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Regulation and Inhibition of MAP Kinases 

 

Tamer Saad Gabr Kaoud, Ph.D. 

The University of Texas at Austin, 2012 

 

Supervisor: Kevin N. Dalby 

Due to their role in cellular signaling, mitogen activated protein (MAP) kinases represent 

targets of pharmaceutical interest.  Most MAP kinase inhibitors target the highly conserved ATP 

binding site. This conservation promotes cross-reactivity and toxicities that may limit their 

potential as drugs.  These drawbacks motivate the search for non-ATP competitive inhibitors 

with acceptable specificity and potency and also drive efforts to understand MAPK regulation.  

 

We applied a virtual screening (VS) workflow to discover novel scaffolds for ATP-

independent JNK (C-Jun N-terminal Kinase) inhibitors targeting the JNK-JIP (JNK Interacting 

Protein) interaction.  (-)-Zuonin A was identified as an inhibitor of JNK, exhibiting 100-fold 

selectivity for the JNKs over other MAP kinases.  (-)-Zuonin A was characterized extensively 

both in vitro and in cell-based assays.  

 

The JNK2 isoform has been reported to regulate breast cancer cell migration. 

Accordingly, we engineered a JNK2-selective peptide inhibitor.  Peptides derived from the JIP 

scaffolds linked to the cell-penetrating peptide TAT are used widely to investigate JNK-mediated 

signaling events without exibiiting isoform selectivity.  Herein, Several JIP-based peptide 

sequences were designed and tested.  A JIP sequence connected through a flexible linker to 
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either the N-terminus of an inverted TAT sequence (JIP
10

-∆-TAT
i
), or to a poly-arginine 

sequence (JIP
10

-∆-R9) enabled the potent inhibition of JNK2 (IC50~90 nM) with 10-fold 

selectivity over JNK1 and JNK3.  Both peptides revealed a potent ability to inhibit the induction 

of JNK activation and c-Jun phosphorylation in HEK293 cells treated with anisomycin, and 

inhibited the migration of Polyoma Middle-T Antigen Mammary Tumor (PyVMT) cells through 

the selective inhibition of JNK2. 

 

ERK2 dimerization has been reported to regulate its nuclear translocation and signaling.  

Our analysis using light scattering, analytical ultracentrifugation and NMR provide strong 

evidence that ERK2 is monomeric under physiological conditions. 
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Chapter 1: Introduction† 

Protein kinases are important drug targets due to their essential roles in cellular signaling.  

A number of kinases inhibitors, including Tarceva (erlotinib), Iressa (gefitinib), Gleevec 

(imatinib), and Tykerb (lapatinib) are in clinical use for treating cancer, diabetes and 

inflammation diseases (1-2).  The feasibility of protein kinase therapies has been demonstrated in 

several examples including Imatinib, that is approved for the treatment of chronic myeloid 

leukemia (CML) and gastrointestinal stromal tumors (GIST).  Each of these inhibitors competes 

with ATP molecules for the ATP binding site of a protein kinase, expect for Torisel 

(temsirolimus) that is used to treat renal cell carcinoma and appears to target a remote substrate-

binding site. 

Herein, we examine progress toward the discovery of drugs that target mitogen activated 

protein (MAP) kinases.  These kinases are serine/threonine-specific protein kinases that are 

activated in response to extracellular stimuli (3).  MAP kinase signaling pathways are critical 

targets for a number of human diseases including cancer, diabetes, neurodegenerative and 

inflammatory diseases (3).  Important MAP kinases include extracellular signal regulated kinases 

(ERK1/2), the c-jun N-terminal kinases (JNK1/2/3) and p38 MAPKα, β, γ, and δ. The main 

focus of our work was to develop non-ATP competitive inhibitors that target sites such as the 

MAPK protein interaction site (4).  Such ligands have potential to regulate MAPK activities by 

blocking the ability of MAPKs to bind downstream substrates, upstream activating kinases, or 

scaffold proteins. 
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Non-ATP competitive ligands are potentially more effective because they do not compete 

with cellular ATP which is present at high concentration.  Unlike the ATP bindind site, MAP 

kinase protein binding sites may offer unique specificity against other families of kinases.  On 

the other hand, however it may be more challenging to design potent non-ATP competitive 

inhibitors due to  the fact that the protein docking sites is a largely solvent exposed and relatively 

shallow surface (2).  It is also difficult to identify inhibitors that are selective within the MAPK 

family.  In this work we present some evidence suggesting that the substrate/upstream protein-

docking sites are drugable.  Detailed computational studies combined with NMR and X-ray 

crystallography are necessary to gain insights into the subtle features of MAPK structure and 

dynamics, which in turn provide critical guidance on designing potent non-ATP competitive 

MAPK inhibitors. 

1.1. THE STRUCTURE AND DYNAMICS OF MAP KINASES 

 

In this section we will emphasize the conserved features of MAP kinases using a multiple 

sequence alignment and a structure of JNK1. Then we will discuss the conformational 

differences between inactive and active MAP kinases based on both structural evidence and 

molecular dynamics simulations.  

 

1.1.A. The Sequence and Structure of MAP Kinases 

Figure 1.1 shows a multiple sequence alignment of ERK1/2, JNK1/2/3 and p38 

MAPKα/β/γ/δ. This alignment serves as a guide to both the conserved and variable regions 

within the binding sites discussed throughout this work (5). In spite of extensive studies on the 
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structure of the protein kinase family, only one or two structures are available for many MAP 

kinases.  Based on the profile hidden Markov model (HMM) Pkinase/PF00069 defined in Pfam 

v. 25, there are 1575 protein kinase family structures in the protein data bank (PDB) as of March 

2011 (6).  The MAP kinase subset includes structures of ERK1 [1], ERK2 [16], JNK1 [7], JNK2 

[2], JNK3 [23], p38 MAPKα [129], p38 MAPKβ [3], p38 MAPKγ [1] and p38 MAPKδ [1]. 

More than twice the structural work has been completed for p38 MAPKα than the other MAP 

kinases combined [129 vs. 53]. 

In Figure 1.2, we introduce conserved structural features of MAP kinases based on the 

structure of JNK1 (PDB ID 3O17).  JNK1 is composed of two domains as for all MAP kinases. 

The N-terminal domain is comprised mainly of β-sheets and has ~135 residues.  The β1L0 and 

β2L0 strands of loop 0 (L0) precede a group of five conserved strands of the protein kinase 

family (β1 to β5) (7). β5 is the final N-terminal strand that leads into a linker region connecting 

the N-terminal domain to the C-terminal domain and regulates their relative orientation. The C-

terminal domain that is made up mainly of α-helices, has ~225 residues. The MAP kinase active 

site is between the two domains and is highly affected by the conformation of loop 12 (L12), 

which is also referred to as the activation loop.  The three residues (DFG) that are located beside 

theβ8 strand represent a critical motif whose conformation is important for enzyme activity.  In 

this JNK1 structure, the phenylalanine side-chain points into to the page, which is usually 

referred to as DFG-in.  Interestingly, a group of inhibitors has been shown to stabilize the DFG-

out conformation, which flips the phenylalanine ~180 degrees into the active site (out of the 

page) and occludes the ATP site.  Recently, the importance of the MAP kinase insert region 
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(helices α1L14 and α1L14) that is absent in other protein kinases, has been emphasized. It 

contributes important interactions with both MAP kinase regulators (8-9) and substrates (10). 

1.1.B. Conformational Dynamics of MAP Kinases 

MAP kinases activation as well as its interactions with ligands and substrates is mainly 

controlled by its conformational dynamics (11-12).  While computational and theoretical 

methods for examining long-time dynamics are under active development (13), large-scale 

conformational changes with timescales of microseconds and beyond are still difficult to capture 

with atomic detail.  Making computational studies of the intrinsic dynamics of protein kinases 

are very limited (13).  One of the important conformational changes that happen to the MAP 

kinase accompanies the activation process; it has been described experimentally without 

sufficient detailed computational analysis. 

 

Differences between active and inactive MAP Kinase conformations 

During MAP kinase activation, the main conformational change of MAP kinase structure 

usually happens upon phosphorylation of two residues in the activation loop between the 

conserved DFG and APE motifs (see the multiple sequence alignment of Figure 1.1). 

Phosphorylation of the threonine and tyrosine residues of the T-X-Y motif produces activation 

loop reorientation, lobe closure, αC helix rotation, and C-terminal reorganization (11).  It has 

been assumed that this allosteric coupling and conformational changes prepare the kinase for 

ATP and substrate binding (14).  Structures of both active (PDB: 2ERK, Figure 1.3) and inactive 

(PDB: 1ERK, Figure 1.3) forms of Extracellular Signal-Regulated Kinase 2 (ERK2) have been 

solved.  These structures showed clearly the effect of activation on the conformational changes 

of MAP kinases (15-16).  The active enzyme is phosphorylated twice on the T-X-Y motif (
183

T-
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E-Y
185

 for ERK2) within the activation loop (L12).  The phosphorylated residues favor the 

refolding of the activation loop mediated by electrostatic interactions with surface arginine-rich 

binding sites.  Moreover, the phospho-tyrosine residue travels ~9 Å towards the domain interface 

causing a modest closure of the two domains (15-16). Then a backbone rotation moves the 

phospho-tyrosine residue to the surface forming the proline-directed P+1 specificity site (15-16).  

   

1.2. NON-ATP COMPETITVE INHIBITORS 

MAP kinase inhibitors are considered to be a very important class of therapeutics.  The 

majority of the available MAP kinase inhibitors target the ATP binding site, which is highly 

conserved among the more than 500 protein kinases that have been identified in the human 

genome. This conservation promotes cross reactivity and the possibility of undesirable toxicities 

that may limit their potential as drugs (17). In 2007, Bain et al. profiled the selectivity of 65 

compounds considered to be relatively specific kinase inhibitors, many of them type-I ATP 

analog inhibitors, against a panel of 70-80 protein kinases. p38 MAPK inhibitor SB 203580 

inhibits c-Raf and GSK3 in vitro and JNK inhibitor SP600125 inhibits 13 other kinases with 

similar potency including PKD1, CHK2, Aurora B and C, MELK, CK1, DYRK2, DYRK3 and 

HIPK3 (18).  This work highlights the difficulty of interpreting cellular assays of type-I protein 

kinase inhibitors with regards to what target(s) or pathway(s) are being inhibited. Another 

limitation of the ATP site is that type-I inhibitors must compete with ~1-5 mM endogenous ATP, 

which has quite high affinity for MAP kinases (19).  Finally, more than 10,000 patents or patents 

applications for protein kinase inhibitors have been filed since 2001. Most of these are 

competitive with ATP, making it a challenge for drug discovery researchers to find novel kinase 

inhibitors (20).  
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These drawbacks motivate the search for non-ATP competitive MAP kinase inhibitors 

with acceptable specificity and potency.  In the last few years, drug discovery efforts by a 

number of groups have made progress towards validating kinase-binding sites that are distinct 

from the ATP binding site. For example, recruitment sites that recognize modular docking 

sequences mediate MAPK interactions with upstream kinases and downstream substrates (21). 

When a canonical substrate-docking site binds a MAP kinase recruitment site, the effective 

concentration of the substrate Ser/Thr-Pro motif is locally increased near the active site.  This, in 

turn, increases the rate of substrate turnover (22).  Disruption of the docking site interaction can 

lead to a reduction of substrate phosphorylation by MAP kinase.  For example, D-site peptides 

from MKK3, MKK4 or MKK6 inhibit p38 MAPK phosphorylation of the transcription factors 

MEF2A and ATF2 (23).  Unlike peptide-based inhibitors, the challenge for the small molecule 

inhibitors is to target the recruitment sites located on the protein kinases surface in order to 

prevent the docking process.  Herein, we present evidence that this challenge can be overcome 

by the utilization of novel drug discovery tools such as computational biology and virtual 

screening.  In silico virtual screening holds great promise as a fast and inexpensive alternative to 

in vitro high-throughput screening for the discovery of lead compounds (19, 24). 

In this section we will summarize the non-ATP competitive MAPK inhibitors that have 

been reported in the literature for ERK1/2, the JNKs and the p38MAPKs as shown in Figure 1.6.   

 

1.2.A. Extracellular Signal-Regulated Kinases 

ERK2-substrate model 

In recent work, we studied the ERK2 recruitment sites in detail (4, 10, 25-28). ERK2 is 

known to have two recruitment sites called the D-recruitment site (DRS) and the F-recruitment 
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site (FRS) (Figures 1.2 and 1.4), which bind the D-site and F-site of protein substrates, 

respectively (28-29).  The DRS is an extended peptide-binding groove found on the rear face of 

the MAPK while the FRS is a shallow hydrophobic pocket found adjacent to the Ser/Thr-Pro 

binding site (4).  The docking sequence that targets the D-site is a modular motif formed of both 

hydrophobic and basic residues (€)2-3-X2-6-φA-X-φB, where φ is a hydrophobic residue and € is a 

basic residue.  The F-site docking sequence ψXψP is smaller, where ψ is an aromatic residue 

(30-31).  The structural basis of the interaction between the the ERK DRS and its docking 

sequence has been studied using structures from X-ray crystallography (32-33).  The basic 

residues in the D-site docking motif bind to the negatively charged surface residues Asp-316 and 

Asp-319 that are collectively labeled Φchg in Figure 1.4A and whose conservation is shown in 

Figure 1.1. The hydrophobic residues of the D-site docking motif φA-X-φB bind the nearby 

hydrophobic pocket (Φhyd). 

