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ABSTRACT: The JNK−JIP1 interaction represents an
attractive target for the selective inhibition of JNK-mediated
signaling. We report a virtual screening (VS) workflow, based
on a combination of three-dimensional shape and electrostatic
similarity, to discover novel scaffolds for the development of
non-ATP competitive inhibitors of JNK targeting the JNK−JIP
interaction. Of 352 (0.13%) compounds selected from the
NCI Diversity Set, more than 22% registered as hits in a
biochemical kinase assay. Several compounds discovered to
inhibit JNK activity under standard kinase assay conditions also impeded JNK activity in HEK293 cells. These studies led to the
discovery that the lignan (−)-zuonin A inhibits JNK−protein interactions with a selectivity of 100-fold over ERK2 and p38
MAPKα. These results demonstrate the utility of a virtual screening protocol to identify novel scaffolds for highly selective, cell-
permeable inhibitors of JNK−protein interactions.
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c-Jun N-terminal kinases (JNKs) belong to the mitogen-
activated protein kinase (MAPK) family and are encoded by
three genes (Jnk1, Jnk2, and Jnk3), which produce at least 10
different spliceforms. JNK1 and JNK2 show a broad tissue
distribution, whereas JNK3 expression is more restrictive.1

JNK1−3 are activated by extracellular stimuli, such as stress or
cytokines, which leads to the phosphorylation of several cellular
substrates implicated in cell survival and proliferation.2,3

The JNK signaling pathway is associated with the patho-
genesis of several diseases, including diabetes, cancer, and
neurological diseases.4,5 Most drug discovery efforts have
focused on the development of ATP-competitive inhibitors of
JNK,6 which presents challenges due to the high level of
homology in the ATP-binding site among protein kinases.7

An alternative strategy to develop a specific JNK inhibitor is
to target a substrate recruitment site. Inhibitors that target the
protein−protein interaction sites of MAPK kinases are expected
to exhibit pharmacological profiles that are quite distinct from
those that bind within the active site. Although the develop-
ment of small molecules targeting protein−protein interactions
represents a challenging area, progress has been made with a
variety of approaches.7 Scaffolding proteins, such as the JNK
interacting proteins (JIP 1−4)8 and arrestin,9 are known to

bind JNK to enhance its activation in vivo. Several non-ATP-
competitive inhibitors of JNK target the JNK−JIP interaction.
For example, JIP-based peptide inhibitors that correspond to
the D-site of JIP1 bind the D-recruitment site (DRS) of JNK
and act as specific inhibitors of JNK−ligand interactions.10

Recently, we engineered potent (IC50 ∼90 nM) JIP-based
peptide inhibitors with demonstrated specificity for the JNK2
isoform.11,12 In 2008, Stebbins et al. identified the thiadiazole
BI-78D3 (Figure 1A) as a small molecule targeting the JNK−
JIP interaction.13 BI-78D3 was identified as a non-ATP
competitive inhibitor of JNK. Several analogues of BI-78D3
with improved plasma stability have been reported.14−16 There
also have been efforts to discover different scaffolds that act as
non-ATP inhibitors of JNK.17,18

In this work, we used ligand-based virtual screening (VS) to
discover JNK-selective inhibitors that do not compete with
ATP. The starting point for this virtual screen was BI-78D3
(Figure 1A). Ligand-based VS with BI-78D3 as the query
molecule was applied to search the National Cancer Institute
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(NCI) Diversity Set19 for selective inhibitors. The evaluation of
selected compounds not only resulted in new scaffolds for the
development of potential therapeutic agents that target the
JNK−JIP interaction but also yielded the discovery that the
lignan (−)-zuonin A inhibits JNK−protein interactions with a
selectivity of 100-fold over ERK2 and p38 MAPKα.
BI-78D3 (Figure 1A) is known to displace pepJIP1 from

