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ABSTRACT: A common liability of cancer drugs is toxicity to noncancerous cells. Thus, molecules
are needed that are potent toward cancer cells while sparing healthy cells. The cost of traditional
cell-based HTS is dictated by the library size, which is typically in the hundreds of thousands of
individual compounds. Mixture-based combinatorial libraries offer a cost-effective alternative to
single-compound libraries while eliminating the need for molecular target validation. Presently, lung
cancer and melanoma cells were screened in parallel with healthy cells using a mixture-based library.
A novel class of compounds was discovered that selectively inhibited melanoma cell growth via
apoptosis with submicromolar potency while sparing healthy cells. Additionally, the cost of screening and biological follow-up
experiments was significantly lower than in typical HTS. Our findings suggest that mixture-based phenotypic HTS can
significantly reduce cost and hit-to-lead time while yielding novel compounds with promising pharmacology.

One of the most common liabilities of cancer drugs/drug
candidates is toxicity to noncancerous cells. Thus,

molecules are needed that are potent toward cancer cells and
spare healthy cells. Cell-based high-throughput screening
(HTS) approaches can be used to discover such molecules.
Unfortunately, the cost of HTS limits the amount and number
of cell lines that can be screened in parallel in order to discover
molecules with desired activity/toxicity profiles. The cost of
traditional cell-based HTS is dictated by the HTS library size,
which is typically in the hundreds of thousands or millions of
individual compounds. This means that hundreds of thousands
of wells need to be screened against at least two different cell
lines (one cancerous and one healthy) to assess diverse
chemical space in order to find potential leads.
Mixture-based combinatorial libraries offer a cost-effective

alternative to single-compound libraries,1 especially when it
comes to parallel screening of multiple targets/cell lines. The
significantly reduced sample numbers utilized with a mixture-
based combinatorial library screening approach eliminates the
need for the molecular target validation typically needed prior
to large-scale HTS campaigns and allows one to probe cancer
cells directly in an agnostic, target-unbiased fashion.2 A recent
review by Swinney and Anthony3 showed that more first-in-
class drugs came from phenotypic screening (i.e., cell- or
organism-based) than from target-based screening.
Drug resistance is a major challenge of cancer drug discovery.

Cancer can be de novo resistant to a particular drug or acquire
resistance to it after a prolonged therapy. Monotherapy using
drugs derived from target-based drug discovery has been shown
to result in acquired resistance by cancer cells. For example, the
recently approved inhibitor of V600EBRAF, vemurafenib,
demonstrated increased survival of patients with metastatic
melanoma, but after 6−8 months of therapy, resistance

occurred.4 Given the propensity of single-target-based com-
pounds to cause resistance, a potential of phenotypic screening
to discover compounds that favorably interact with multiple
targets (i.e., polypharmacology),5,6 thus avoiding or diminishing
the chances for resistance, represents an additional benefit as
compared to the target-based screening.
The above considerations prompted us to screen our in-

house mixture-based druglike library1 to discover potentially
first-in-class selective inhibitors of various cancers to demon-
strate the utility of mixture-based libraries. To assess our library
for inhibition of growth of drug-resistant cancer cells, we chose
two of the most lethal cancer types: lung cancer and melanoma.
NRAS mutation is one of the most common mutations
exhibited in melanoma and is present in 95% of patients of
familial melanoma. Therefore, we chose the M14 melanoma
cell line as a representative of cutaneous malignant melanoma
carrying NRAS but not BRAF mutation.7 Additionally, we
screened our library against an A549 nonsmall cell lung cancer
cell line harboring KRAS mutation8 and a healthy control
CHO-K1 cell line.