 In our work we modeled the ERK2•Ets-1 complex in an active conformation using both 

computational and experimental approaches (4), Although the N-terminus of Ets-1 does not 

include the consensus docking sequence (€)2-3-X2-6-φA-X-φB for ERK2, it makes an  important 

contribution to the binding of Ets-1 to ERK2. This was confirmed by NMR (28). Lig-D 

(FQRKTLQRRNLKGLNLNL) is a peptide that binds the DRS of ERK2 and affects the Km, but 

not the kcat of Ets-1 phosphorylation by ERK2. Testing of the kinetic mechanism of inhibition by 

Lig-D showed a hyperbolic signature that suggests Lig-D partially inhibits the ability of ERK2 to 

phosphorylate Ets-1. The effect of Lig-F (YAPRAPAKLAFQFPSR), which contains the F-site 

docking sequence (ψXψP), on phosphorylation of Ets-1 by ERK2 showed a fully competitive 

mechanism of inhibition. This suggests that the docking interaction of Ets-1 into the FRS is more 

critical than the DRS to forming ERK2•Ets-1 complex.  
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In silico approaches identify small molecules that bind the ERK2 DRS  

Understanding the nature of the protein binding sites of ERK2 facilitates the utilization of 

computational methods to identify small molecule inhibitors targeting these sites.  Unlike 

targeting the ATP binding site, targeting the DRS or FRS has the potential to identify inhibitors 

that are specific for ERK, and which may inhibit the binding of the 50 or more protein substrates 

of ERK (34).  In 2005, Hancock et al. reported the first non-ATP competitive small molecule 

ERK inhibitors by using computer-aided drug design (CADD) (35).  By using the program 

SPHGEN to detect possible binding sites on the surface of inactive ERK2 in combination with 

mutagenesis experiments, they recognized important residues within the Φchg (Asp-316 and Asp-

319) and Φhyd regions (Thr-157 and Thr-158) of the DRS (Figure 1.4A) involved in 

intermolecular interactions with the protein substrates, while also noting a groove between the 

Φhyd and Φchg regions.  These observations acted as the basis for in-silico screening of 800,000 

compounds and ultimately the selection of 80 compounds for in vitro testing of biological 

activity. The compounds were assayed for their ability to inhibit phosphorylation of Rsk-1 by 

ERK2 in Hela (Human Cervical Carcinoma) cells, which demonstrated that compounds 1 and 2 

(Figure 1.6) inhibit ERK2 activity by more than 50% at a conentration of 100 µM.  Compound 1 

inhibited Elk1 phosphorylation in a dose-dependent manner.  Neither compound inhibited ERK2 

phosphorylation by the upstream kinase MEK1/2.  The binding of compound 1 to ERK2 has 

been confirmed by a fluorescence-quenching assay (Kd = 5 µM), but the direct binding of 

compound 2 to ERK2 could not be verified.  This suggests an indirect effect on the ERK2 

pathway in the cells.  The binding mode of compound 1 was predicted to contact the polar 

groove between Asp-316 and Asp-319 of the Φchg region and Thr-157 and Thr-158 of the Φhyd 
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region based on the 3D structure of unphosphorylated ERK2 (Figure 1.4A).  Compound 1 was 

suggested to have additional cation-π interactions with Arg-133. These results validate 

compound 1 as a non-ATP competitive inhibitor of ERK2.  

In 2006, Chen et al. reported the characterization of another 13 compounds discovered 

via in silico screening of the same library against active ERK2 using the same docking site as the 

previous report of compound 1 (36).  Interestingly, many of the compounds that were identified 

for inactive enzyme were also identified for the active enzyme, which is consistent with a 

minimal conformation change occurring at the DRS during the activation of ERK2.  We note that 

ERK2 has been reported to be a monomer in both active and inactive forms (Chapter 5) (37). 

Compounds 3 and 4 showed 70% inhibition of Elk1 and 50% inhibition of p90Rsk-1 

phosphorylation in HeLa cells at 100 µM.  Futhermore, these two compounds showed clear 

selectivity for ERK2 inhibition versus p38 MAP kinase in HeLa cells. Using the same 

fluorescence-quenching assay mentioned previously, compounds 3 and 4 showed direct binding 

to ERK2 with a Kd of 13 and 16 µM, respectively. 

Due to the novelty of compound 1 as the first inhibitor to target a non-ATP competitive 

binding site of ERK, further work was initiated to develop its potency and study its biological 

activity.  In 2011, Boston et al. used a computational search to identify additional compounds 

that have similar chemical features to compound 1 (38).  MAC-BITS fingerprints in conjunction 

with the Tanimoto Similarity index were employed to search a virtual database of more than a 

million commercially available compounds. Ten compounds were identified with close similarity 

to compound 1 and tested for their biological activity.  Compounds 5 and 6 inhibited caspase-9 

and p90Rsk-1 phosphorylation by ERK in HeLa cells at 50 µM and inhibited HeLa cells 

proliferation at 100 µM.  This inhibition was greater than that of compound 1 at the same 
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concentration, although their direct binding to ERK as identified by the fluorescence-quenching 

assay had similar affinity to compound 1.  The inhibitory effect of these compounds on caspase-9 

and p90Rsk-1, which are the main regulators of the pro-apoptotic protein Bad, caused induction 

of HeLa cell apoptosis. 

In 2009, Li et al. synthesized a series of analogues to compound 1 in order to study its 

structure-activity relationship (39).  It was discovered that a shift of the ethoxy substitution from 

position 4 to position 2 on the phenyl ring (compound 7) could potentially improved its 

biological activity and specificity towards ERK over JNK and p38.  Compound 5 demonstrated 

an enhanced ability to inhibit U937 cell proliferation (human leukemia cells) and Elk-1 

phosphorylation in U937 cells.  

It was expected that inhibitors that target the protein binding sites of MAP kinases that 

are required for interactions with both upstream kinases and downstream protein substrates 

would inhibit both the activation of MAP kinases and their catalytic function.  Although 

compounds 1-7 were able to inhibit phosphorylation of protein substrates such as Elk1 and/or 

p90Rsk-1 by ERK2, they did not inhibit ERK2 phosphorylation by the upstream MKK1/MKK2. 

The biological evaluation of compounds 1-7 validated the combination of computational and 

experimental approaches towards the discovery of selective MAP kinase inhibitors targeting a 

protein binding site.  We conclude that in-silico drug discovery can translate into cellular activity 

(34).  

 

1.2.B. c-Jun N-Terminal Kinases 

JNK-Jip interactions 



 

 

11 

 

The JNK Interacting Protein (JIP) scaffolds, including JIP1, JIP2, JIP3 and JIP4, bind to 

JNK enhancing its activation and also bind upstream MKK7.  Some of the most well known non-

ATP competitive inhibitors of JNK are JIP-based peptide inhibitors (see Figure 1.4B).  JIP-based 

peptide inhibitors are derived from the 11-residue sequence 
153

RPKRPTTLNLF
163

 that 

corresponds to the single D-site of JIP1.  This peptide, called pepJIP1, acts as a specific inhibitor 

of JNK (40).  It inhibits JNK activity in in vitro cell-free assays towards recombinant c-Jun, Elk, 

and ATF2 and exhibits selectivity for the JNKs versus the closely related MAP kinases ERK and 

p38 MAPK (40). 

 Crystal structures of the pepJIP1-JNK1 complex provide insight into the role of the DRS 

site where JIP1 binds to JNK (Figure 1.4B) (40). Our molecular dynamics simulations and 

alanine-scanning of individual residues of pepJIP1 identified four residues that are crucial for the 

inhibition of JNK (41). Specifically, these correspond to Arg-156, Pro-157, Leu-160 and Leu-

162 of full-length JIP1. In one of our recent reports, we engineered new JIP-based peptide 

inhibitors that are not only selective for JNK, but demonstrate specificity for the JNK2-isoform 

with an IC50 of ~90 nM.  This peptide derived from the JIP sequence is connected through a 

flexible six carbon linker 6-aminohexanoyl (AHX) to either the N-terminus of an inverted TAT 

sequence (JIP
10

-∆-TAT
i
: Ac-PKRPTTLNLF-AHX-RRRQRRKKRG-amide) or to a poly-arginine 

sequence (JIP
10

-∆-R9: Ac-PKRPTTLNLF-AHX-RRRRRRRRR-amide) (42).  It has been reported that 

PyVMTjnk2-/- cells exhibit a lower migration potential compared to PyVMTjnk2+/+ cells, 

which can be restored by the over-expression of GFP-JNK2α (43).  Both JIP
10

-∆-TAT
i
 and JIP

10
-

∆-R9 inhibit the migration of PyVMTjnk2+/+ cells and PyVMTjnk2-/- cells expressing GFP-

JNK2α.  However, neither peptide inhibits the migration of PyVMTjnk2-/- cells, which suggests 
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that these peptides can inhibit breast cancer cell migration through their selective inhibition of 

the JNK2-isoform (42). 

To further study the mechanism of inhibition by these peptides their effects on JNK 

activation and c-Jun phosphorylation in HEK293T cells was investigated.  A concentration of 5 

µM either peptide caused over 50% inhibition of c-Jun phosphorylation, while around 95% 

inhibition was reached at a higher concentrations (c.a. 100 µM).  On the other hand, a 5 µM 

concentration of either peptide was sufficient to inhibit the activation/phosphorylation of cellular 

JNKs by ~ 90%.  This confirms the hypothesis that peptide inhibitors directly targeted at a 

protein-binding site can prevent interaction of JNKs with upstream kinases MKK4 and MKK7 

and downstream substrates such as c-Jun.  However, this has not been demonstrated for small 

molecules inhibitors that may not be able to occupy the whole site. 

 

Small molecules that bind the JNK DRS and block JNK-Jip interactions 

Unlike ERK, until now there had been no report demonstrating a computational approach 

for the development of small molecule JNK or p38 MAPK inhibitors that target a protein binding 

site.  In 2008, Stebbins et al. were able to identify the first small molecule inhibitor that targeted 

the JNK-JIP interaction site by developing an assay to screen the ability of small molecule 

libraries to disrupt the interaction of pepJIP1 with JNK1 (44). BI-78D3 (compound 8) was 

identified as a non-ATP competitive inhibitor of JNK that can efficiently displace biotinylated 

pepJIP1 from GST-JNK1 with an IC50 of 500 nM.  Molecular modeling studies suggested that 

the benzodioxan moiety of BI-78D3 binds a sub-pocket near the hydrophobic domain, which is 

made up of highly conserved leucine residues (44).  An extensive hydrogen-bonding network 

was suggested to exist between BI-78D3 and Arg-127 of JNK1. This interaction is also critical 



 

 

13 

 

for pepJIP1 binding to JNK1.  BI-78D3 exhibits dose-dependent inhibition of the 

phosphorylation of JNK substrates, both in vitro and in cells, with selectivity for JNK over p38α, 

mTOR and PI3-kinase.  TR-FRET analysis of c-Jun phosphorylation by TNF-alpha stimulation 

of HeLa cells in the presence of different concentrations of BI-78D3 showed dose-dependent 

inhibition of c-JUN phosphorylation by JNK with an IC50 of 12.5 µM.  Moreover, BI-78D3 

abolishes ConA-induced liver damage and restored insulin sensitivity compared to vehicle 

controls in a mouse model.  

 

The biological activity of BI-78D3 described above motivated further development of 

JNK inhibitors that target the JIP-JNK binding site. In 2010, De at al. reported that this 

compound had limited plasma stability.  After 60 minutes, only 42% remains intact in fresh rat 

plasma at 37 °C (45).  The Pellecchia group has reported attempts to further develop BI-78D3 by 

increasing its potency, plasma stability and specificity.  In 2009, De et al. discovered a new 

series of 2-thio-benzothiazoles including BI-87G3 (compound 9), which has been suggested to 

bind the DRS-site by computational modeling.  The nitrothiazole group is predicted to cross the 

ridge near Arg-127 and Cys-163 that were also reported to be essential for the binding of BI-

78D3 to JNK1 (Figure 1.4B).  Compound 9 showed an IC50 of 160 nM for displacing pepJIP1 

and 1.8 µM in the kinase assay with 50-fold more selectivity for JNK relative to p38 MAPKα 

(46).  Compound 10 is a derivative of BI-87G3 (compound 9) and is reported to have the same 

binding properties as compounds 8 and 9 with an IC50 of 239 nM for displacing pepJIP1 and 0.7 

µM in the kinase assay with 149-fold less reactivity towards p38-MAPKα (47).  In 2010, De et 

al. introduced a second derivative called BI-90H9 (compound 11), which has similar properties 

to compounds 8-10 including an IC50 of 160 nM for displacing pepJIP1 and 4.8 µM in the kinase 
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assay.  However, compound 11 has higher plasma stability than BI-78D3, specifically 68% of 

BI-90H9 (vs. 42% for BI-7893) remains intact in the fresh rat plasma at 37 °C after 60 minutes 

of treatment (45). 

In 2009, Chen et al. used a fluorescence polarization assay to measure the binding of 

pepJIP1 to JNK and thereby perform high-throughput screening of several libraries (48). 

Interestingly, they identified two groups of compounds. The first group inhibited the JIP/JNK 

interaction (compound 12) and the second group was a competitive inhibitor of ATP while 

inhibiting JIP-JNK binding allosterically (compound 13).  Compound 12 is able to inhibit the 

binding of full-length JIP1 to JNK1 and also inhibit JNK1, JNK2 and JNK3 kinase activity with 

IC50s of 5.7, 8.6 and 9.5 µM respectively.  Compound 12 did not inhibit the phosphorylation of 

MK2 by p38 MAPKα, which demonstrates the potential selectivity of DRS-site inhibitors for 

JNK over other the MAP kinase family members. Unfortunately, compound 12 exhibits very 

limited cell permeability, which limits the ability to test its cellular activity.  

The thiophene-3-carboxamide derivative, 14, was reported by De et al. (49) to be a dual 

site ATP and JIP inhibitor through its binding to both the ATP binding site and the JIP binding 

site.  Compound 14 inhibits JNK1 kinase activity with an IC50 of 1.3 µM (LANTHA assay) and 

inhibits the binding of pepJIP1 to JNK1 with an IC50 of 4.6 µM (DELFIA assay).  Molecular 

modeling suggests that this compound binds within the ATP site and forms a hydrogen bond 

with the side chain of Gln-37.  Binding to the DRS is favored by several hydrophobic contacts 

and hydrogen-bond interactions of the carboximide group with the backbone carbonyl of Asn-

114 and amide nitrogen of Val-118. Compound 14 shows enhanced selectivity towards JNK 

(based on a panel of 26 kinases) and does not inhibit p38 MAPKα (2% inhibition at 25 µM) (49). 
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A novel binding site on JNK near the MAPK insert 

In 2011, Compound 15 was discovered by high throughput screening of 500,000 

compounds to be a non-ATP site inhibitor of JNK. Its unique binding site was confirmed by 

high-resolution NMR binding studies that were made using 
13

C- methyl-labeled inactive JNK1α1 

(residues 1-364, T183E and Y185E) and by crystallization of the JNK1-compound 15 complex 

(19).  The compound 14 binding site is clearly distant from the ATP-binding site and is located 

in the MAP insert region (Figure 1.5A).  This compound did not show any activity on the active 

JNK1/c-JUN pathway (IC50 > 50 µM) as the compound did not show any binding affinity to the 

active enzyme and binds exclusively to the inactive form of JNK1.  Accordingly, this compound 

inhibits JNK1 phosphorylation by MKK7 with an IC50 7.7 µM. 