JNK.13 To gain insight into its potential bioactive conforma-
tions when bound to JNK1, we constructed a model of the
protein−ligand complex using coordinates from the X-ray
crystal structure of the JNK1·pepJIP1 complex10 (Figure 1B,C),
where pepJIP1 binds the DRS of JNK. We searched the surface
of JNK1, centering on the DRS to construct a model for BI-
78D3 bound to JNK1 using molecular docking. Three possible
docking sites were identified (Figure 1D), including five
potential poses (binding structures) at site 2, which is situated
in between a negatively charged surface, Φchg, and a
hydrophobic pocket, Φhyd, and further defined by β8, αE,
loop 16, and αD (Figure 1E). The poses at site 2 were used as
starting structures for further molecular dynamics (MD)
simulations to determine the dynamically stable protein−ligand
binding modes. These were then further interrogated by MM-
PBSA [molecular mechanics/Poisson−Boltzmann (PB) sol-
vent-accessible surface area methodology]20 to estimate their
relative binding free energy. The estimated binding free energy
ΔGb of pose 5 was slightly more favored (Table S1 in the

Supporting Information). Interestingly, after 3 ns of MD
simulation, pose 5 reoriented to place the nitro group of BI-
78D3 in the proximity of Glu-126 and Arg-127 (αE) (Figure
1E). Accordingly, the ligand conformer in this new pose was
used as the bioactive conformation of BI-78D3 with which to
carry out the virtual screen. It should be noted that Stebbins et
al.13 proposed an alternative binding mode with the
benzodioxan moiety of BI-78D3 occupying the hydrophobic
(Φhyd) region that corresponds to the highly conserved leucines
of pepJIP1 (Figure 1C). This binding mode was not identified
in our studies.
A schematic summary of the overall VS procedure utilized in

this study is presented in Figure 1F. The library used in the
ligand-based VS is the NCI Diversity Set, which contains
260071 compounds.19 Each compound was expanded into a set
of 20 three-dimensional conformations using Omega 2.3.2 of
OpenEye software. The three-dimensional shape comparison
between BI-78D3 and the molecules in the NCI Diversity Set
was performed using ROCS 2.3.1. The top 1000 ranked
compounds from the shape-based screen were then assessed for
similarity to BI-78D3 using EON 2.0.1, which calculates an
Electrostatic Tanimoto (ET) score, which is a measure of the
electrostatic similarity between two small molecules.21 A total
of 750 compounds, representing the merging of the top 500
hits from the two screens, were subsequently selected for
further biochemical screening using in vitro kinase assays
(Table S2 in the Supporting Information).
Three hundred and fifty-two of the top 750 compounds were

available from NCI. An enrichment experiment was performed
to compare these compounds to 350 selected randomly from
the same library. The % inhibition of both the in silico VS-
selected and the randomly selected compounds (at 10 μM
concentrations) toward JNK1 and Trpm7 (an atypical kinase)
was determined using an in vitro kinase assay. While 80 of 350
compounds from the in silico analysis were identified as hits
when screened at 10 μM against JNK1 (greater than 25%
inhibition above a DMSO control), none of the randomly
selected (JNK1 control) compounds inhibited JNK1 by more
than 20% (Figure 2A). Trpm7, which has little sequence
similarity to JNK,22 exhibited limited inhibition when treated
with either the VS-selected compounds or the random set
(Figure 2A). Surprisingly, when assayed against substrates that
target the DRS, the MAP kinases ERK2 and p38MAPKα
showed broadly similar results to Trpm7 and eEF-2K (Figure
2B). Together, these results validate the VS protocol as a useful
tool for the identification of inhibitors that target JNK1.
The VS strategy that we followed in this work is predicted to

discover inhibitors that compete with JIP and c-Jun at the DRS
of JNK. We decided to examine several promising hits
(compounds 1−11) in more detail (Figure 3A) and prepared
authentic samples of both enantiomers of compound 2, 2(−),
and 2(+).a As would be expected, compounds 1−11 exhibit
structural features similar to those found in BI-78D3, including
either a benzo[d][1,3]dioxole moiety (compounds, 1, 2, 5, 6,
and 8), an aromatic ring containing an electronegative
substituent (compounds 3, 4, 7, 10, and 11) or a nitro group
(compounds 7, and 9). Figure 3B,C shows the structural
overlaps and electrostatic distribution, respectively, of several of
the hits identified in the screen.
We performed dose−response curves on the HPLC-purified

compounds, examining their ability to inhibit c-Jun phosphor-
ylation by JNK2 in an in vitro kinase assay (Table 1). The
inhibition profile for JNK1 and JNK2 were similar (Figure 2B),