■ RESULTS AND DISCUSSION
TPIMS Mixture Library Screen. Our group has previously

described the mixture-based library screening work flow
employed in this work for the identification of novel ligands
of various targets,9−13 which we have summarized in Scheme 1.
The approach allows us to systematically assess >5 000 000
compounds through the use of approximately 200 samples to
identify lead individual compounds while accumulating valuable
SAR data at each step. The first step in the process involves the
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screening of the 37 mixture samples contained in the scaffold-
ranking library.1,11−13 As a result of this screen, one mixture
library (TPI1344) exhibited selective inhibition of M14 cell line
viability (Figure 1A), whereas no effect was seen on viability of
A549 and CHO-K1 cells. The basic scaffold of mixture library
1344 consists of two diketopiperazine moieties connected via
central pyrrolidine (Figure 1B). To identify individual selective
inhibitors from mixture library 1344, a structure−activity
relationship study was conducted using a positional scan
approach. A positional scan is a screen of a systematically
formatted collection of compounds that allows for the rapid
identification of the active functionalities around a core
scaffold.1,14,15 The basic scaffold of library 1344 (Figure 1B),
composed of 738 192 (26 × 26 × 26 × 42) members, has four
sites of diversity (R1, R2, R3, and R4) and therefore is made up
of four separate sublibraries, each having a single defined
position (R) and three mixture positions (X). Screening the
four sets of mixtures, totaling 120 mixtures (26 + 26 + 26 +
42), against chosen cell lines provides information leading to
the identification of individual compounds in library 1344 that
are active and selective.1 Each mixture was screened at a final
assay concentration of 0.1 mg/mL (13.3 μM) in triplicate.

Eighteen moieties were identified (Figure 2 and Supporting
Information Table 1) that did not significantly inhibit growth of
the healthy cell line (CHO-K1). In position R1, mixture
samples 2 (S-benzyl), 9 (R-2-naphthylmethyl), and 17 (R-
methyl) inhibited growth of M14 and A549 cells in the range of
80−98% (Figure 2A). Their stereoisomers (19, 10, and 7, R-
benzyl, S-2-naphthylmethyl, and S-methyl, respectively) in-
hibited all three cell lines equipotently.
In position R2, 28 (S-benzyl), 33 ((R,R)-1-hydroxyethyl), 35

(S-4-hydroxybenzyl), 40 (S-hydroxymethyl), 41 ((S,S)-1-
hydroxyethyl), 43 (R-4-hydroxybenzyl), and 51 (R-cyclohexyl)
did not inhibit CHO-K1 cells but were active against both A549
and M14 cell lines. Sample 43 inhibited only M14 cells.
Interestingly, samples 33 and 41 ((R,R)- and (S,S)-1-
hydroxyethyl, respectively) and 35 and 43 (S-4- and R-4-
hydroxybenzylethyl), respectively) were stereoisomers. Stereo-
chemistry did not appear to affect CHO-K1 viability. However,
in the case of a hydroxybenzyl moiety in the R2 position (35
and 43), the R isomer was much more potent against M14 cells
and also was the most selective for M14 cells. Interestingly, S-
hydroxymethyl (40) was much more selective for CHO-K1
than R-hydroxymethyl (32) (Figure 2B).

Scheme 1. Deconvolution of Pyrrolidine Diketopiperazine Library
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In position R3, seven residues were selective for CHO-K1
cells (Figure 2C). Similarly to R2, they were mostly

stereoisomers with the exception of 55 (R3 = hydrogen), 58
and 66 (R- and S-hydroxymethyl, respectively), 59 and 67
((R,R)- and (S,S)-1-hydroxyethyl, respectively), and 61 and 69
(S-4- and R-4-hydroxybenzyl, respectively). This suggested that
position R3 is the least sensitive to substitutions as far as
retaining selectivity for CHO-K1 cells. Only one mixture
sample exhibited selectivity toward CHO-K1 cells in position
R4, sample 111 (2-methyl-cyclopropyl)-methyl).
To confirm the selective nature of these 18 mixture samples

and to estimate the potency, dose−response experiments were
performed using 10-point 3-fold serial dilutions. Mixtures with
hydroxybenzyl in positions R2 (35 and 43) and R3 (61 and 69)
exhibited the most selectivity against CHO-K1 cells (Table 1).
Interestingly, 35 (S-4-hydroxybenzyl) was not selective against
A549 cells, whereas its isomer (43, R-4-hydroxybenzyl) was
significantly less potent against A549 than M14 cells. Sample
111 ((2-methyl-cyclopropyl)-methyl in the R4 position) did
not confirm selectivity in the dose−response assay.