 

1.2.C. p38 MAP Kinases 

p38 MAPK is a promising target for the treatment of several inflammatory diseases due 

to its role in controlling the production of pro-inflammatory cytokines, such as interleukin-1 and 

tumor necrosis factor (50).  

 

DFG-out non-ATP inhibitors. 

A key objective has been to identify selective inhibitors of p38 MAP kinases that do not 

target the ATP binding site.  In 2002, Pargellis et al. discovered an alternative binding pocket for 

a diaryl urea class of highly potent and selective inhibitor of human p38 MAP kinase (51).  At 

that time, most of the known p38 MAP kinase inhibitors bound exclusively to the ATP binding 

site of the active DFG-in conformation.  In this case, the activation loop is open and extended so 

that ATP and substrate molecules can bind.  The availability of an alternative binding site formed 
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by the inactive DFG-out conformation exposed a less highly conserved region of the MAP 

kinase structure that opened the door for the design of MAP kinase inhibitors with greater 

specificity.  For example, BIRB-796 (Compound 16) demonstrates picomolar affinity for human 

p38 MAP kinase and low nanomolar affinity in cell culture (51).  However, it only weakly 

inhibits kinases c-RAF-1, p56lck and p59fyn (IC50 values of 1.4, 35 and 24 µM respectively) and 

shows diminished inhibition of JNK2α2 with an IC50 of ~98 nM.  The JNK2α2 IC50 is almost 

330 fold higher than that of p38 MAPKα.  The potency and selectivity of BIRB-796 made it a 

very promising molecule, which attracted attention after being advanced into human clinical 

trials as a therapeutic for autoimmune diseases. Regan et al. using thermal denaturation to 

measure the molecular binding affinity have studied its structure-activity relationship 

extensively.  They found that the tert-butyl group of BIRB-796 is critical for binding and fits into 

a lipophilic pocket exposed upon rearrangement of the activation loop.  Furthermore, an aromatic 

ring attached to N-2 of the pyrazole ring is responsible for π-CH2 interactions (52).  

 To identify additional inhibitors that stabilize the inactive DFG-out conformation of p38 

MAPKα, Simard et al. developed a fluorescent-tagged kinase assay system (53) with application 

for high-throughput screening (54).  In this assay, a fluorophore is attached covalently to the 

activation loop and by monitoring the change of the fluorescence spectra upon conformational 

changes it is possible to measure the Kd, kon, and koff associated with the binding and dissociation 

of any compound to the allosteric pocket.  For example, a 45 nm shift in the emission maxima of 

acrylodan attached to the activation loop occurred in the DFG-out conformation.  Using this 

assay ~35000 compounds were screened in a two-step process. First, a single ligand 

concentration was used, followed by a second screening using a different ligand concentration to 

determine the Kd of the selected hits. To test if the selected hits stabilize the DFG-out 
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conformation, the Kd for each compound was determined for active and inactive acrylodan-

labelled p38α.  An unchanged Kd suggests that the ligand does not stabilize the DFG-out 

conformation and binds to the ATP site.  Loss of ligand binding to the active enzyme confirms 

that it binds the pocket exposed by the DFG-out conformation of the enzyme.  Compound 17 

was identified by this method as an allosteric inhibitor of p38 MAPKα with an IC50 of 11 µM 

and a two- fold loss of affinity when measured against active acrylodan-labeled p38 MAPKα.  

  

In a recently published molecular dynamics study of p38 MAPKα, the movement of the 

DFG residues upon ligand binding was analyzed. Stable intermediate conformations were 

observed, which are distinct from the DFG-in and DFG-out conformations.  Frembgen-Kesner et 

al. refer to these conformations as pseudo DFG-in and pseudo DFG-out conformations (55). In 

2010, Filomia et al. studied the p38 MAPKα DFG flip mechanism by accelerated molecular 

dynamics (AMD) (56), which was used to enhance convergence of the flexible activation loop. 

This study supports the previous observations of Frembgen-Kesner et al. that intermediate 

conformations between DFG-in and DFG-out are significantly populated (55). 

 

Small molecules targeting the DRS of p38 MAPK 

In 2004, Davidson et al. confirmed that targeting non-ATP competitive binding sites of 

MAP kinases can not only produce kinase selectivity, but also substrate selectivity. They 

discovered a new non-ATP p38 MAPKα inhibitor (compound 18) that inhibits MK2a 

phosphorylation with a Ki of ~330 nM and ATF2 phosphorylation with a Ki of more than 20 µM. 

Isothermal titration calorimetry analysis confirmed the binding of compound 18 to p38 MAPKα, 

but showed that this compound does not prevent the binding of MK2a. A deuterium exchange 
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mass spectrometry (DXMS) study suggested that compound 18 binds in the vicinity of the p38 

MAPKα active site and disrupts of the ATP binding site (57). The basis for its substrate 

selectivity is unknown. 

 

A lipid-binding site on p38 MAPK 

Recently a novel lipid-binding site was reported in the portion of the C-terminal lobe 

formed by the MAP kinase insert (19, 58-59). In 2009, Perry et al. applied AutoLigand to 

examine both the optimal ligand size and affinity of compounds that may bind in this region 

(59).  This is a promising site for the design of inhibitors since it is a hydrophobic pocket rather 

than a flat surface and it contains hydrogen-bond acceptor sites for specificity.  In 2011, Comess 

et al. reported the affinity-based discovery of inhibitors that bind at the lipid-binding site in p38 

MAPKα (19). High-resolution NMR and crystallographic studies have been conducted to 

provide details on the binding location of the newly identified allosteric inhibitor (compound 19) 

in p38 MAPKα (Figure 1.5B). Interestingly, binding of compound 19 induces conformational 

changes of the C-terminal cap and produces a tight “hydrophobic bend” that enhances its 

accommodation. This compound is active in the upstream MKK6 and the downstream MK2 

cascade assay with an IC50 of 1.2 and 0.8 µM, respectively. Upon screening this compound 

against a panel of 129 kinases, its isoform selectivity was surprising as it exhibits no activity 

against the other three p38 MAPK isoforms (β, γ and δ) as it showed an IC50 > 40 µM in these 

cases.  However, compound 19 showed some marked activity against Pim1 (Ki = 4.5 µM), Pim3 

(Ki = 1.9 µM), Map4k4 (Ki = 4.7 µM), KHS (Ki = 5.2 µM), Gsk3β (Ki = 4.9 µM) and BRSK1 (Ki 

= 8.5 µM). 
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Figure 1.1. Multiple sequence alignment of human ERK1/2, JNK1/2/3 and p38 

MAPKα/β/γ/δ. Key residues discussed throughout the text are annotated in this multiple 

sequence alignment of human ERK1, ERK2, JNK1α2, JNK2α2, JNK3α2 and p38 MAPKα 
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(CSBP2), p38 MAPKβ, p38 MAPKγ and p38 MAPKδ. The shades of grey indicate the degree of 

conservation for each residue and darker shades correspond to greater conservation.  Note that 

the first 38 N-terminal residues of JNK3α2 and a variable number of C-terminal residues on each 

MAP kinase are not shown. 
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Figure 1.2. Conserved structural features of MAP kinases based on the structure of JNK1 

(PDB ID: 3O17). JNK1 (PDB ID: 3O17) is shown with each segment of secondary structure 

labeled. The subscripts for secondary structure elements that are not conserved for all protein 

kinases refer to loop number.  
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Figure 1.3. The difference between active and inactive MAP kinase conformations 

The inactive structure of ERK2 (PDB ID: 1ERK) shows the unphosphorylated T-X-Y motif 

located on the activation loop (L12) of protein kinases (
183

T-E-Y
185

 for ERK1/2). The active 

structure of ERK2 (PDB ID: 2ERK) has been phosphorylated on both the threonine and tyrosine 

residues that favor conformational rearrangements stabilized by electrostatic interactions 

between the negatively charged phosphates and positively charged arginine residues. 
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Figure 1.4. The structure of the D-recruitment sites of ERK2 and JNK1 

The D-recruitment sites of A.) ERK2 with pepHePTP (PDB ID: 2GPH), B.) JNK1 with pepJIP1 

(PDB IDs: 1UKH) are shown. Qualitatively, to the right of the DRS, there is a hydrophobic 

patch that contributes affinity to the interaction of MAP kinases with scaffolding proteins and to 

the left are interactions with negatively charged aspartate and/or glutamate residues. 
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Figure 1.5. Novel binding sites in JNK1 and p38 MAPK 

Shown in A and B are two MAP kinase complexes with non-ATP inhibitors that bind at the F-

site. A.) The structure of the α isoform of JNK1 in complex with inhibitor 46A bound (PDB ID: 

3O2M), which exhibits extensive interactions with a second copy of itself within the asymmetric 

unit of the crystal. B.) A promising structure of p38 MAPKα with inhibitor 3NE bound (PDB ID: 

3NEW). 
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Figure 1.6. 2D structures of non-ATP competitive MAP kinase inhibitors discussed throughout 

the text. 
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Chapter 2: From in Silico Discovery to intra-Cellular Activity: Targeting the JNK-JIP 

Protein-Protein Interaction with Small Molecules 

 

2.1. ABSTRACT 

The JNK-JIP1 interaction represents an attractive target for the selective inhibition of 

JNK-mediated signaling.  Herein, for the first time, we applied a virtual screening (VS) 

workflow, based on a combination of three-dimensional shape and electrostatic similarity, 

coupled to extensive biochemical verification to discover novel scaffolds for the development of 

ATP-independent JNK inhibitors targeting the JNK-JIP interaction.  Of 350 compounds selected 

from the 260,071 compounds in the NCI diversity set, more than 80 registered as hits (greater 

than 25% inhibition observed at 10 µM) in a biochemical kinase assay.  Four of eleven 

compounds identified by this screening protocol showed strong inhibition of JNK activity under 

standard kinase assay conditions when using c-Jun as the protein substrate and where tested 

successfully displace a JIP1-derived peptide from JNK1.  These compounds also blunted c-Jun 

phosphorylation in HEK293 cells.  (–)-Zuonin A, a ligand identified in the screen exhibits an 

IC50 of approximately 2 µM for c-Jun phosphorylation and 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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2.2. INTRODUCTION 

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).  From these genes, at least 10 

different splicing isoforms in mammalian cells are produced. JNK1 and JNK2 show a broad 

tissue distribution, whereas JNK3 is expressed predominantly in neurons, cardiac smooth muscle 

and the testis (60).  JNK1, JNK2 and JNK3 are activated by extracellular stimuli, such as stress 

or cytokines, which leads to the phosphorylation of several transcription factors and cellular 

substrates implicated in cell survival, cell proliferation, as well as insulin receptor signaling (3, 

61).   

The JNK signaling pathway is associated with the pathogenesis of several diseases 

including diabetes, cancer, atherosclerosis, stroke, Alzheimer’s and Parkinson’s diseases (62-63).  

A small molecule inhibitor of JNK with good potency, selectivity and a favorable 

pharmacokinetic profile would be ideal for probing the role of JNK in these diseases.  Over the 

past several years, most of the drug discovery studies have focused on the development of ATP-

competitive JNK inhibitors (64). However, ATP-competitive inhibitors are reported to have 

several disadvantages.   Most notably, there is difficulty in the development of highly specific 

inhibitors due to the level of homology in the ATP-binding site among protein kinases (65).  

Recently, a covalent JNK inhibitor, which labels a cysteine residue within the active site (Cys-

116 in JNK1) was shown to inhibit c-Jun (a JNK substrate) phosphorylation with useful 

selectivity in HEK293 cells at submicromolar concentrations (66). 

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 
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the active site.  Although the development of small molecules targeting protein-protein 

interactions represents a challenging area, some progress has been made in recent years with a 

variety of approaches (65). Scaffolding proteins such as the JNK Interacting Protein (JIP 1-4) 

(67) and arrestin (68) are known to bind JNK to enhance its activation in vivo.  Several non-ATP 

competitive inhibitors of JNK target the JIP-JNK interaction.  For example, JIP-based peptide 

inhibitors derived from an 11-residue sequence (
153

RPKRPTTLNLF
163

) that corresponds to the 

D-site of JIP1 bind the D-recruitment site (DRS) of JNK and act as specific inhibitors of JNK-

ligand interactions (40).  In one of our recent reports, we engineered potent (IC50 ~90 nM) JIP-

based peptide inhibitors with demonstrated specificity for the JNK2-isoform.  These peptides 

displayed a significant ability to inhibit JNK activation and c-Jun phosphorylation in HEK293T 

cells and decreased breast cancer cell migration, which is reported to be regulated by the JNK2 

isoform (42-43).  

In 2008, Stebbins et al. discovered the thiadiazole BI-78D3 (Figure 2.1A) as the first 

small molecule targeting the JNK-JIP interaction (44).  BI-78D3 was identified as a non-ATP 

competitive inhibitor of JNK that efficiently displaces biotinylated pepJIP1 from GST-JNK1 

with an IC50 of 500 nM.  Several analogs of BI-78D3 with improved plasma stability have been 

reported  (45-47).  There have also been efforts to discover different scaffolds that act as non-

ATP competitive inhibitors of JNK (19, 48).  

Virtual screening holds promise as a rapid and inexpensive alternative to high-throughput 

screening (HTS) to discover useful starting points for drug discovery projects. Three major 

factors enhanced our ability to discover a small molecule inhibitor targeting the JNK-JIP binding 

site using virtual screening.  First, as previously mentioned, BI-78D3 was found to target the JIP-

JNK binding site.  Second, the X-ray crystal structures for all three JNK isoforms are solved (40, 
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69-70).  Finally, we had analyzed the binding of pepJIP1 to JNK1 by molecular dynamics and 

identified four residues in complimentary  biochemical assays (R156, P157, L160 and L162) as 

crucial for the formation of the complex (Figure 2.1B and 2.1C) (41).   

In this work, we used Shape-Based Virtual Screening to discover JNK-selective 

inhibitors that do not compete with ATP.  The binding of a ligand to a receptor is driven in part 

by complementarities in shape and physicochemical interactions.  At present, the highly 

optimized screening platform ROCS (Rapid Overlay of Chemical Structures) is considered the 

de facto industry standard for shape-based, ligand-centric virtual screening (71).  The basic 

assumption of shape-based similarity screening is that molecules of shape and chemistry that are 

comparable to known active agents have a significant probability of also showing activity.  The 

starting point for this virtual screen was BI78-D3 (Figure 2.1A).  Ligand-based virtual screening 

with BI78-D3 as the query molecule was applied to search the (National Cancer Institute) NCI 

Diversity Set (72) for selective inhibitors.   The biological evaluation of the selected compounds 

resulted not only in new scaffolds for the development of potential therapeutic agents that target 

the JNK-JIP interaction, but also yielded one compound (2) ((–)-zuonin A) that exerts high 

selectivity among MAP kinases. 