Figure 1. Ligand binding to JNK. (A) Chemical structure of BI-78D3.
(B) Cartoon representation of JNK1 bound to pepJIP1 (amino acids
154−163: PKRPTTLNLF) (PDB ID: 1UKH).10 (C) Surface
representation of JNK1 bound to pepJIP1. (D) Molecular docking
of BI-78D3 to JNK1. (E) Determination of the bioactive conformation
for the query ligand BI-78D3 in complex with JNK1 using molecular
dynamics. (F) Schematic representation of the virtual screening
approaches adopted.
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enabling us to use either JNK1 or JNK2 in the subsequent
biochemical characterization of the compounds. As an addi-
tional biochemical screen, we developed a FITC-JIP peptide
displacement assay to estimate the ability of compounds to
displace JIP from JNK (Table 1). By using these two screens,
compounds were assessed for their ability to inhibit the binding
of two different D-site sequences to JNK.
IC50 values for the inhibition of JNK or the displacement of

JIP by the hits ranged from 0.7 to 22 μM and from 2.2 to 41
μM, respectively (Table 1). The maximal inhibition of JNK1 in
the kinase assay at saturating inhibitor ranged from 30 to 100%,
and the maximal displacement of JIP in the binding assay

ranged from 25 to 100%. In general, the two assays correlate
quite well. However, some compounds appeared to perform
slightly better in one assay as compared to the other, which is
not surprising given that the assays utilize different D-sites and
experimental conditions. Compound 1 is the highest ranked
compound by EON due to its electrostatic similarity to BI-
78D3. It fully (100%) inhibits JNK2 at saturating concen-
trations exhibiting an IC50 value of 0.7 ± 0.1 μM (Figure 2C).
As we expected it to be a redox cycling compound (RCC), due
to the presence of a pyrimidotriazinedione cluster, it was
assessed in the presence of 100 U/mL of catalase. However,
catalase had no effect on its activity (Supporting Informa-
tion).23 Unfortunately, its fluorescence spectrum precluded an
assessment using the displacement assay. As predicted by the
virtual screen, 2(+) [(+)-zuonin Aa] binds JNK1, displaying an
IC50 of 2.6 ± 0.2 μM; however, it exhibits only 15% inhibition
at saturation (Table 1). In contrast, its enantiomer 2(−),
(−)-zuonin A, exhibits a more pronounced 80% inhibition at
saturation in both assays (Figures 2C and S1 in the Supporting
Information), with a similar IC50. These data suggest that upon
binding, 2(−) blocks the binding of the D-sites to JNK more
effectively than 2(+). At saturation, compound 3 exhibits 100%
inhibition in both assays, although it is 3-fold more effective in
the kinase assay (IC50 of 14 ± 1.3 μM) as compared to the
displacement assay (IC50 of 58 ± 6 μM) (Figure S1 in the
Supporting Information). Compound 4 performs equally in
both assays (IC50 of 21 and 41 μM, respectively, ∼80% max).
Compounds 5, 6, 8, and 10 exhibit maximal inhibitions of less
than 50% in both assays. Compounds 7 and 9 inhibit c-Jun

Figure 2. Assessing the selectivity of the virtual screen. (A) Comparing
the activity of VS-selected (solid line) and randomly selected (dashed
line) compounds against JNK1 and TrpM7. (B) Comparing the
activity of VS-selected compounds against indicated kinases. (C)
Inhibition of JNK2 by compounds 1−11.

Figure 3. Top hits identified following biochemical screening. (A)
Chemical structures of compounds 1−11. (B) Overlay of indicated
compounds (yellow carbons) and BI-78D3 (green carbons). (C)
Three-dimensional chemical structures of indicated compounds and
BI-78D8 with electrostatic surfaces coded by color (red for negative
and blue for positive, MMFF94).