Synthesis and Evaluation of Individual Compounds.
On the basis of the dose−response experiments with the
mixture samples, we synthesized individual compounds
containing residues that exhibited selectivity against CHO-K1
cells. Individual compounds with R-2-naphthylmethyl (9) and
R-methyl (17) that were selective as mixtures in the positional
scan (Figure 2A) were not selective when present in
combination with S-4- and R-4-hydroxybenzyl in the R2 and
R3 positions (data not shown). Therefore, several different

Figure 1. Results of primary screen (scaffold ranking) of TPIMS
mixture libraries. (A) Dose response of TP11344 versus A549, M14,
and CHO-K cell lines. (B) Core scaffold of TPI1344 mixture library.

Figure 2. Positional scan of mixture samples to deconvolute scaffold 1344. (A) R1 scan, (B) R2 scan, (C) R3 scan, and (D) R4 scan. Red stars indicate
mixtures that are selective for CHO-K cells.
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Table 1. Results of Dose−Response Study of Mixture Samples That Exhibited the Most Selectivity in a Positional Scanning
Study of Library 1344a

aData are reported as the mean of three experiments ± standard deviation. Units are IC50 in micromolar.

Table 2. SAR Study Results of Individual Compounds Synthesized on the Basis of a Positional Scan of Library 1344a

aPercent inhibition data are reported as the mean of three experiments ± standard deviation.
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moieties were examined in their place. First, we tested
individual compounds with R-propyl in R1. Although similar
to R-methyl in most properties, R-propyl is bigger, which allows
probing for the effect of size in the R1 position. Also, because
the positional scan did not reveal clear preferences for a
particular moiety in position R4, we utilized several different
functionalities: 2-phenylbutyl, phenyl-ethyl, cyclopentyl-methyl,
and 2-adamantan-1-yl-methyl (Figure 2D, samples 80, 86, 106,
and 118, respectively). Samples 80 and 86 were completely
inactive against all three cell lines, whereas 106 and 118
inhibited all three cell lines equipotently, which allowed us to
assess the importance of R4 for selectivity. None of individual
compounds from this series exhibited good activity or
selectivity toward M14 or A549 cells (Table 2). We also tried
R-cyclohexyl in the R2 position in place of hydroxybenzyl. R-
Cyclohexyl exhibited selectivity for CHO-K1 in the positional
scan (Figure 2B, sample 51). Compound 2155-17 exhibited
approximately 5-fold selectivity for M14 over A549 cells and
more than 10-fold selectivity over CHO-K1 cells (Figure 3,
IC50 = 8.8 ± 1.2, 52 ± 8.3, and >100 μM for M14, A549, and
CHO-K1 cells, respectively). Substitution for 2-adamantan-1-yl-
methyl in the R4 position to produce compound 2155-15
resulted in loss of activity toward all three cell lines (IC50 > 50
μM). Additionally, we explored S-benzyl in position R1, which
showed some selectivity for CHO-K1 in the positional scan
(Figure 2A, sample 2). 2155-14 showed improvement of
selectivity for M14 cells (Figure 3, IC50 = 3.6 ± 0.3 μM for M14
and >100 μM for A549 and CHO-K1 cells). This suggested a
preference for bulky aromatic functionalities in R1. However, a
further increase of bulk in R1 by substituting benzyl for
naphtylmethyl resulted in a loss of selectivity, as all three cell
lines were inhibited close to 100% at 100 μM (data not shown).
Combination of aromatic residues in R1 and R2 (S-benzyl)
resulted in loss of activity toward M14 cells (IC50 = 44 μM).
However, introduction of 2-adamantan-1-yl-methyl into posi-

tion R4 to obtain 2155-18 resulted in improved activity toward
M14 and A549 cells while maintaining selectivity for CHO-K1
cells. 2155-14 and 2155-18 also were selective against HEPG2
and MDA-MB-231 cell lines (liver and breast cancer cell lines,
respectively). Interestingly, truncation of compounds of the
2155 series at each of the R1−4 positions resulted in complete
loss of activity against all three cell lines (data not shown).
We were interested to see whether 2155-14 and 2155-18

could also inhibit melanoma cells carrying different mutations.
Therefore, we tested 2155-14 and 2155-18 against the SKMEL-
28 melanoma cell line containing V600EBRAF mutation16 and
B16/F10 murine metastatic melanoma containing p53
mutation.17 Both 2155-14 and 2155-18 exhibited dose-
dependent inhibition of viability of all three cell lines (Table
3). 2155-14 was the most efficient against the SKMEL-28 cell