Like all other kinases, JNK has two substrate binding sites: one for ATP and one for the 

protein substrate.  The main aim of this work was to identify JNK-specific inhibitors through 

targeting the protein interaction site (JNK-JIP binding site) a site that is known to be largely 

solvent-exposed and relatively shallow (2). Three groups have previously performed high-

throughput screening to discover non-ATP competitive JNK inhibitors.  The first group screened 

a collection of 30,000 compounds for the ability to disrupt the interaction of pepJIP1 with JNK1 

by using the DELFIA (Dissociation Enhanced Lathanide Fluoro-Immuno Assay) platform (44) 
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and the other two groups developed new binding/affinity assays to screen a library containing 

more than 2 million (48) or 500,000 compounds (19).  Although they successfully discovered 

potentially useful inhibitors, the difficulty of the screening procedure still acts as a barrier to 

discover novel inhibitors that target these functional MAP kinase sites.  In this work, rather than 

screening the whole 260,071 compounds of the NCI library experimentally we employed an 

inexpensive computational methodology to facilitate the discovery of such inhibitors.  This 

approach has potential to identify new and selective inhibitors of MAP kinases. 
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2.3. MATERIALS AND METHODS 

Determination of Conformation for Query Ligand – Providing a correct representation 

of the ligand is an important pre-requisite for carrying out a successful similarity screening. 

Hence, the following factors were considered to optimize the quality.  The initial three-

dimensional structure of BI78-D3 was generated using Marvin.  Computational-docking studies 

were performed using GOLD4.1 (The Cambridge Crystallographic Data Centre). The x-ray 

coordinates of JNK1 (PDB-ID: 1UKH) were used to dock BI-78D3 (40).  The coordinates of the 

missing residues (Ala173-Arg189, Ala282-His286 and Ile337-His369) in JNK1 were patched by 

using the homology software Modeler9v5.   The docking sites were defined as spherical regions 

of 20 Å radius, centered on the center of mass of Calpha of each residue on pepJIP1 (amino acid 

sequence 
153

RPKRPTTLNLF
163

) (Figure 2.1B).  BI78-D3 was docked into these sites in 10 

independent runs.  GOLD was run in the “Rigid-docking mode” comprising 2,500,000 genetic 

operations on an initial population of 200 members divided into five subpopulations (number of 

islands). The annealing parameters of fitness function were set at 4.0 for van der Waals and 2.5 

for hydrogen bonding.  A niche size of 2 and a selection pressure of 1.1 were used.  ChemScore 

(73) was used to rank the predicted structures from the docking runs.  A total of 100 structures 

were generated at the end of each docking run.  Figure 2.1C shows different poses in the DRS 

site of JNK1 (single highest ranked structure picked from each docking).  The 5 docked poses in 

site 2 were further validated by molecular dynamics simulation and MM-PBSA (Table 2.S1).  

Molecular dynamics simulations were carried out with AMBER 9.0.  The AMBER ff99SB force 

field was used for the protein, and the general AMBER force field (GAFF) parameters
 
were used 

for BI-78D3.  A total of 9.1 ns NPT simulation was performed for each ligand pose bound to 
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JNK1 at 1 atm and 300 K, with an integration time step of 2.0 fs and H containing bonds 

constrained. The estimated binding free energy (ΔGb) of pose 5 with JNK1 was lower than the 

other 4 poses with JNK1 (Table 2.S1).  Hence, the average conformation of BI78-D3 of the last 

3.0 ns trajectory for pose 5 was chosen as the query conformation for the subsequent similarity 

screening. 

3D Shape and Electrostatic Similarity Screening – An overview of our virtual screening 

workflow is displayed in Figure 2.1F.  Each compound in the NCI diversity set was expanded 

into a set of 3D conformations (20 conformers) using OMEGA 2.3.2. (OpenEye Scientific 

Software, 9 Bisbee Court, Suite D, Santa Fe, NM 87508, 2006).  We utilized ROCS (OpenEye 

Scientific Software) for three-dimensional shape comparison.  ROCS performs shape-based 

comparison of all conformers of the NCI molecules to the query molecule.  ROCS maximizes the 

rigid overlap of the Gaussian functions and thereby maximizes the shared volume between the 

query and the database molecules.  The ROCS-selected compounds were ranked by the combo 

score function, a sum of scaled color score and shape Tanimoto score, which is a quantitative 

measure of three-dimensional overlap.  A score of 2 represents a complete overlap (same shape) 

and 0 no overlap.  The 500 molecules with the highest combo score were identified. 

We conducted a second screen using EON (OpenEye Scientific Software) in which the 

top 1000 compounds from the ROCS screen were used as input.  An electrostatic rank was 

determined based on an electrostatic-based Tanimoto combo score that is the sum of the shape 

Tanimoto and the Poisson–Boltzmann (PB) electrostatic Tanimoto, which ranges from 2 

(identical) to 0, indicating the extent of steric and electrostatic shape overlaps.  In EON, the 

Poisson–Boltzmann equation is solved to calculate the electrostatic potential on the nodes of a 
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3D grid constructed around a molecule.  The molecule has MMFF94 nuclei-centered charges 

assigned (74).  The top 500 ‘hits’ had electrostatic Tanimoto combo scores between 0.82 and 

1.29.  

The combo scores (ROCS) and electrostatic Tanimoto combo score (EON) are listed in 

Table 2.S2.  The same docking and MD (Molecular Dynamic) simulation protocols for BI78-D3 

were applied to decide the potential binding modes for the top 4 hits from the similarity search.  

The free energy contribution of each residue in the binding pocket was calculated using alanine 

scanning in MM-PBSA (41).   

Biochemical Screening of the Compounds Identified by Virtual Screening – 352 of the 

top 750 compounds identified by the virtual screening protocol were made available by NCI and 

chosen for kinase screening.  The activities of six protein kinases (JNK1α1, JNK2α2, ERK2, 

p38MAPKα, eEF2K, and TrpM7 kinase domain) were tested against the appropriate substrates 

in the presence of 10 µM of each compound.  JNK1α1, JNK2α2, ERK2, p38MAPKα and TrpM7 

were tested in the following kinase assay buffer (25 mM HEPES (pH 7.6), 10 mM MgCl2, 50 

mM KCl, 2 mM DTT, 0.1 mM EDTA, 0.1 mM EGTA, 0.03 % Brij-35, 5-10% DMSO and 10 

μg/ml BSA), while eEF2K were tested in the same buffer plus 250 μM CaCl2, 2 μM CaM 

(Calmodulin) (75). For JNK, 20 nM JNK1α1 or JNK2α2 was assayed for activity using 2 µM 

GST-c-Jun (1–221).   For ERK2, the activity of 2 nM ERK2 was tested against 10 µM of a 

substrate peptide, FQRKTLQRRLKGLNLNL-AHX-TGPLSPGPF, where AHX is a linker that 

follows an N-terminal D-site (76).   For p38MAPKα, 10 nM p38MAPKα was assayed with 10 

µM GST-ATF2 (1-115).   For eEF2K and TrpM7 kinase domain, phosphorylation of 50 µM 

(acetyl-RKKYKFNEDTERRRFL-amide) eEF2K peptide substrate (75) and 10 µM  of  (acetyl-
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RKKYRIVWKSIFRRFL-amide) TrpM7 peptide substrate (Park J. & Kaoud T., et al., submitted) 

were tested using 2 nM eEF2K or 25 nM of TrpM7 respectively.   Each reaction mixture was 

incubated in a volume of 90 µL per well in 96-well plate at room temperature for 30 minutes. 

The reactions were initiated by the addition of 10 µL [γ-
32

P] ATP, adjusting the ATP 

concentration to 100 μM (100-1000 c.p.m. pmol
-1

) for eEF2K and 500 μM (100-1000 c.p.m. 

pmol
-1

) for all other kinases.  The reaction was incubated at room temperature for 10 minutes and 

then quenched by transferring 80 μL of reaction mixture to each well of a P81 96-well filter plate 

(Unifilter, Whatman) containing 200 μL of 0.1 M phosphoric acid solution.   The P81 filter plate 

was washed 7-8 times with 200-300 mL of 0.1 M phosphoric acid solution and one time with 

pure acetone, followed by the addition of 20 mL of scintillation cocktail.   A MicroBeta TriLux 

liquid scintillation counter (PerkinElmer) was used for screening.   The same protocol was used 

to screen the four plates using the compounds selected randomly from the NCI library. 

In Vitro Kinase Inhibition Assay – Kinase inhibition assays were conducted at 30 °C in 

assay buffer (25 mM HEPES buffer-pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM 

DTT and 10 μg mL
-1

 BSA), containing 300 μM [γ-
32

P] ATP (100-1000 c.p.m.    pmol
-1

), 11 mM 

MgCl2 and different concentrations of each compound in a final total volume of 70 µL, 

containing 5-10 % DMSO and 0.03% Brij-35 surfactant.  For JNK assays, 20 nM of active 

JNK1α1 or JNK2α2 were assayed with 2 µM GST-c-jun (1–221) as protein substrate.    For 

ERK2 assays 2 nM ERK2 was assayed with 10 µM of D-substrate peptide or 10 µM Ets1 (1-

138) protein substrate.   For p38MAPKα assays, 10 nM p38MAPKα was assayed with 10 µM 

GST-ATF2 (1-115) protein substrate.  Activity was assessed at different compound 

concentrations by the measurement of initial rates, where the total product formation represented 
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less than 10% of the initial substrate concentrations.  Every reaction was initiated by the addition 

of ATP.    At set time points (0.5, 1, 1.5, 2, 4 min), 10 μl aliquots were taken from every reaction 

and spotted onto 2×2 cm
2
 squares of P81 cellulose paper; the papers were washed 3 times for 15 

minutes each in 50 mM phosphoric acid (H3PO4), followed by a pure acetone wash, then dried.    

The amount of labeled protein was determined by counting the associated c.p.m. on a Packard 

1500 scintillation counter at a sigma value of 2. 

JIP-JNK Displacement Assay – 19 mL of 2 µM His-tagged inactive JNK2 were mixed 

with 1 mL of Ni-beads (Qiagen) and agitated for 1 hour at 4 ºC in assay buffer containing 25 mM 

HEPES, 100 mM KCl, 0.1 mM EDTA, 0.1% β-mercaptoethanol, 10 mM MgCl2 and 40 µg/mL 

BSA, pH 7.5.   The beads were then washed 3 times for 10 minutes each with the same buffer by 

centrifuging the suspension at 14,000 rpm and re-suspended in 20 mL of the assay buffer.   4,800 

µL of a homogeneous suspension of JNK2 bound to Ni-beads were distributed equally into 44 

wells (~ 100 µL/wells) of Millipore MultiScreenHTS, 96-Well Filter Plates (Cat number: 

MSHVN4B10) and the other 44 wells contained only 100 µL of the buffer to be used as a 

control.   Different concentrations of each compound were added to every well (and control well) 

with the DMSO concentration adjusted to 10%.  The plates were then shaken on an orbital 

shaker (60 rpm/min) for 30 minutes at room temperature after sealing both the upper surface and 

the base with aluminum seal (AlumaSeal
™

 CS Films, sigma).  10 µM FITC labeled JIP
10

-∆-TAT
i
 

peptide (42) was added to every well and the shaking continued for another 30 minutes at room 

temperature.  As controls to measure the fluorescence background, four wells were measured 

containing FITC labeled JIP
10

-∆-TAT
i
 peptide without the addition of any compound or JNK2 

bound Ni-beads and another four contained only JNK2 bound Ni-beads.  The plates were then 

transferred to a MultiScreenHTS Vacuum Manifold and the resins were washed three times with 

javascript:catLink('','','','2602467')
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the assay buffer to remove any unbound labeled JIP peptide and compound while being careful 

to avoid drying the resin.   The washed resins were re-suspended in 100 µL assay buffer, and 

then the upper surface of the plates were sealed tightly with aluminum seal. The plates were 

inverted and either kept on the shaker for another 10 minutes or centrifuged at 5000 rpm for 10 

minutes.   The membrane filters were removed by forceps and the fluorescence was immediately 

measured using a Perkin-Elmer (Waltham, MA) VICTOR3V 1420 multilabel counter plate 

reader (Excitation filter F485 and emission filter F535).   The fluorescence (λ535) was corrected 

using the observed background control.  The normalized fluorescence is directly proportional to 

the amount of labeled peptide bound to JNK2. The fluorescence decreases with increasing 

compound concentration if the compound displaces the labeled JIP peptide from JNK.  The % 

displacement was determined by relating the measured fluorescence to the fluorescence 

determined in the absence of any compound. 

Expression, Purification and Activation of Tagless Kinases – Activated full-length 

human tagless JNK1α1 (GenBank accession number NM_002750) or human JNK2α2 (GenBank 

accession number NM_002752) was expressed, purified and activated as described previousl 

(42). Activated tagless ERK2 (Rattus norvegicus mitogen activated protein kinase 1, GenBank 

accession number NM_053842) was expressed, purified and activated as described in (Kaoud et 

al) (37).   p38MAPKα (GenBank accession number NM_011951) was expressed, purified and 

activated as described previously (77).  eEF2K and TrpM7 kinase domain were expressed, 

purified and activated as described previously (78-79).   Active MKK7 (WT) was expressed, 

purified and activated as described previously (80).  Active MKK4 (WT) was expressed, purified 

and activated as described previously (68). The activated kinases were all stored in buffer S [25 
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mM HEPES (pH 7.5), 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT and 10% (v/v) 

glycerol] at -80 ºC. 

Expression and purification of GST-cJun (1-221), GST-ATF2 (1-115) and His-Ets-1 

(1-138) – GST-C-JUN (1-221) was expressed and purified according to the method of Yan et al 

(41).  His-Ets-1 (1-138) was expressed and purified according to the method of Kaoud et al (37).   

GST-ATF2 (1-115) was expressed and purified according to the method of Szafranska et al (77).  

Cell culture – HEK293T cells were maintained in DMEM (Invitrogen) supplemented 

with 2 mM L-glutamine (Invitrogen), 10% (v/v) FBS-US grade (Invitrogen), 100 g mL
-1

 

streptomycin (Sigma) and 100 U mL
-1

 penicillin (Sigma).  Cells were cultured at 37 °C in a 

humidified 5% CO2 incubator.   Cells were seeded in a 12-well plate at 400,000 cells per well 

and incubated for 24 hours before addition of each tested compound or DMSO (81).    After 16 

hours, cells were treated with either anisomycin (50-100 nM) or Epidermal Growth factor (50 

ng) (MP Biomedicals) for 5-10 minutes. 

