the mixture throughout the course of 
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the reaction. The mixture was irradiated with 300W of visible light. The temperature of the 

reaction vessel was modulated by a tepid water bath and light was focused on the reaction 

by surrounding the light bulb and vessel with aluminum foil. After 9 h, an aliquot (4.2 μL) 

of the reaction mixture was dissolved in MeCN (0.995 mL) and analyzed on an Agilent 

1200 series instrument equipped with a diode array detector and Zorbax SB-C18 column 

(4.6 × 150 mm, 3.5 μm, Agilent Technologies). The analysis method (1 mL/min flow rate) 

involved isocratic 10% MeCN in ddH2O (both containing 0.1% TFA; 0 to 2 mins) followed 

by linear gradients of 10% to 50% MeCN in ddH2O (both containing 0.1% TFA; 2 to 10 

mins) and 50-95% MeCN in ddH2O (both containing 0.1% TFA; 10 to 12 min), and 

isocratic 95% MeCN in ddH2O (both containing 0.1% TFA; 12-15 mins). Wavelengths 

monitored = 215 nm and 254 nm. Once established that 1 autosensitizes its own 

photooxidation, rose bengal was omitted from future mechanistic studies. The identical 

reaction setup was employed to further probe the mechanism of decomposition and was 

accomplished by exchanging individual components. Specifically, bubbled oxygen was 

replaced in one experiment by N2 and in another by 18O2. In the final experiment, 10% (of 

the total volume) H2
18O was added to the DMSO. For the experiments employing N2, 18O2, 

and H2
18O, three cycles of freeze-pump-thaw were employed to remove any dissolved 

oxygen in the DMSO. Each of these aging experiments (O2, N2, 18O2 and H2
18O) was 

performed in triplicate. Similar data was obtained for each replicate.

Aging of Mechanistic Probes and Structurally Analogous 2-furylquinolines

Three 10 mM DMSO stock solutions were prepared for each compound and the three 

samples were aged over 6 weeks in 2 mL microcentrifuge tubes. The stocks were exposed to 

laboratory air by piercing the cap of the microcentrifuge tube with a small hole. Aliquots 

were taken from each sample at time points 0, 2, 21, and 38 days and were diluted with 

MeCN to obtain 1 mM solutions, which were analyzed by reverse phase analytical HPLC. 

Analysis was performed on an Agilent 1200 series instrument equipped with a diode array 

detector and Zorbax SB-C18 column (4.6 × 150 mm, 3.5 μm, Agilent Technologies). The 

analysis method (1 mL/min flow rate) involved isocratic 10% MeCN in ddH2O (both 

containing 0.1% TFA; 0 to 2 mins) followed by linear gradients of 10% to 50% MeCN in 

ddH2O (both containing 0.1% TFA; 2 to 10 mins) and 50-95% MeCN in ddH2O (both 

containing 0.1% TFA; 10 to 12 min), and isocratic 95% MeCN in ddH2O (both containing 

0.1% TFA; 12-15 mins). Wavelengths monitored = 215 nm and 254 nm. To quantify the 

amount of parent compound remaining, the area under the curve (AUC) of the parent 

compound was divided by the AUC of an internal standard. Rose bengal (2.5 μM) was used 

as the internal standard and was added during the MeCN dilution steps immediately before 

HPLC analysis. Aging experiments were performed in triplicate and values shown are the 

mean ± standard deviation (calculated in Microsoft Excel). Calibration curves to normalize 

for injection variances during HPLC analysis were generated for each compound (See SI: 

Sections XVII - XXXIX). For all 21 compounds, R2 > 0.95 (non-linear regression).