line (IC50 = 563 ± 40 nM, 3.6 ± 0.3 μM, and 2.7 ± 0.2 μM for
SKMEL-28, M14, and B16/F10, respectively), whereas 2155-18
inhibited all three lines equipotently (IC50 = 890 ± 70, 745 ±
60, and 1149 ± 80 nM for SKMEL-28, M14, and B16/F10
cells, respectively). Of note, 2155-14 was not able to inhibit
M14 cell viability fully at the highest tested concentration (100
μM), whereas the two other cell lines were ∼100% inhibited
starting at 10 μM 2155-14. This suggests that 2155-14 may
potentially act via inhibition of the MAPK pathway, which is
constitutively activated in melanomas carrying V600EBRAF and

Figure 3. Optimization of pyrollidine-bis-diketopiperazines.

Table 3. Inhibition Profile of 2155-14 and 2155-18 with
Melanoma Cell Lines Carrying Different Mutationsa

compound M14 SKMEL-28 B16/F10

2155-14 3.6 ± 0.3 0.56 ± 0.04 2.7 ± 0.2
2155-18 0.89 ± 0.07 0.75 ± 0.06 1.15 ± 0.08

aData are reported as the mean of three experiments ± standard
deviation. Units are IC50 in micromolar.
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NRAS mutations.18,19 2155-14 could potentially be a better
inhibitor of mutant V600EBRAF than the wild-type BRAF, which
could explain the difference in potency toward M14 and
SKMEL-28 cells. Another possibility is that 2155-14 could be
acting on the HSP90 chaperone that has multiple client
proteins in the MAPK pathway. Inhibition of HSP90 by small
molecule (17-AAG) resulted in melanoma stabilization in
patients carrying BRAF or NRAS mutation. Further studies of
mechanism of action of 2155-14 and 2155-18 are required to
determine their potential target(s) in melanoma.
The potency exhibited by 2155-14 and 2155-18 against the

above-mentioned melanoma cell lines is comparable to
vemurafenib (Zelboraf, RG7204; PLX4032; RO5185426),
which is a first-in-class, specific small-molecule inhibitor of
V600EBRAF. Vemurafenib has been approved by the U.S. Food
and Drug Administration for the treatment of late-stage
(metastatic) or unresectable melanoma in patients whose
tumors express V600EBRAF. Vemurafenib inhibited V600EBRAF-
positive melanoma cell lines (i.e., M263, M321, SKMEL28,
M229, M238, M249, and M262) with IC50 values in the 0.1−10
μM range 20 but was inactive up to 10 μM against melanoma
cells with mutated Q61LNRAS and wild-type BRAF (i.e., M202
and M207). The M14 (G12CNRAS) cell line was inhibited by
vemurafenib with a 150 nM IC50.

21

Knowledge of the mechanism of cell death caused by a lead
compound can help predict potential compound liabilities and
allow prioritization of compounds. For example, compounds
that cause primary necrosis usually do not make good drug
candidates because of their general toxicity, whereas cell-cycle
inhibitors have proven to be very selective and well-tolerated in
melanoma clinical trials.22 Our lead compounds were
discovered as a result of a phenotypic assay; therefore, to
exclude the possibility of necrosis as a mechanism of death, we
performed a time-course study using the CellTiter-Glo viability
assay. Primary necrosis is characterized by the rapid loss of cell
viability, which can be detected as early as 3 h after compound

addition.23 We determined the effect of lead compound
application on the viability of M14 cells at 4, 24, 48, and 72
h. The test and control compounds (gefitinib (fast apoptosis
inducer), doxorubicin (late apoptosis inducer), and ionomycin
(primary necrosis inducer)) were screened in 10-point, 1:3
serial dilution dose−response format starting at 100 μM. None
of the lead compounds exhibited signs of cell viability loss at
any concentration at the 4 h time point and only slight loss of
viability at the 24 h time point. All compounds reached their
full potency at 48 h (data not shown). These data suggested
that lead compounds 2155-14 and 2155-18 are unlikely to
cause primary necrosis in M14 cells.
Once we were able to exclude primary necrosis as a cell-

death mechanism, we were interested in a more detailed
characterization of the cellular target for our lead compounds.
We utilized the ApoTox-Glo triplex assay, which allows one to
assess simultaneously the effect of small molecules on cell
viability, toxicity, caspase activity, and cell cycle all in the same
well.24