Western blot analysis – After washing the cells with PBS (Invitrogen), the lysates were 

prepared in CytoBuster™ Protein Extraction Reagent (EMD-Biosciences) and then cleared by 

centrifugation. The protein concentration was measured by Bradford analysis (Bio-Rad).    

Lysates containing 45-60 µg of total protein were fractionated on a 10% SDS polyacrylamide gel 

(Bio-Rad) and transferred to Hybond-P PVDF Membrane (GE Healthcare).    Primary antibodies 

were incubated overnight at 4 ºC using 1:10,000 anti-phospho-c-Jun (Ser-63), clone Y172 rabbit 

mAb (Millipore); 1:5000 anti-actin, clone 4 mouse mAb (Millipore).    Either anti-rabbit (Bio-

Rad) or anti-mouse (Cell Signaling Technology) horseradish peroxidase-conjugated secondary 

antibodies and ECL Plus™ Western Blotting Reagents (GE Healthcare) were employed to 

develop the blots. 
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2.4. RESULTS AND DISCUSSION: 

Generation of a Bioactive Conformation for the Query Ligand BI78-D3 – Since the 

basic idea of shape-based screening is the generation of a complementary image of the binding 

site by considering the shape of a ligand, the reference ligand (also called the query ligand) needs 

to be represented in its bioactive conformation.  In other words, the foundation of this method is 

the generation of a complementary image of the binding site from a ligand shape (71).  BI78-D3 

(Figure 2.1A) is known to displace pepJIP1 from JNK (44).  To gain insight into its potential 

bioactive conformations bound to JNK1, we constructed a model of the protein-ligand complex 

using coordinates from the X-ray crystal structure of the JNK1•pepJIP1 complex (40) (Figure 

2.1B and 1C), where pepJIP1 binds the D-recruiting site (DRS) of JNK.  We searched the 

surface of JNK1 centering on its interface with pepJIP1 (the DRS) in order to construct a model 

for BI78-D3 bound to JNK1 by molecular docking using GOLD4.1 (The Cambridge 

Crystallographic Data Centre) (see Experimental Section).   

In MAP kinases, the DRS is an extended peptide-binding groove found on the kinase’s 

rear face (4). The basic residues of D-site docking motifs bind to negatively charged surface 

residues in the region identified as Φchg (Figure 2.1C).  The hydrophobic residues of the D-site 

docking motif (φA-X-φB) bind the nearby hydrophobic pocket Φhyd (Figure 2.1C) (28).  Three 

possible docking sites were identified (Figure 2.1D) including five potential poses (binding 

structures) at site 2, which is situated in between the Φchg and Φhyd regions and further defined by 

β8, αE, loop 16 and αD (Figure 2.1E).  The poses at site 2 were used as starting structures for 

further molecular dynamics simulations (MD) to determine the dynamically stable protein-ligand 

binding modes.  These were then further interrogated by MM-PBSA (molecular 
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mechanics/Poisson–Boltzmann (PB) solvent-accessible surface area methodology) (82) to 

estimate their relative binding free energy.  The estimated binding free energy ΔGb of pose 5 was 

slightly more favored (Table 2.S1).  Interestingly, after 3 ns of MD simulation, pose 5 re-

oriented to place the nitro group of BI78-D3 in the proximity of Glu-126 and Arg-127 (αE) 

(Figure 2.1E).  Accordingly, the ligand conformer in this new pose was used as the bioactive 

conformation of BI78-D3 with which to carry out the virtual screen.  It should be noted that 

Stebbins et. al (44) 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 2.1C).  This binding mode was not identified in our studies. 

Combined shape and charge-based virtual screening – A schematic summary of the 

overall virtual screening procedure utilized this study is presented in Figure 2.1F.  The library 

used in the ligand-based virtual screening is the NCI Diversity Set, which contains 260,071 

compounds (72).  Each compound was expanded into a set of 20 3D conformations using Omega 

2.3.2 of OpenEye software.
i
  The three-dimensional shape comparison between BI78-D3 and the 

molecules in the NCI Diversity Set was performed using ROCS 2.3.1 (Experimental, Supporting 

information).  In another screening, top 1000 compounds from the ROCS screen were used as 

input. These 1000 compounds were ranked for similarity to BI78-D3 based on electrostatics 

using EON 2.0.1 (Experimental, Supporting information). EON calculates an Electrostatic 

Tanimoto (ET) score which is a measure of the electrostatic similarity between two small 

molecules (74).  The ROCS and EON results are highly dependent on query molecule and they 

usually exhibit similar performances in the metric measures, this can be ascribed to the 

alignment method; the EON program does not perform its own alignment and depends on ROCS 

output alignment.  Since the alignment used in both programs is the same so their performance is 
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found to be highly correlated (83). A total of 750 compounds, representing the merging of the 

top 500 hits from both ROC sand EON screens were subsequently selected for further 

biochemical screening using in vitro kinase assays (Table 2.S2). 

Assessment of enrichment for targeting JNK – We were able to secure 352 of the 750 

compounds from NCI (National Cancer Institute) and arranged them in 96-well plates.  An 

enrichment experiment was performed to compare these compounds to 350 randomly selected 

from the same library.  The % inhibition of both the VS-selected compounds and the randomly 

selected compounds (at 10 µM concentrations) towards JNK1 and TrpM7 (an atypical kinase) 

was determined using an in vitro kinase assay (Experimental Section).  While 80/352 compounds 

from the VS analysis inhibited JNK1 by more than 25 % at 10 µM, none of the randomly 

selected compounds (control) inhibited JNK1 by more than 15% (Figure 2.2A).  TrpM7, which 

has little sequence similarity to JNK (84), exhibited limited inhibition when treated with either 

the VS-selected compounds or a random set (Figure 2.2A).  Surprisingly, ERK2 and p38MAPKα 

when assayed against substrates that target the DRS showed broadly similar results to the alpha 

kinases Trpm7 and eEF-2K (Figure 2.2B).  Together, these results validate the VS protocol as a 

useful tool for the identification of inhibitors that target JNK1.   

Our biochemical screening identified eleven compounds (Figure 2.3A) exhibiting 

considerable inhibition of JNK-protein interactions when assayed at a concentration of 10 µM.  

As would be expected these compounds exhibit structural features similar to those found in 

BI78-D3, including either a benzo[d][1,3]dioxole moiety (compounds, 1, 3, 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 2.3B and 2.3C shows the structural overlaps and 

electrostatic distribution, respectively of several of the hits identified in the screen.  



 

 

41 

 

Prioritizing hits and potential mechanisms of protein interference agents targeting the 

DRS of JNK  – The virtual screening strategy we followed in this work is predicted to discover 

inhibitors that compete with JIP and c-Jun at the DRS of JNK.  As mentioned earlier the DRS of 

a MAPK possesses two regions termed the charged region (Φchg) and the hydrophobic region 

(Φhyd) that interact with a protein substrate predominantly through charged and hydrophobic 

interactions, respectively.  Proteins that bind JNK do so through a number of mechanisms.  An 

interaction with the DRS may be crucial for binding, important but non-essential or not 

significant at all for biochemical activities.  We believe the DRS interaction of c-Jun is essential 

for its interaction with JNK and that it represents an ideal substrate with which to investigate the 

targeting of the DRS by small molecules.  However, we expected inhibitors to vary in their 

ability to inhibit, because not all possible small molecule-binding modes at the DRS will 

completely compromise protein binding. 

To prioritize the 11 hits identified in the biochemical screening we performed dose-

response curves, examining the ability of the compounds to inhibit c-Jun phosphorylation by 

JNK2 in an in vitro kinase assay (Table 2.1).  The inhibition profile for JNK1 and JNK2 were 

similar (Figure 2.2B) enabling us to use either JNK1 or JNK2 in the subsequent biochemical 

characterization of the compounds.  As an additional biochemical screen we developed a FITC-

JIP peptide displacement assay to estimate the ability of compounds to displace JIP from JNK 

(Table 2.1).  The ability of the compounds to decrease the binding of the FITC-JIP peptide (JIP 

peptide labeled by FITC dye) to JNK was determined by measuring the fluorescence of the 

residual FITC-JIP peptide bound to JNK after the addition of a fixed amount of each compound 

(Experimental Section).  By using these two screens compounds were assessed for their ability to 

inhibit the binding of two different D-site sequences to the DRS of JNK. 
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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.  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 correlated quite well.  

However, some compounds appeared to perform slightly better in one assay 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 concentrations exhibiting an 

IC50 value of 0.7 ± 0.1 µM (Figure 2.2C).  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 (Supporting information) (85).  Unfortunately, its fluorescence spectrum 

precluded an assessment using the displacement assay.  Compound 2 is the second most potent 

inhibitor exhibiting an IC50 of 2.6 ± 0.2 µM (Figure 2.2C).  It also displaces labeled JIP peptide 

with a similar IC50 of 2.5 ± 0.4 µM (Figure 2.2D).  At saturation it exhibits 80% inhibition in 

both assays, suggesting that it compromises, but does not completely block, the binding of both 

D-sites to JNK.  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) compared to the displacement 

assay (IC50 of 58 ± 6 µM)  (Figure 2.2D).  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 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 2.S1), suggesting that its inhibition may 

be due to non-specific binding or aggregation (Supporting information).  
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To assess the nature of their interactions with JNK we docked compounds 1 – 4 onto the 

DRS of JNK1 using GOLD 4.1 (The Cambridge Crystallographic Data Centre) (Figure 2.4).  

The results of this analysis supported the notion that all four compounds bind site 2.  A 

molecular dynamics (MD) analysis, further suggested 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 strong interactions at this locus than 

others (Figures 2.1E and 2.4).  Differences in the binding modes for each compound could 

account for the variability in the maximal inhibition achieved at saturation (Figure 2.4).  This is 

an important consideration for the future development of analogs. 

Selectivity of the hits – To profile the selectivity of the hits towards JNK, the IC50 of each 

compound was determined against ERK2 and p38MAPKα (Figure 2.5 & 2.S2).  Several 

compounds exhibited selectivity for JNK.  Most notably, compound 2 exhibits a 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 virtual screening protocol to identify molecules that target specific sites in JNK with 

acceptable selectivity. 

Cellular Activity – Protein interference agents targeting the DRS, such as 2, have 

potential to inhibit JNK signaling by compromising protein interactions with the DRS.  The 

ability of the eleven hits to inhibit JNK in HEK293 cells was therefore examined.  The effect of 
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each compound on the phosphorylation of c-Jun, an in vivo substrate of the JNKs (86), was 

tested following stimulation of JNK by the ribosomal stressor anisomycin (42) and visualized 

through western blot analysis (Figure 2.5C).  As expected, compounds 1-4 showed inhibition of 

c-Jun phosphorylation in HEK293 cells, with compound 2 exhibiting ~50% inhibition at a 

concentration of 25 µM.  It should be noted that the protein substrates concentration in the cell is 

significantly lower than MgATP.  Thus, a non-ATP competitive inhibitor does not have to be as 

potent as an-ATP competitive inhibitor to achieve an acceptable effective dose-50 (ED50) in 

cells.  For example, compare the value of 10 µM for the ED50 of SP600125 (an ATP-competitive 

inhibitor of JNK) whose IC50 is 40-100 nM with the ED50 of compound 2 whose IC50 is some 20-

50-fold higher (87).   

 

Conclusion 

 The NCI diversity set, consisting of approximately 260 thousand compounds, was 

virtually screened against the protein-binding site of JNK.  A total of 11 small molecules were 

identified as potential inhibitors of JIP-JNK binding.  Compound 2 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. 



 

______________________________________________________________________________
i
 Compound 2 was originally annotated in the NCI database as (+)-Zuonin A.  The structure 

corresponding to (+)-Zuonin A; 5,5'-((2R,3R,4S,5R)-3,4-dimethyltetrahydrofuran-2,5-

diyl)bis(benzo[d][1,3]dioxole) was used in the original virtual screen.  Later studies (chapter 3) 

determined compound 2 to be (-)-Zuonin A; 5,5'-((2S,3R,4S,5S)-3,4-dimethyltetrahydrofuran-

2,5-diyl)bis(benzo[d][1,3]dioxole). 
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Table 2.1: The 11 Hits with their compound ID and respective scores as obtained by virtual 

screening and in vitro kinase assay. 