Table 1. Biochemical Analysis of Compounds 1−11f

no. JNK2a JNK2b p38MAPKαa ERK2a

1 0.7 ± 0.1c (100%) NDd 0.5 ± 0.04c

(50%)
1 ± 0.1c

(50%)
2(+) 2.5 ± 0.2 (15%) ND ND ND
2(−) 2.5 ± 0.2 (80%) 2.2 ± 0.4

(82%)
252 ± 22
(50%)

295 ± 34
(50%)

3 14 ± 1.3 (100%) 58 ± 6
(100%)

60 ± 10
(57%)

4.6 ± 0.1
(100)

4 21.5 ± 0.9 (80%) 41 ± 6.9
(90%)

2.3 ± 0.2
(24%)

7.5 ± 2
(47%)

5 0.63 ± 0.1 (50%) 1.7 ± 0.16
(50%)

NSe NS

6 2.2 ± 0.16 (40%) 2.2 ± 0.18
(66%)

NS NS

7 7.7 ± 1 (53%) NS NS NS
8 10.7 ± 2 (48%) 43 ± 6

(50%)
197 ± 29
(25%)

57 ± 0.6
(45%)

9 13.5 ± 0.7 (20%) NS NS NS
10 20 ± 2.2 (35%) 14.5 ± 1.3

(40%)
NS NS

11 15.5 ± 3 (30%) 7.8 ± 1
(25%)

NS NS

aKinetic assay. bDisplacement assay. cDetermined in the presence of
100 units/mL catalase. dNot determined. eNot significant. fValues in
the table represent IC50 (μM) and % inhibition at saturation. Dose−
response curves for data conforming to inhibition were fitted to
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where V0 is the observed rate, i is the concentration of inhibitor I, V′ is
the observed rate in the absence of inhibitor, V∞ is the observed rate
constant at saturating inhibitor, I; and IC50 is the concentration that
leads to half the maximal change in V0.
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phosphorylation but do not displace labeled JIP peptide from
JNK2. The potency of compound 11 was significantly
diminished by 0.01% Triton X-100 (Figure S2 in the
Supporting Information), suggesting that its inhibition may
be due to nonspecific binding or aggregation (Supporting
Information).
To assess the nature of their interactions with JNK, we

docked compounds 1, 2(−), 3, and 4 onto the DRS of JNK1
(Figure S3 in the Supporting Information). The results of this
analysis support the notion that all four compounds bind site 2.
A MD analysis further suggests that the presence of a planar
ring in proximity to the two aromatic rings of Tyr-130 and Trp-
324 forms potentially favorable π−π stacking interactions;
however, it is clear that the orientations of the ring are
predicted to vary significantly, suggesting that some compounds
may form stronger interactions at this locus than others
(Figures 1E and S3 in the Supporting Information). Differences
in the binding modes for each compound could account for the
variability in the maximal inhibition achieved at saturation
(Figure S3 in the Supporting Information). This is an
important consideration for the future development of
analogues.
To profile the selectivity of the hits toward JNK, the IC50 of

each compound was determined against ERK2 and p38MAPKα
(Figure S4 in the Supporting Information and Table 1). Several
compounds exhibited selectivity for JNK. Most notably, 2(−)

exhibits 100-fold selectivity for JNK2 over both ERK2 and
p38MAPKα. Several other compounds 5−7, 9, and 10, while
less potent inhibitors of JNK, were also selective and in fact
exhibited no significant inhibition of ERK2 or p38MAPKα.
Compound 1 exhibited little selectivity between the MAPKs,
while compounds 3 and 8 inhibited both JNK and ERK2, and
compound 4 preferred ERK2 and p38. The selectivity profile of
these compounds strongly demonstrates the ability of the VS
protocol to identify molecules that target specific sites in JNK
with acceptable selectivity.
Compounds such as 2(−) have the potential to inhibit JNK

signaling by compromising protein interactions with the DRS.
The ability of the hits to inhibit JNK in HEK293 cells was
therefore examined. The ability of each compound to inhibit
the phosphorylation of JNK and c-Jun (a substrate of the
JNKs24) was tested following stimulation of JNK by
anisomycin11 and visualized through Western blot analysis
(Figures 4 and S5 in the Supporting Information). As expected,
several compounds showed inhibition of JNK and c-Jun
phosphorylation in HEK293 cells (e.g., 1, 2(−), and 6).

In conclusion, the NCI Diversity Set, consisting of
approximately 260000 compounds, was virtually screened
against the protein-binding site of JNK. A total of 11 small
molecules were identified as potential inhibitors of JNK−JIP
binding. (−)-Zuonin A showed marked selectivity for JNK over
other MAPKs. Several of the inhibitors described here
represent starting points for the development of potent and
selective small molecules capable of compromising the binding
of proteins to the DRS of JNK.
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