First, a mixture of two fluorogenic substrates was added to
cells. The GF-AFC substrate is cell-permeant and nonlytic to
cells, allowing the measurement of active protease inside live
cells. The second substrate (bis-AAF-R110 substrate) is not
cell-permeable and is cleaved only when proteases are released
from cells as a result of the loss of membrane integrity typical of
cell death. This step generates an inversely correlated
measurement of cell viability and toxicity.
The second addition is luminogenic DEVD-peptide substrate

for caspase-3/7 and Ultra-Glo recombinant thermostable
luciferase. Caspase-3/7 cleavage of the substrate generates a
luminescent signal that correlates with caspase-3/7 activation as
a key indicator of apoptosis. Because markers for cytotoxicity
and apoptosis are transient, the assay was conducted in time-
course format with time points at 4, 24, 48, and 72 h.
Consistent with the CellTiter-Glo viability time-course

experiment, compound 2155-14 exhibited no effect on cell

Figure 4. Results of ApoTox time-course assay: (A) 4, (B) 24, (C) 48, and (D) 72 h.
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viability, as measured by live cell protease at the 4 h time point
(Figure 4A). Additionally, there were no markers for apoptosis
and cytotoxicity. This suggested a lack of effect on cell health at
early time points. The 24 h time point was characterized by a
significant spike in caspase activity, suggesting activation of
apoptotic machinery (Figure 4B).
At 48 h, the caspase signal was decreased compared to the 24

h time point (Figure 4C, 400% of untreated control versus
550% of untreated control for 48 and 24 h, respectively).
Viability and cytotoxicity showed dose-dependent responses at
48 h, suggesting loss of cell membrane integrity. By 72 h, the
caspase signal has decayed, suggesting that cells had completed
the apoptotic process (Figure 4D).
We compared the ApoTox profile of 2155-14 with profiles of

ionomycin (primary necrosis inducer), terfenadine (fast
apoptosis inducer), and panobinostat (late apoptosis inducer)
(Figure S3). Ionomycin induced a strong cytotoxicity response
and dose-dependent loss of viability as early as 4 h after
addition to M14 cells, consistent with its mechanism of action
(membrane disruption) (Figure S3A). Also, ionomycin did not
induce a spike in caspase activity at any of the time points
compared to the untreated control.
Terfenadine induced an early loss of cell viability and a

cytotoxicity spike similar to ionomycin. However, it also
exhibited an early caspase activity spike (4−24 h) characteristic
of early apoptosis (Figure S3E,F).
Panobinostat had no effect on viability, cytotoxicity, or

caspase activity at the 4 h time point (Figure S3I). Panobinostat
has to penetrate the cell nucleus to inhibit HDACs, which
results in the longer dose-to-effect time (late-onset apoptosis).
Caspase activity spiked at 24−48 h accompanied by a dose-
dependent loss of viability (Figure S3J,K). Cytotoxicity spiked
transiently at 24 h (Figure S3J). This is consistent with what is
known about panobinostat’s mechanism of action, which is
based on pan-HDAC inhibition.25

Because 2155-14 exhibited a profile most similar to
panobinostat, we hypothesized that 2155-14 and 2155-18
could potentially act via HDAC inhibition. However, testing of
2155-14 and 2155-18 with representative HDACs from class I
(HDAC1 and 2) and II (HDAC6) revealed a lack of HDAC
inhibition up to 100 μM (data not shown). This suggests that
2155-14 and 2155-18 either act by selectively inhibiting other

members of the HDAC family or via an entirely different
mechanism. Despite the fact that 2155-14 and 2155-18 do not
appear to act by HDAC inhibition, they inhibited M14 cells via
inducing late-stage apoptosis, which suggests the possibility of a
novel intracellular target. Lack of a cytotoxicity signal over the
time course of the assay also suggested possible cell-cycle arrest.
In conclusion, we discovered and conducted initial character-

ization of a novel class of compounds that inhibit melanoma
cell lines carrying NRAS and BRAF mutations while sparing
healthy cells. The lead of the series, 2155-18, exhibited cell-
based potency comparable to the FDA-approved melanoma
therapy. Mechanism of death analysis suggests that these
compounds act by inducing late-onset apoptosis, possibly
because of the intracellular or intranuclear location of target(s).
We will further characterize this novel chemotype to determine
the identity of its target(s) and the possibility of utilizing this
novel pyrrolidine diketopiperazine scaffold for oncological drug
discovery.
It is also important to note that the screening campaign (i.e.,