No NCI ID  

Kinase Assay 

JNK2 
IC50 (µM) 

 

(Max Inhib %) 

Displacement Assay 
JNK2 

IC50 (µM) 

 

(Max Inhib %) 

Kinase Assay 

P38MAPKα  
IC50 (µM) 

 

(Max Inhib %) 

Kinase Assay 

ERK2 
IC50 (µM) 

 

(Max Inhib %) 

1 280175 0.7±0.1
a 
(100%) Not Determined 0.5±0.04

a  
(50%) 1±0.1

a 
(50%) 

2
i
 360072 2.5±0.2 (80%) 2.2±0.4 (82%) 252±22 (50%) 295±34 (50%) 

3 673841 14±1.3 (100%) 58±6 (100%) 60±10 (57%) 4.6±0.1 (100) 

4 322375 21.5±0.9 (80%) 41±6.9 (90%) 2.3±0.2 (24%) 7.5±2 (47%) 

5 657702 0.63±0.1 (50%) 1.7±0.16 (50%) N.S N.S 

6 667916 2.2±0.16 (40%) 2.2±0.18 (66%) N.S N.S 

7 171303 7.7±1 (53%) No Displacement N.S N.S 

8 162496 10.7±2 (48%) 43±6 (50%) 197±29 (25%) 57±0.6 (45%) 

9 186663 13.5±0.7 (20%) No Displacement N.S N.S 

10 690350 20±2.2 (35%) 14.5±1.3 (40%) N.S N.S 

11 690353 15.5±3 (30%) 7.8±1 (25%) N.S N.S 
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Figure 2.1: Generation of a Bioactive Conformation for t he Query Ligand BI78-D3  
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A. Chemical structure of BI78-D3.  B. Cartoon representation of the structure of JNK1 showing 

the D-recruitment site (DRS) for the D-site peptide, pepJIP1 (green ball-and-stick), a peptide 

corresponding to the D-site of JIP1 (amino acids 154–163: PKRPTTLNLF), and the active site 

(PDB ID: 1UKH).  The key helices and β-sheets are labeled based on Heo et al  (40).  C. Surface 

representation of JNK1 in complex with pepJIP1.  Selected secondary structures are labeled 

based on Heo et al (40).  The D-recruiting site (DRS) is formed by Φhyd, including the β7-β8 

reverse turn (Val159−Leu165), αD (Cys116−Ile119), αE (His125−Ala145), and the Φchg region 

(Asp326 and Glu329).  D. Molecular docking of BI78-D3 to JNK1 (PDB ID: 1UKH).  As shown 

in Figure 2.1C, site 2 corresponds to the binding site for Pro-157 of JIP1.  E. Determination of 

the Bioactive Conformation for the Query Ligand BI78-D3 in complex with JNK1 (PDB ID: 

1UKH) (40) using molecular dynamics.  The binding pocket of BI78-D3 is predicted to include 

the αE helix, part of the reverse turn between the β7 and β8 sheets, the V-shape linker (loop 5) 

and the Φchg region (40).  The figure was generated using VMD (visual molecular dynamics) 

(88).  F. Schematic representation of the virtual screening approaches adopted. 
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Figure 2.2.   Determination of the JNK-selectivity of the compounds that were identified by 

the used virtual screening protocol by: A. Enrichment experiment comparing the screening of 
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352 compounds randomly selected from the NCI library against JNK1 and TrpM7 kinase domain 

(JNK1 control and TrpM7 kinase domain control) to the screening of the 352 compounds 

identified by the virtual screening protocol against the same two enzymes.  B. 10 µM of each 

compound identified by the virtual screening protocol were biochemically screened against four 

different MAP kinases (JNK1, JNK2, P38MAPKα and ERK2) and two atypical kinases (eEF2K 

and TrpM7 kinase domain) using in vitro kinase assays.  C.  The effect of compounds 1 – 11 on 

the ability of JNK2 to phosphorylate GST-c-Jun (1-221).  Assay of compound 1 was performed 

in the presence of 100 U/mL catalase.  D. The effect of compounds 1 – 11 in a JIP displacement 

assay using a FITC labeled JIP peptide (42).  Compound 1 was not tested in the displacement 

assay (see text). 
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Figure 2.3. A. Chemical Structures of compounds 1 – 11.  B. Overlay of compounds 1 – 4 

(yellow carbons) and BI78-D3 (green carbons).  C. Three-dimensional chemical structures of 

compounds 1, 2, 4 and BI78-D8 with electrostatic surfaces coded by color (red for negative and 

blue for positive, MMFF94).  Note: compound 3 is not in the ranking list for the EON search. 
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Figure 2.4.  Prediction of the binding modes of compounds 1 – 4 to the DRS of JNK.  

Molecular dynamics (MD) simulations were performed following docking of compounds 1-4.  

The figure was generated using VMD (Visual Molecular Dynamics) (88). 
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Figure 2.5.  Examining the selectivity of the tested compounds towards JNK versus A. 

P38MAPKα and B. ERK2.  The effect of each compound on the ability of A. P38MAPKα to 

phosphorylate GST-ATF2 (1-115) and B. ERK2 to phosphorylate His-Ets-1 (1-138) was tested. 

Compound 2 has limited partial inhibition for the two enzymes with an IC50 of 252±22 and 
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295±34 µM for P38MAPKα and ERK2 respectively, which is 100 fold less potent than JNK2.   

C. Examining the effect of the 11 hits on JNK activity in HEK293 cells. HEK293 cells were 

treated with 25 µM of each compound for 16 hours. The JNK pathway was then induced by the 

addition of anisomycin (50-100 nM) for 5-10 minutes, before lysing the cells.  Lysates were 

fractionated by SDS PAGE (12% gel) and subjected to western blot analysis in order to detect 

the phosphorylated forms of c-jun and JNK. This experiment was repeated two times and the 

average is represented by the bar graph shown.   
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2.5. SUPPORTING INFORMATION 

 

Effect of Triton X-100 and Catalase on the activity of the identified Inhibitors towards 

JNK – To avoid false positives from compounds that were nonspecific or displayed low binding 

affinity, we studied the effects of Triton X-100 on the inhibition potency of compounds 1–11.   

The possibility of small molecules forming nonspecific aggregates, which may produce a 

reversible physical association between aggregates and enzyme has been reported (89).  Such 

aggregations can be eliminated by treatment with 0.01% Triton X-100 (90).   The percent 

inhibition of c-Jun phosphorylation by 10 µM of each compound was tested in both the absence 

and presence of 0.01% Triton X-100.   The potency of compound 11 was significantly 

diminished by 0.01% Triton X-100 (Figure 2.S1A), whereas all the other compounds were 

unaffected.   This suggests that the inhibition ability of compound 11 is mainly due to non-

specific binding, or aggregation. 

 False positives are usually unavoidable in most HTS assays.  Several modes of compound 

interference have been reported that may affect different assay formats (91).  These interference 

modes can be caused by the physical and chemical properties of the compounds.  For example, it 

is common to add a reducing agent, such as dithiothreitol (DTT) or tris(2-carboxyethyl) 

phosphine (TCEP), to the screening assay buffer in order to maintain the protein in its active 

conformation.  This is especially critical if the protein has many cysteine residues.  These strong 

reducing agents have been reported to undergo redox cycling in the presence of certain 

compounds (RCC-Redox Cycling Compounds), generating significant amounts of H2O2 that may 

result in false positive inhibition.   A counterscreen using catalase (100 units/mL) eliminates the 

H2O2, allowing the discrimination between true enzyme-binding inhibition and artifacts (85). 
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 Recent reports (85) have profiled the NIH small molecule repository for compounds that 

generate H2O2 in the presence of reducing agents and have identified several compounds that 

may be considered as RCCs, capable of producing false positive inhibition.   Accordingly, we 

tested the effect of 100 U/mL catalase on the percent inhibition of JNK2 by 10 µM of each 

compound (1 – 11).  None of the compound potencies were affected by the presence of catalase 

(Figure 2.S1B), suggesting that none of the compounds were RCCs.  This was especially notable 

for compound 1 (Figure 2.3A), which we expected to be a RCC due to the presence of a 

pyrimidotriazinedione cluster (85).   However, all our assays employed to characterize 1 were 

carried out in the presence or absence of 100 U/mL catalase, and all demonstrated no effect of 

catalase on the activity of this compound as a JNK inhibitor.    

 

Compounds Characterizations: 

The 11 hits, which received from NCI, were dissolved in 100% DMSO and purified by HPLC to 

remove any impurities before applying any biochemical analysis. The chemical structure and 

final purity of each purified compound was confirmed by NMR and LC/MS. 

 

Compound 1 (3-(1,3-benzodioxol-5-yl)-1,6-dimethylpyrimido[5,4-e][1,2,4]triazine-5, 7-dione), 

purchased from Life Chemicals (Kiev, Ukraine, reagent number: F0608-0448), 
1
H (600 MHz 

DMSO-d6) 7.8 (d, 1H, J = 12 Hz), 7.63 (s, 1H), 7.14 (d, 1H, J = 12 Hz), 6.17 (s, 2H), 4.04 (s, 

3H), 3 proton overlaps with DMSO peak; 
 13

C (100.6 MHz DMSO-d6) 158.98, 154.01, 150.86, 

150.04, 149.28, 148.30, 146.22, 126.63, 121.90, 108.83, 105.88, 101.96, 42.69, 38.82, 38.58, 

28.95, 28.23. MS (ESI) m/z calculated M+1: 313 found 313.17 
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Compound 2 (5-[(2R,3S,4R,5R)-5-(1,3-benzodioxol-5-yl)-3,4-dimethyloxolan-2-yl]-1,3-benzo-

dioxole)
 1

H (500 MHz CDCl3-d6) 6.89 (d, 1H2, J = 2.0 Hz), 6.83 (br, 1H2’), 6.79 (d, 1H5, J = 

2.0 Hz), 6.77 (br, 3H6,5’,6’), 5.92 (br, 4H10,10’), 5.38 (d, 1H7, J = 4.5 Hz), 4.59 (d, 1H7’, J =  9.5 

Hz), 2.43-2.36 (m, 2H8,8’), 0.97 (d, 3H9, J = 7.0 Hz), 0.60 (d, 3H9’, J = 7.0 Hz).  
13

C (100.6 MHz 

CDCl3-d6) 147.33c3, 146.96c3’, 146.45c4, 145.73c4’, 137.05c1, 134.65c1’, 119.56c6, 118.73c6’, 

107.76c5,2, 106.35c5’,2’, 100.78c10, 100.66c10’, 84.68c7, 83.59c7’, 46.78c8, 42.35c8’, 11.41c9, 

9.21c9’.MS (ESI) m/z calculated M+1: 339.15 found 339.2. Analytical HPLC: retention time: 

4.852 min, reverse phase C18 column. Solvent system: acetonitrile/formic acid in water. TLC 0.4 

(30 % EtOAc/Hexanes).  

 

Compound 3 (1H-Dipyrazolo[1,5-a:4',3'-e]pyrimidine-3,4,7-triamine, 6-[(4-bromophenyl)azo]-) 

1
H (300 MHz DMSO-d6) 7.61 (d, 2H, J = 7.1 Hz), 6.54 (br, 2H), 1.24 (br, 1H); (673841) MS 

(ESI) m/z calculated M: 387.06 found 387.2 and 389.2. 

 

Compound 4 (8-(4-Methoxyphenyl)naphtho(2',1':4,5)(1,3)thiazolo(2,3-c)(1,2,4)triazole) 
1
H (500 

MHz DMSO-d6)8.09 (br, 1H), 7.96 (d, 1H, J = 8.4 Hz), 7.87 (br, 1H), 7.84 (d, 1H, J = 8.6 Hz), 

7.67 (d, 2H, J = 8.7 Hz), 7.57 (t, 1H, J = 8.2 Hz), 7.44 (t, 1H, J = 8.2 Hz), 7.03 (d, 2H, J = 8.7 

Hz), 3.81 (s, 3H) MS (ESI) m/z calculated M: 331.08 found 331.2 

 

Compound 5 ([[5-(1,3-benzodioxol-5-ylmethylidene)-4-oxo-1,3-thiazol-2-yl]amino]thiourea)
 1

H 

(500 MHz DMSO-d6)7.56 (s, 1H), 7.15 (br, 3H), 6.15 (s, 2H);
 13

C (100.6 MHz DMSO-d6) 
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148.26, 145.57, 126.50, 109.42, 109.25, 102.05, 71.59, 67.21, 66.65, 62.50, 47.16, 30.24, 

24.39, 23.05, 19.94, 19.78. MS (ESI) m/z calculated M+1: 322.36 found 323. 

 

Compound 6 (2-[[8-(2,3-dimethoxyphenyl)-7-methyl-7,8-dihydro-6H-[1,3]dioxolo[4,5-chromen-

6-yl]amino]ethanol)
 1

H (300 MHz DMSO-d6) 7.02 (br, 3H), 6.62 (d, 1H, J = 6.4 Hz), 6.42 (s, 

1H), 5.85 (s, 2H), 5.40 (br, 1H), 4.15 (br, 1H), 3.83 (s, 3H), 3.65 (s, 3H), 3.39 (br, 2H), 2.55 (br, 

2H), 0.76 (s, 3H);   
13

C (100.6 MHz DMSO-d6) 152.27, 147.71, 146.24, 145.92, 140.88, 

140.74, 136.74, 124.15, 117.68, 110.87, 107.46, 100.65, 100.56, 98.17, 97.82, 93.61, 60.05, 

55.49, 36.92, 14.78, 14.69. MS (ESI) m/z calculated M+1: 388.17 found 388.2 

 

Compound 7 (3-nitro-N-(5-nitro-1,3-thiazol-2-yl)benzamide) 
1
H (300 MHz DMSO-d6)9.0 (s, 

1H), 8.50 (d, 1H, J = 7.4 Hz), 8.44 (d, 1H, J = 7.4 Hz), 8.39 (s, 1H), 7.81 (t, 1H, J = 7.3 Hz); MS 

(ESI) m/z calculated M+1: 295.01 found 295.2 

 

Compound 8 (2,4-bis(1,3-benzodioxol-5-yl)-4-oxobutanoic acid) 
1
H (300 MHz DMSO-

d6)7.65 (d, 1H, J = 7.2 Hz), 7.49 (br, 1H), 7.03 (d, 1H, J = 7.2 Hz), 6.95 (br, 1H), 6.85 (d, 2H, 

J = 7.2 Hz), 6.14 (s, 2H), 5.99 (s, 2H), 3.96 (br, 1H), 2H missing.  MS (ESI) m/z calculated M+1: 

343.07 found 343.2 

 

Compound 9 (5-(morpholin-4-ylmethyl)-3-[(5-nitrofuran-2-yl)methylideneamino]-1,3-oxazo-

lidin-2-one) 
1
H (300 MHz CDCl3)7.78 (s, 1H), 7.41 (d, 1H, J =7.3 Hz), 7.12 (d, 1H, J =7.3 

Hz), 4.82 (m, 1H), 4.0 (t, 1H, J = 7.8 Hz), 3.78 (1H, Br), 3.74 (t, 4H, J = 7.9 Hz), 2.75 (m, 2H), 

2.66 (m, 4H); MS (ESI) m/z calculated M+1: 325.11 found 325.2 
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Compound 10 (3-[(4-methylphenyl)diazenyl]-5,6,7,8-tetrahydropyrazolo[5,1-b]quinazolin-2-

amine) 
1
H (300 MHz DMSO-d6)8.65 (s, 1H), 7.67 (d, 2H, J = 8.1 Hz), 7.29 (d, 2H, J = 8.1 

Hz), 7.12 (br, 1H), 6.55 (br, 1H), 2.93 (t, 2H, J = 7.8 Hz), 2.78 (t, 2H, J = 7.8 Hz), 2.36 (s, 3H), 

1.90 (br, 2H), 1.80 (br, 2H); (100.6 MHz DMSO-d6) 160.87, 159.23, 152.04, 151.06, 137.53, 

133.49, 129.53, 120.80, 118.84, 113.49, 53.48, 49.77, 48.92, 46.03, 36.47, 32.19, 31.99, 31.29, 

30.46, 25.60, 25.18, 24.49, 22.06, 21.70, 21.55, 20.78. MS (ESI) m/z calculated M+1: 307.16 

found 307.4. 