Protocol for LC-MS Analysis of Aged compounds

LC-MS analyses were performed on an Agilent 1100 series instrument equipped with an 

Agilent MSD SL Ion Trap mass spectrometer (positive-ion mode) and a Zorbax SB-C18 

column (0.5 × 150 mm, 5 μm, Agilent Technologies). The analysis method (15 μL/min flow 

Olson et al. Page 12

J Med Chem. Author manuscript; available in PMC 2016 September 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rate) involved isocratic 10% MeCN (containing 0.1% TFA) in ddH2O (containing 0.1% 

HCO2H; 0 to 2 mins) followed by a linear gradient of 10% to 90% MeCN (containing 0.1% 

TFA) in ddH2O (containing 0.1% HCO2H; 2 to 24 mins), and isocratic 90% MeCN 

(containing 0.1% TFA) in ddH2O (containing 0.1% HCO2H; 24-26 mins). The column was 

heated to 40 °C. Wavelengths monitored = 214 nm and 254 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

APOBEC3 apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3

C-to-U cytosine-to-uracil

EDCI·HCl 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride

EtOH ethanol

HOBt hydroxybenzotriazole

6-FAM 6-carboxyfluorescein

KOH potassium hydroxide

NIH MLPCN National Institutes of Health Molecular Library Probe Production Centers 

Network

NMM N-methylmorpholine

PAINS pan-assay interference scaffolds

PyBOP (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate

RB rose bengal

ssDNA single-stranded DNA

SD standard deviation

TAMRA tetramethylrhodamine

UDG uracil DNA glycosylase
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Figure 1. 
Chemical structure of 1 and the frequency with which the 2-(5-methylfuran-2-

yl)quinoline-4-carbonyl (red) and the 2-(furan-2-yl)quinoline-4-carbonyl (blue) 

substructures occur in the University of Minnesota and the NIH MLPCN libraries (521,185 

total compounds when combined). The boxed text represents the overall frequency of these 

chemotypes in each individual library. Overlap between the University of Minnesota and 

NIH MLPCN libraries is <10%.
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Figure 2. 
Dose response assays for A3G inhibition by freshly synthesized and solubilized 1 at 0, 3, 21, 

38 and 72 days. Data indicates that the stock solution of 1 gains A3G inhibitory activity over 

time. Assays were performed in triplicate and deaminase activity was quantified as 

previously reported.10 Means ± standard deviations are indicated.
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Figure 3. 
Analytical HPLC analyses of 10 mM DMSO stocks of 1. (A) Fresh stock solutions of 1 are 

>99% pure as determined by HPLC (See SI: Section III). (B) After 21 days of gentle 

shaking in ambient atmosphere at 25 °C, HPLC analysis shows evidence of decomposition 

through the appearance of multiple new peaks. (C) Compounds 6, 7a-b, and 8 can be 

assigned to the three prominent peaks in the decomposition mixutre. These compounds were 

isolated by HPLC and characterized by LC-MS, 1H NMR, HRMS, and co-injection of the 

isolated standards with aged samples of 1 (t = 21 d) (See SI: Sections II, V-VII, and IX for 

characterization data). (D) DMSO stocks of 1 aged under inert conditions (N2) exhibit 

drastically reduced decomposition. (E, F) DMSO stocks of 1 aged in the dark or in the 

presence of NaN3 exhibit no decomposition.
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Figure 4. 
(A) Proposed mechanistic pathways for oxygen-mediated decomposition of 1. Intermediates 

highlighted in yellow exhibit m/z [M+H]+ = 446.1, which is observed in the LC-MS 

analysis.
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Figure 5. 
(A) The decomposition of 1 can be achieved in short reactions times (9h vs. 21d) by 

irradiating DMSO stocks of 1 with visible light (300W) in an oxygen saturated atmosphere. 

(B) Decomposition readily occurs in the absense of photosensitizer. (C) No decomposition 

occurs under an N2 atmosphere. (D) Decomposition in the presence of [18O]-O2. Rose 

bengal was not added to reactions B – D. LCMS traces can be found in the SI (Sections XI-

XV).
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Scheme 1. 
Reagents and conditions: (a) 5-acetyl-2-methylfuran, KOH, EtOH, 65 °C to reflux, 79%; (b) 

EDCI·HCl, HOBt, NMM, DMF, 22%.
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