scaffold ranking, deconvolution by positional scanning, and
testing of individual compounds, all done in triplicate) required
only approximately thirty 384-well plates for each cell type
(CHO-K1, M14, and A549). This level of throughput requires
only minimal laboratory automation while allowing assessment
of 738 192 members of the pyrrolidine diketopiperazine
scaffold and greater than 5 000 000 small molecules in the
scaffold-ranking plate. For comparison, to screen 738 192
individual compounds in conventional HTS using the 1536-
well plate format would require approximately 500−600 plates
per cell line, integrated robotics, and multiple scientific and
engineering staff. Overall, mixture-based phenotypic HTS can
significantly reduce cost and hit-to-lead time while yielding
novel compounds with promising pharmacology.

■ EXPERIMENTAL PROCEDURES
General Synthesis Procedure for Pyrrolidine-bis-diketopi-

perazine. All compounds were synthesized via solid-phase method-
ology (Scheme 2) on 4-methylbenzhydrylamine hydrochloride resin
(MBHA) (1.1 mmol/g, 100−200 mesh) using the tea-bag approach26

as previously described.27 Boc-amino acids were coupled utilizing
standard coupling procedures (6 equiv) with hydroxybenzotriazole
hydrate (HOBt, 6 equiv) and N,N′-diisopropylcarbodiimide (DIC, 6
equiv) in dimethylformamide (DMF, 0.1 M) for 120 min. Boc

Scheme 2. General Synthesis Procedure of Pyrollidine-bis-diketopiperazinesa

a(1) 5% DIEA/95% DCM; (2) Boc-AA, DIC, HOBt, DMF; (3) 55%TFA/45%DCM; (4) Boc-L-Pro-OH, DIC, HOBt, DMF; (5) COOH, DIC,
HOBt, DMF; (6) 40× BH3/THF (65 °C, 72 h); (7) piperidine (65°C, 18hr); (8) 10× (COIm)2 (18 h); (9) HF/Anisole, (0 °C, 1.5 h).
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protecting groups were removed with 55% trifluoroacetic acid (TFA)/
45% dichloromethane (DCM) (1×, 30 min) and subsequently
neutralized with 5% diisopropylethylamine (DIEA)/95% DCM (3×,
2 min). Carboxylic acids (10 equiv) were coupled utilizing standard
coupling procedures with HOBt (10 equiv) and DIC (10 equiv) in
DMF (0.1 M) for 120 min. Completion of all couplings was
monitored with a ninhydrin test. Initially, 100 mg of MBHA resin was
placed inside a mesh “tea-bag”, washed with DCM (2×, 1 min),
neutralized with 5% DIEA/95% DCM (3×, 2 min), and then rinsed
with DCM (2x, 1 min). A Boc-protected amino acid was coupled
utilizing the above procedure to add R1 to the resin (Scheme 2A).
Once complete, the solution was poured off, and the bags were rinsed
with DMF (3×, 1 min) and DCM (3×, 1 min). The Boc protecting
group was removed, and the bags were rinsed with DCM (2×, 1 min),
isopropyl alcohol (IPA) (2×, 1 min), and DCM (2×, 1 min) and then
neutralized. Boc-L-proline-OH was then coupled utilizing the above
procedure (Scheme 2B). The process was repeated to add R2 (Scheme
2C) and R3 (Scheme 2D), and then a carboxylic acid was coupled
utilizing the above procedure to add R4 (Scheme 2E). Compounds
were reduced to F (Scheme 2F) using a 40× excess of borane (1.0 M
in tetrahydrofuran (THF)) over each amide bond in a glass vessel
under nitrogen at 65 °C for 72 h. The solution was then poured off,
the reaction was quenched with methanol (MeOH), and the bags were
washed with THF (1×, 1 min) and MeOH (4×, 1 min) and allowed to
air-dry. Once dry, the bags were treated with piperidine overnight at
65 °C in a glass vessel. The solution was poured off, and the bags were
washed with DMF (2×, 1 min), DCM (2×, 1 min), MeOH (1×, 1
min), DMF (2×, 1 min), DCM (2×, 1 min), and MeOH (1×, 1 min)
and allowed to air-dry. Completion of reduction was checked by
cleaving a control sample and analyzing using LCMS. Diketopiper-
azine cyclization (Scheme 2G) was performed under anhydrous
conditions (<22% humidity). The dry bags were washed with
anhydrous DMF (2×, 1 min), added to a solution of 1,1′-
oxalyldiimidazole (5-fold excess for each cyclization site) in anhydrous
DMF (0.1 M), and shaken at room temperature overnight. The
solution was poured off, and the bags were rinsed with DMF (3×, 1
min) and DCM (3×, 1 min). Completion of cyclization was checked
by cleaving a control sample and analyzing by LCMS. The compounds
were then cleaved from the resin with hydrofluoric acid (HF) in the
presence of anisole in an ice bath at 0 °C for 90 min (Scheme 2H) and
extracted using 95% acetic acid (AcOH)/5% H2O (2×, 5 mL). Final
crude products were purified using HPLC as described above. All
chirality was generated from the corresponding amino acids. Under the
reaction conditions described, no epimerization was observed, and for
those compounds with multiple chiral centers, a single diastereomer
was obtained.
Compound Purification and Characterization. All reagents