 

Compound 11 (3-((4-Methoxyphenyl)diazenyl)-6,7-dihydro-1H-cyclopenta[d]pyrazolo[1,5-

a]pyrimidin-2(5H)-imine) 
1
H (300 MHz CDCl3)8.78 (s, 1H), 7.86 (d, 2H, J = 7.6 Hz), 6.98 (d, 

J = 7.6 Hz), 6.17 (br, 1H), 3.89 (s, 3H), 3.35 (t, 2H, J = 7.8 Hz), 3.15 (t, 2H, J = 7.8 Hz), 2.66 (br, 

1H), 2.70 (m, 2H), 1.28 (br, 1H);  MS (ESI) m/z calculated M+1: 309.16 found 309.4 
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Figure 2.S1. Effect of (a) 0.01% Triton (b) 100 U/mL catalase on the inhibition potency of 10 

µM of each tested compound.  
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Figure 2.S2. Examining the selectivity of the tested compounds towards JNK versus P38-

alpha and ERK2.  The effect of each compound on the ability of A. P38-alpha to phosphorylate 

GST-ATF2 (1-115) and B. ERK2 to phosphorylate His-Ets-1 (1-138) was tested. Compounds 6-

11 did not show any significant inhibition of the two enzymes, as their IC50s are greater than 0.5 

mM. 
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Table 2.S1. Calculated Binding Free Energies (kcal mol
-1

) of BI78-D3 in Complex with JNK1 

Contribution Pose 1  Pose 2 Pose 3  Pose 4 Pose 5  

ΔEele
a
 −0.17  −5.57 −5.38  −9.12 −0.23  

ΔEvdw
b
 −23.62  −21.18 −24.32  −24.38 −23.02  

ΔGnonpolar
c
 −3.57  −3.06 −3.28  −3.34 −3.11  

ΔGpolar
d
 13.52  16.79 18.94  23.22 11.93  

ΔGb −13.85  −13.02 −14.04  −13.63 −14.44  

 

a
The van der Waals contribution; 

b
the electrostatic contribution; 

c
the nonpolar contribution to the 

solvation free energy;
 d

the electrostatic solvation energy. All energies are averaged over 2000 

snapshots and are given in kcal/mol. Calculation of ΔGb does not explicitly consider entropy 

contributions. 
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Table 2.S2. The Highly Ranked 750 Hits with Their Compound ID and Respective Score as 

Obtained from the Ligand-Based Virtual Screening: 

RANK NSC ID ROCS
a
 EON

b
 

1 712009 1.188 0.889 
2 678040 1.128 1.045 

3 690350$* 1.266 0.834 

4 201456* 1.138 1.102 
5 690354* 1.29 0.836 

6 30836* 1.15 0.935 
7 176080 1.169 1.042 

8 620315* 1.154 0.853 

9 690356* 1.257 0.818 
10 703323 1.292 0.83 

11 627401 1.163 0.974 

12 690358* 1.283 0.853 

13 640501* 1.129 1 

14 721479 1.127 1.052 

15 151211* 1.133 0.955 
16 720857 1.144 1.042 

17 654238 1.18 0.937 

18 698050 1.264 1.013 
19 16467* 1.133 0.849 

20 309692* 1.245 0.852 

21 628511 1.24 0.859 
22 37608* 1.128 0.909 

23 614573 1.14 0.834 

24 112137* 1.277 0.841 
25 212070 1.277  

26 690359 1.18  

27 332416* 1.127 0.932 
28 322375$* 1.145 0.859 

29 677775* 1.174 0.971 

30 409750 1.133 1.108 
31 113061* 1.226 0.926 

32 698054 1.187 0.997 

33 690623 1.13 1.108 
34 666763 1.208 0.941 

35 652926 1.135 0.901 

36 5703* 1.224 0.82 
37 716099 1.189 0.841 

38 657702$* 1.17 0.83 

39 627695 1.271 0.84 
40 186296* 1.161 1.086 

41 147863* 1.133 0.816 

42 633887* 1.135 0.839 
43 634209 1.135 0.842 

44 402957 1.177 0.904 

45 705933 1.155 0.878 
46 649238 1.138 0.88 

47 680861 1.211 1.007 

48 627696 1.246 0.876 
49 353444* 1.275 0.867 

50 165979* 1.154 1.05 

51 701303 1.147 0.819 
52 212329* 1.153 0.873 

53 212303 1.27 0.9 

54 677779 1.205 0.917 
55 404573 1.2 0.929 

56 269748 1.199 0.911 

57 44540* 1.144 1.098 
58 121938* 1.151 0.854 

59 720858 1.154 0.976 
60 146465* 1.165 0.924 

61 360072$* 1.189 0.833 

62 309121* 1.13 0.961 
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63 664266* 1.201 0.983 

64 353446* 1.235 0.957 

65 677777* 1.151 0.943 
66 171303$* 1.151 1.025 

67 690349* 1.267  

68 304379* 1.127 1.096 
69 356483* 1.191 1.134 

70 202655* 1.153 0.972 

71 196576 1.149  
72 693886 1.225 0.855 

73 339660 1.207 0.893 

74 681538 1.151 1.013 
75 686971 1.242 0.854 

76 212315 1.14  

77 701109 1.134  
78 716101 1.178 0.852 

79 206218* 1.133 0.875 

80 720483 1.15 1.034 
81 678477 1.319 0.908 

82 690366 1.182  

83 673630 1.231 0.886 
84 408921* 1.143 1.061 

85 117670* 1.141 0.994 

86 212316 1.279  
87 690360* 1.168  

88 721096 1.131  

89 308840* 1.171 0.924 
90 15718* 1.151 1.109 

91 698051 1.248 1.042 

92 369117* 1.217 0.898 
93 146485* 1.136 1.03 

94 721478 1.155 1.104 

95 281164 1.145 0.956 
96 15726* 1.231 1.031 

97 690355* 1.258  

98 638045* 1.141 1.015 
99 698060 1.149 1 

100 146495* 1.218 0.971 

101 716880 1.205 0.985 

102 657738 1.125 0.968 

103 683342 1.214 0.909 

104 716098 1.141 0.878 
105 712011 1.126  

106 647358* 1.126 0.817 

107 281783 1.154 0.993 
108 605907 1.162 0.932 

109 623106 1.3 1.012 

110 718692 1.152  
111 698055 1.169 1.021 

112 353681* 1.17  

113 613604* 1.148 0.993 
114 690365* 1.17  

115 162498 1.169 0.817 
116 26418* 1.18 0.96 

117 698058 1.137 1.29 

118 706412 1.136 0.947 
119 690361* 1.167  

120 717047 1.125 0.954 

121 606437* 1.128 0.864 
122 686972 1.259 0.875 

123 657729* 1.164 0.85 

124 37444* 1.163 0.87 
125 40543* 1.15 0.873 

126 644769* 1.151 0.902 

127 170404 1.155 0.927 
128 712196 1.274 1.016 

129 353720* 1.192  

130 629868* 1.127 0.972 
131 36795* 1.203 1.115 

132 139178 1.198  
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133 717553 1.141 0.868 

134 326182* 1.14 0.827 

135 380713 1.128 0.933 
136 690363* 1.172  

137 246400* 1.217 0.928 

138 101685* 1.202 0.838 
139 687800 1.153 0.831 

140 382709* 1.128 1.014 

141 162494* 1.137 0.82 
142 637612* 1.15 0.86 

143 99703 1.138 0.819 

144 528678 1.132 0.962 
145 23953* 1.149 0.894 

146 641279* 1.147 0.851 

147 690362* 1.176  
148 698061 1.135 0.95 

149 671801* 1.153 0.855 

150 404651 1.149 0.94 
151 690352* 1.158  

152 271951* 1.146 0.82 

153 46685* 1.138 0.841 
154 709505 1.159  

155 347902* 1.128 0.83 

156 356117 1.21 0.994 
157 350124* 1.175 0.876 

158 350123* 1.156 0.929 

159 352686* 1.155 0.873 
160 686973 1.26 0.877 

161 53265* 1.22 0.915 

162 176637* 1.147 0.908 
163 611076* 1.148 0.825 

164 280175$* 1.147 1.109 

165 162495* 1.128 0.834 
166 606439* 1.131 0.867 

167 359092 1.127 0.836 

168 99700 1.128  
169 103521* 1.144  

170 103520* 1.143  

171 644651 1.142 1.006 

172 690351* 1.158  

173 53271* 1.217 0.913 

174 687804 1.129 0.883 
175 5705* 1.13 0.844 

176 673629 1.144 0.892 

177 687790* 1.161  
178 160461* 1.228 0.821 

179 379388* 1.147 1.078 

180 653010 1.128 1.041 
181 42388* 1.243 0.92 

182 56156* 1.143 0.933 

183 24726* 1.151 0.908 
184 691828 1.157  

185 652927 1.166 0.931 
186 673843 1.198 0.897 

187 26704 1.18 0.91 

188 24724* 1.168  
189 678096 1.152 0.95 

190 401545* 1.129 0.834 

191 367047* 1.126  
192 673845 1.153 0.866 

193 176077 1.211 0.903 

194 673844 1.198 0.884 
195 333052 1.13 0.906 

196 401059* 1.165 0.863 

197 352872* 1.14 0.887 
198 638046* 1.18  

199 326628* 1.216  

200 690364* 1.151  
201 249975 1.143  

202 368255* 1.158 0.909 
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203 240510 1.169  

204 63009* 1.126  

205 669389 1.199  
206 353437* 1.137 0.852 

207 284228 1.143  

208 619223 1.166 0.96 
209 372947 1.126  

210 678097 1.149 1.045 

211 681536 1.151 0.821 
212 343973* 1.162 0.905 

213 332421* 1.157  

214 268693* 1.126  
215 713739 1.137 0.819 

216 640330 1.175  

217 367049* 1.128  
218 606438* 1.173 0.835 

219 380792* 1.128 0.847 

220 162496$* 1.244 0.841 
221 125357 1.131  

222 211786 1.134  

223 627513 1.145  
224 211491 1.182  

225 523276 1.224 0.947 

226 709959 1.13  
227 132830* 1.262  

228 684790 1.144 0.879 

229 717901 1.128 0.999 
230 402779* 1.136 0.942 

231 703326 1.204  

232 256936 1.141  
233 678104 1.158 0.838 

234 49801 1.198 0.84 

235 716337 1.142  
236 367051* 1.135  

237 681525 1.161  

238 622086 1.162 0.815 
239 326184 1.137  

240 640354* 1.135 0.927 

241 607393* 1.147 0.816 

242 122139* 1.133 0.846 

243 679051 1.176  

244 254665 1.142  
245 720211 1.324 0.918 

246 367057* 1.128  

247 678103 1.134 0.99 
248 699776 1.157 0.888 

249 35819* 1.135 1.074 

250 52429* 1.146 0.866 
251 682731 1.152  

252 625131* 1.183  

253 211263 1.155 0.843 
254 27376 1.146  

255 648406 1.132  
256 626497 1.167 0.84 

257 673841$* 1.158  

258 687802 1.142  
259 77860* 1.151  

260 31966* 1.148  

261 270433* 1.221 0.867 
262 163815* 1.129  

263 690353$* 1.136  

264 718809 1.133  
265 278168 1.171  

266 113490* 1.126  

267 681524 1.136  
268 673620* 1.141 0.815 

269 665492* 1.175  

270 621475 1.131  
271 634619 1.133  

272 90427 1.162 0.832 
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273 606435* 1.13  

274 249796 1.144  

275 185068* 1.128 0.824 
276 406085 1.158 0.91 

277 56093* 1.191 0.845 

278 618097* 1.138  
279 243924 1.232  

280 401290* 1.145 0.839 

281 665496 1.208  
282 34443* 1.128  

283 690357* 1.167  

284 338953 1.18 0.938 
285 621476 1.131  

286 371006* 1.162 0.909 

287 716338 1.144  
288 329490 1.142  

289 689530 1.136  

290 211488* 1.152  
291 26652* 1.16  

292 327368* 1.242  

293 367061* 1.19  
294 366122 1.17 0.858 

295 287022* 1.182  

296 622472* 1.13  
297 681522 1.129  

298 114106* 1.143  

299 644222 1.129  
300 208763* 1.172  

301 127674* 1.128 1.025 

302 646661 1.198  
303 253550 1.127  

304 114107 1.167  

305 16718* 1.183  
306 681535 1.136  

307 372957* 1.181  

308 631157* 1.15 0.859 
309 107276* 1.127  

310 639981 1.141  

311 283803* 1.156  

312 309109* 1.204 0.863 

313 617169 1.169  

314 211607 1.159  
315 642649* 1.204  

316 118661* 1.137 0.865 

317 309691 1.145  
318 177222 1.133 1.032 

319 680667 1.139  

320 86297* 1.157  
321 382055* 1.221  

322 147747* 1.188  

323 124152* 1.135  
324 409778 1.151  

325 379389* 1.138  
326 678101 1.228 0.957 

327 166714* 1.137  

328 283809 1.144  
329 109849 1.154  

330 153393 1.143  

331 245999 1.268 0.857 
332 186663$* 1.243 0.92 

333 673608 1.159  

334 367060* 1.149  
335 527986* 1.243 0.92 

336 310669* 1.189  

337 36797* 1.127  
338 349636* 1.179  

339 627512* 1.187  

340 313172* 1.173  
341 719136 1.133  

342 53270* 1.243 0.92 
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343 352673* 1.135  

344 373517* 1.175 0.861 

345 653015 1.14 0.968 
346 317309 1.175 0.948 

347 315832 1.229 1.027 

348 678099 1.21 1.013 
349 638732 1.18  

350 705323 1.16  

351 238144 1.147  
352 187685* 1.162 0.815 

353 695603 1.183  

354 163445* 1.244 0.895 
355 179835 1.127  

356 36352* 1.159  

357 146497 1.174 0.946 
358 666222* 1.128  

359 641377* 1.166  

360 249176* 1.184  
361 610583* 1.14 0.849 

362 710458 1.205  

363 274906* 1.129  
364 317308 1.201 0.815 

365 614904 1.156  

366 403963* 1.126 0.835 
367 287076* 1.131  

368 135083 1.172 0.943 

369 265270 1.211 0.877 
370 268907* 1.128  

371 688043 1.13  

372 405927* 1.191 0.845 
373 112524* 1.142 0.891 

374 170307 1.183 0.941 

375 618866 1.158  
376 645091* 1.135 0.959 

377 368265* 1.16  

378 332883 1.202 0.85 
379 196838 1.137  

380 715706 1.165  

381 108736* 1.203  

382 601675* 1.144  

383 403351* 1.191 0.845 

384 266502* 1.149  
385 406950 1.191 0.845 

386 628727* 1.212  

387 646824* 1.235  
388 678095 1.141  

389 73485* 1.191 0.845 

390 156271 1.167 0.906 
391 351517 1.191 0.845 

392 687509 1.153 0.835 

393 667916$* 1.126  
394 265271 1.212 0.855 

395 628729* 1.198  
396 211085 1.153  

397 147078* 1.162 0.854 

398 204812 1.209  
399 628725* 1.233  

400 56097* 1.126  

401 159712 1.207  
402 147783 1.22  

403 660242 1.202  

404 616354* 1.149  
405 76466 1.185  

406 141070* 1.167  

407 606401 1.202  
408 248870* 1.149  

409 628724* 1.126 0.819 

410 189802 1.214  
411 97114 1.186  

412 315507 1.162  
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413 366152 1.154  