were commercially available and used without further purification. The
final compounds were purified using preparative HPLC with a dual-
pump Shimadzu LC-20AB system equipped with a Luna C18
preparative column (21.5 × 150 mm, 5 μm) at λ = 214 nm, with a
mobile phase of (A) H2O (+0.1% formic acid)/(B) acetonitrile
(ACN) (+0.1% formic acid) at a flow rate of 13 mL/min; gradients
varied by compound and were based on hydrophobicity. 1H NMR and
13C NMR spectra were recorded in DMSO-d6 on a Bruker Ascend 400
MHz spectrometer at 400.14 and 100.62 MHz, respectively, and
MALDI-TOF mass spectra were recorded using an Applied
Biosystems Voyager DE-PRO biospectrometry workstation. The
purities of synthesized compounds were confirmed to be greater
than 95% by liquid chromatography and mass spectrometry on a
Shimadzu LCMS-2010 instrument with ESI mass spec and SPD-20A
liquid chromatograph with a mobile phase of (A) H2O (+0.1% formic
acid)/(B) ACN (+0.1% formic acid) (5−95% over 6 min with a 4 min
rinse).
Synthesis of Positional Scanning Library 1344. Positional

scanning library 1344 was synthesized as described in Scheme 2.
Positional scanning library 1344 utilized both individual and mixtures
of amino acids (R1, R2, and R3) and carboxylic acids (R4). The
synthetic technique and subsequent screening facilitates the generation
of information regarding the likely activity of individual compounds

contained in the library.1,9,10 The equimolar isokinetic ratios utilized
for the mixtures were previously determined and calculated for each of
the amino acids and carboxylic acids.28,29 Library 1344 has a total
diversity of 738 192 compounds (26 × 26 × 26 × 42 = 738 192). The
R1, R2, and R3 positions, as shown in Scheme 2H, each consisted of
26 amino acids, and the R4 position contained 42 carboxylic acids. By
way of example, sample 2 (Figure 2) contains an equal molar amount
of all 28 392 individual compounds in library 1344 that have S-benzyl
fixed at the R1 position, and likewise sample 28 contains an equal
molar amount of all 28 392 individual compounds in library 1344 that
have S-benzyl fixed at the R2 position.

Scaffold-Ranking Library. The scaffold-ranking library contained
one sample for each of the 37 positional scanning libraries tested. Each
of these samples contained an approximate equal molar amount of
each compound in that library. So, for example, scaffold-ranking library
1344 contained 738 192 pyrollidine-bis-diketopiperazines in approx-
imately equal molar amounts. Each of these 37 mixture samples can be
prepared by mixing the cleaved products of the complete positional
scanning library, as was the case for 1344, or they can be synthesized
directly as a single mixture.1,30

TPIMS Mixture Library Screening. Mixture libraries were
solubilized in 3% DMSO/H2O and added to polypropylene 384-well
plates (Greiner cat. no. 781280). CHO-K1, A549, or M14 cells (1250)
were plated in 384-well plates in 5 μL of serum-free media (F12 for
CHO-K1 and A549, DMEM for M14). Test compounds and gefitinib
(pharmacological assay control) were prepared as 10-point, 1:3 serial
dilutions starting at 300 μM and were then added to the cells (5 μL
per well) using the Biomek NXP. Plates were incubated for 72 h at 37
°C, 5% CO2, and 95% RH. After incubation, 5 μL of CellTiter-Glo
(Promega cat no. G7570) was added to each well, and plates were
incubated for 15 min at room temperature. Luminescence was
recorded using a Biotek Synergy H4 multimode microplate reader.
Viability was expressed as a percentage relative to wells containing
media only (0%) and wells containing cells treated with 1% DMSO
only (100%). Three parameters were calculated on a per-plate basis:
(a) the signal-to-background ratio (S/B), (b) the coefficient for
variation (CV; CV = (standard deviation/mean)100)) for all
compound test wells, and (c) the Z′ factor (18). The IC50 value of
the pharmacological control (gefitinib, LC Laboratories no. G-4408)
was also calculated to ascertain the assay’s robustness.

The time-course viability assay was performed as described for
library screening, with luminescence measurements performed at 4, 24,
48, and 72 h.

Hexosaminidase Viability Assay. Hexosaminidase assay was
used to study the effects of 2155-14 and 2155-18 on cell viability or
cell proliferation of both B16/F-10 and SKMEL-28 cells.31 In brief,
cells were plated in 96-well plates, grown overnight, and treated the
next day with increasing concentrations of compounds (0−50 μM) for
48 h. After 48 h of treatment, media was discarded, and cells were
washed with PBS to remove residual media from wells. Hexosamini-
dase substrate (75 μL) (Sigma-Aldrich; cat. no. N9376) was added to
each well and incubated at 37 °C for 30 min followed by addition of
112.5 μL of developer into each well. Final absorbance was measured
at λ = 405 nm. Cell growth was calculated as percent viability = (A/
B)100, where A and B are the absorbance of treated and control cells,
respectively.

Luciferase Counterscreen Assay. Lead compounds were tested
for inhibition of luciferase from the CellTiter-Glo assay kit (Promega
cat. no. G7570). The ATP concentration in the luciferase assay was
matched to the response produced by M14 cells. Test compounds
were prepared as 10-point, 1:3 serial dilutions starting at 300 μM and
were then added to the DMEM (5 μL per well) using the Biomek
NXP. Plates were incubated for 1 h at 37 °C, 5% CO2, and 95% RH.
After incubation, 5 μL of CellTiter-Glo was added to each well, and
incubation continued for 15 min at room temperature. Luminescence
was recorded using a Biotek Synergy H4 multimode microplate reader.
Inhibition was expressed as a percentage relative to wells containing
media only (0%) and wells containing CellTiter-Glo (100%).

ApoTox-Glo Triplex Assay. M14 #5 cells were plated in 384-well
format at a density of 1250 cells in 5 μL of serum-free DMEM media
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and incubated at 37 °C in 5% CO2 for 4 h. Control and test
compounds were serially diluted in a ratio of 1:3 and added to wells in
4 μL. Ionomycin, terfenadine, and panobinostat were used as controls
for the mechanism of cell death. Plates were incubated at 37 °C in 5%
CO2 for 4, 24, 48, and 72 h. At the end of each time point, viability/
cytotoxicity reagent was prepared containing 400 μM glycylphenyla-
lanyl-aminofluorocoumarin (GF-AFC) substrate (cleavable by live cell
proteases) and 400 μM bis-alanylalanyl-phenylalanyl-rhodamine 110
(bis-AAF-R110) substrate (cleavable by dead cell proteases). Four
microliters of the viability/cytotoxicity reagent was used per well. The
plate was incubated for 30 min at 37 °C. Fluorescence was read at λEx
= 400 nm and λEm = 505 nm for GF-AFC and λEx = 485 nm and λEm =
520 nm for bis-AAF-R110 on the BioTek Synergy 4 multi-mode
microplate reader. Caspase-Glo 3/7 reagent was then added in a 12 μL
volume. The plate was incubated for 30 min at room temperature, and
luminescence was measured on the BioTek Synergy 4 multi-mode
microplate reader.
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