414 246004 1.176 0.844 

415 178024 1.188  
416 335602 1.186  

417 62627* 1.137  

418 628726* 1.158  
419 687510 1.133  

420 642475* 1.135  

421 691812 1.131  
422 117841* 1.138  

423 405929* 1.126  

424 382882* 1.134  
425 650905 1.148  

426 344553* 1.143  

427 521007 1.173  
428 246003 1.2  

429 315826 1.132  

430 622992 1.252  
431 315829 1.147  

432 282023 1.191  

433 339147 1.127  
434 246001 1.146  

435 407746 1.145  

436 408090* 1.156  
437 246416 1.146  

438 163444* 1.138  

439 20265* 1.14  
440 46025 1.139  

441 311463* 1.161  

442 328002* 1.161  
443 539743 1.248  

444 979701 1.126  

445 860552 1.135  
446 367943 1.2  

447 364039* 1.175  

448 807131 1.2  
449 519120* 1.194  

450 44254* 1.139  

451 716695 1.139  

452 400359* 1.172  

453 337564 1.16  

454 691837 1.126  
455 769231 1.148  

456 144498 1.195  

457 348234 1.142  
458 268193 1.139  

459 886980 1.158  

460 409213 1.25  
461 312887* 1.161  

462 317733 1.252  

463 834914 1.132  
464 769325 1.177  

465 834956 1.132  
466 895782 1.146  

467 903734 1.209  

468 758173 1.214  
469 264205 1.144  

470 350343 1.2  

471 555894 1.137  
472 247250 1.199  

473 903905 1.137  

474 917764 1.173  
475 777034 1.143  

476 768798 1.226  

477 351223 1.157  
478 33756*  0.924 

479 784124 1.13  

480 486124 1.171  
481 400360* 1.157  

482 83495*  0.922 



69 

 

483 81206* 1.19  

484 83491*  0.852 

485 14449*  0.867 
486 24725*  0.998 

487 394533 1.25  

488 80713*  0.854 
489 614641* 1.167  

490 34823*  0.955 

491 342444 1.172  
492 26420*  0.907 

493 76932  0.963 

494 26819*  0.816 
495 89578*  0.948 

496 97970*  0.889 

497 53974*  0.941 
498 76879  0.826 

499 31773   

500 48612  0.827 
501 76923  0.853 

502 930567 1.177  

503 71669*   
504 36403*   

505 55589*   

506 36794*   
507 40921*   

508 88698   

509 35034*   
510 77703   

511 39453*   

512 86055*   
513 93056*   

514 26415*  0.912 

515 78412  0.845 
516 125413  1.034 

517 143247*  0.835 

518 70180  0.859 
519 150417*  0.826 

520 152039*  0.884 

521 90390*   

522 404605*  0.951 

523 90373*   

524 652607  1.056 
525 91776*   

526 630366*  0.836 

527 75817  0.819 
528 622092  0.829 

529 315833  0.851 

530 696921*  1.211 
531 245108  1.182 

532 6695*  1.147 

533 129603*   
534 667227  1.108 

535 69035  1.104 
536 291555  1.091 

537 291557  1.083 

538 702395  1.083 
539 5979*  1.081 

540 719213  1.08 

541 621362  1.074 
542 377827*  1.07 

543 680860  1.061 

544 70998*  1.06 
545 686969  1.06 

546 641234*  1.056 

547 157438  1.055 
548 280174*  1.054 

549 675219*  1.054 

550 702396  1.052 
551 15727  1.051 

552 639903*  1.044 
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553 644278  1.044 

554 657025  1.044 

555 195152*  1.039 
556 280177*  1.034 

557 50869*  1.03 

558 680350  1.027 
559 24750*  1.021 

560 695608  1.02 

561 707834  1.02 
562 155512*  1.012 

563 403529*  1.01 

564 206232  1.009 
565 611204*  1.009 

566 24775*  0.999 

567 99852*  0.999 
568 304378*  0.994 

569 615305  0.994 

570 684113*  0.994 
571 201756*  0.993 

572 404575  0.993 

573 684061  0.991 
574 14343*  0.986 

575 618935  0.984 

576 653011  0.981 
577 109489*  0.98 

578 159938*  0.978 

579 354314  0.978 
580 676353  0.972 

581 622093  0.969 

582 706414  0.968 
583 15652  0.965 

584 678475  0.964 

585 605545  0.962 
586 655932*  0.958 

587 618934  0.954 

588 641244*  0.954 
589 684065  0.954 

590 123090  0.952 

591 317849  0.951 

592 610653*  0.951 

593 240860  0.947 

594 78793  0.946 
595 210513  0.946 

596 136512   

597 176901*  0.944 
598 50687*  0.942 

599 629866  0.942 

600 146499  0.94 
601 320212*  0.936 

602 369678*  0.936 

603 315291  0.935 
604 720624*  0.934 

605 618928  0.933 
606 671174*  0.933 

607 618933  0.931 

608 1936*   
609 24759*  0.93 

610 721065  0.929 

611 122246*  0.927 
612 618930  0.926 

613 108014*  0.922 

614 147701*  0.922 
615 338121*  0.922 

616 74360*  0.921 

617 158420*  0.921 
618 269127*  0.919 

619 682139  0.918 

620 333051  0.917 
621 400272  0.917 

622 294750*  0.916 



71 

 

623 29607*  0.915 

624 170732  0.915 

625 148465  0.914 
626 340082*  0.914 

627 23939*  0.912 

628 600761*  0.912 
629 710098  0.912 

630 404588  0.911 

631 608607  0.906 
632 658920*  0.906 

633 404838  0.905 

634 269418  0.902 
635 687223  0.902 

636 379369*  0.901 

637 14403*  0.899 
638 695598  0.898 

639 364211  0.897 

640 711221  0.897 
641 51417  0.896 

642 70380  0.894 

643 127160*  0.894 
644 128580*  0.894 

645 157078*  0.894 

646 163473  0.894 
647 24745  0.893 

648 652936  0.892 

649 653839  0.892 
650 716100  0.892 

651 211871*  0.891 

652 720625  0.891 
653 105642  0.89 

654 116561*  0.89 

655 369675*  0.89 
656 302565*  0.889 

657 106770  0.888 

658 311467  0.888 
659 24774*  0.886 

660 666455*  0.886 

661 15725*  0.884 

662 408505*  0.884 

663 610581*  0.883 

664 46427  0.881 
665 676717  0.881 

666 639989   

667 258348  0.879 
668 39045  0.876 

669 604846  0.876 

670 709502  0.875 
671 137481*  0.874 

672 232485  0.874 

673 670535  0.874 
674 717966  0.874 

675 271659  0.873 
676 310658*  0.873 

677 53272  0.872 

678 319013*  0.87 
679 712007  0.867 

680 635425*  0.866 

681 700063*  0.866 
682 152086  0.865 

683 677778  0.865 

684 26702  0.864 
685 76482*  0.861 

686 602247*  0.86 

687 34395  0.858 
688 151102  0.856 

689 709125  0.856 

690 378898  0.855 
691 266517  0.854 

692 610804*  0.854 
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693 2080*  0.851 

694 283827  0.851 

695 649239  0.851 
696 102736*  0.85 

697 201419  0.85 

698 143679  0.849 
699 121941*  0.848 

700 610580  0.848 

701 699765  0.846 
702 706416  0.845 

703 314048  0.844 

704 54878  0.842 
705 402824  0.842 

706 73610*  0.841 

707 97979*  0.84 
708 650017*  0.84 

709 699093  0.839 

710 246165  0.838 
711 371777*  0.838 

712 85321*  0.837 

713 273815  0.837 
714 665956  0.837 

715 401372  0.836 

716 679069  0.836 
717 628695*  0.835 

718 699747  0.835 

719 667082*  0.834 
720 296330  0.833 

721 675830  0.832 

722 256903  0.831 
723 381598*  0.831 

724 377613*  0.829 

725 699070  0.829 
726 304133  0.826 

727 360506*  0.826 

728 76922  0.825 
729 112455  0.825 

730 123083  0.825 

731 651410  0.823 

732 666243  0.823 

733 721091  0.822 

734 305802*  0.821 
735 372554*  0.821 

736 633957  0.821 

737 136891  0.82 
738 691841  0.819 

739 4214  0.818 

740 91044*  0.818 
741 381587*  0.818 

742 602682*  0.818 

743 3156*  0.815 
744 43663*  0.815 

745 56088*  0.815 
746 405920*  0.815 

747 606429*  0.815 

748 35122*   
749 34244*   

750 406311   
 

a
Combination Score (sum of scaled color score and shape Tanimoto score); 

b
Electrostatic 

Tanimoto combination score (sum of Poisson-Boltzmann electrostatic Tanimoto coefficient and 

the shape Tanimoto score); *Compounds provided by NCI diversity set for in vitro kinase assay 

screening; 
$
Top 11 ranked compounds selected by the in vitro kinase assay.
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Chapter 3: Manipulating JNK Signaling with (–)-Zuonin A 

 

3.1. ABSTRACT 

Recently, in a virtual screening strategy to identify new compounds targeting the D-

recruitment site (DRS) of the c-Jun N-terminal kinases (JNKs) we identified the natural product 

(–)-zuonin A.  Here we report the synthesis of (–)-zuonin A and its enantiomer (+)-zuonin A in 

high optical purity.  A kinetic analysis for the inhibition of c-Jun phosphorylation by (–)-zuonin 

A revealed a mechanism of partial competitive inhibition.  Its binding is proposed to weaken the 

interaction of c-Jun to JNK by approximately 5-fold, without affecting phosphorylation.  (–)-

Zuonin A inhibits the ability of both MKK4 and MKK7 to phosphorylate and activate JNK.  The 

binding site of (–)-zuonin A is predicted by docking and molecular dynamics simulation to be 

located in the DRS of JNK.  (+)-Zuonin A also binds JNK but barely impedes the binding of c-

Jun. (–)-Zuonin A inhibits the activation of JNK, as well as the phosphorylation of c-Jun in 

anisomycin-treated HEK293 cells, with the inhibition of JNK activation being more pronounced.  

(–)-Zuonin A also inhibits events associated with constitutive JNK2 activity, including c-Jun 

phosphorylation, basal Akt activation and MDA-MB-231 cell migration.  Mutations in the 

predicted binding site for (–)-zuonin A render it significantly more, or less sensitive to inhibition 

than wild type JNK2, allowing for the design of potential chemical genetic experiments.  These 

studies suggest that the biological activity reported for other lignans, such as saucerneol F and 

zuonin B may be the result of their ability to impede protein-protein interactions within MAPK 

cascades. 
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3.2. INTRODUCTION 

In mammals, JNKs (c-Jun N-terminal kinases) are encoded by three different genes (jnk1, 

jnk2, and jnk3) that are alternatively spliced to produce a total of approximately 10 different 

isoforms.  The predominant genes jnk1 and jnk2 are expressed ubiquitously, while jnk3 is mainly 

expressed in neuronal tissues, the testes, and to a lesser extent in cardiac myocytes (92).  As a 

member of the mitogen-activated protein kinase (MAPK) family, JNKs regulate various cellular 

functions (93).  Hyperactivation of JNK occurs in a number of disease states, including type I 

and type II diabetes, Alzheimer’s disease, arthritis, asthma, atherogenesis, heart failure and 

Parkinson's disease (94).  Cellular stressors, including cytokines, hypoxia, UV light, and osmotic 

stress stimulate JNK activity, leading to pro-inflammatory, mitogenic or apoptotic signals (62), 

which may contribute to the oncogenic functions of JNK (95).   

JNK1 plays an important role in human hepatocellular carcinoma (96) and accelerates the 

development of chronic colitis-induced colorectal cancer (97).  Moreover, the JNK pathway is 

implicated in PI3K-driven human prostate cancer, where PTEN is often found inactivated, 

leading to increased AKT activity and elevated JNK activation, which in turn contributes to 

tumor cell proliferation and angiogenesis (98). However, JNK1 is also reported to act as a tumor 

suppressor in DMBA/TPA-induced skin tumors and in spontaneous colon cancer, highlighting 

the complexities of JNK signaling (99-100).  JNK2 is constitutively activated in glial tumor cell 

lines (101) and human glioblastoma models (102), and is implicated in the activation of Akt and 

over-expression of eukaryotic translation initiation factor 4 (eIF4E) (102).   

Interestingly, both JNK1 and JNK2 reportedly regulate cell migration (103) and JNK2 

has been shown to promote mammary cancer cell migration by specifically altering both 

epidermal growth factor substrate 8 (EPS8) expression, trafficking and its critical protein binding 
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interactions which connect growth factor signaling to the actin cytoskeleton during cell migration 

(43).  Cell migration is an essential processes associated with tissue repair and regeneration, 

atherosclerosis, arthritis, mental retardation, embryonic morphogenesis and cancer metastasis 

(104). In one of our recent reports, we were able to design peptide inhibitors that selectively 

targeted the protein-binding site of the JNK2 isoform and efficiently inhibit breast cancer cell 

migration (42).  Taken together, this reveals the importance of the JNKs as attractive targets for 

the treatment of a variety of diseases, especially cancer.  However, no inhibitors of JNK have 

been approved for use in humans (66). 

JNKs are mainly activated by phosphorylation of the activation loop at a Thr-Pro-Tyr 

(TPY) motif by the MAP2Ks MKK4 and MKK7 (105) and are deactivated by MAPK 

phosphatases including MKP1 and MKP5.  The JNK2 isoform is uniquely autophosphorylated 

without the requirement of MKK4 and MKK7 (106).  Scaffolding proteins such as JIP (67) and 

arrestin (68) can assemble signaling complexes consisting of a MAP3K, a MAP2K, and a MAPK 

to promote specific JNKs.  

Unlike ATP-competitive inhibitors, non-canonical inhibitors targeting protein interaction 

sites of JNK may disrupt the binding of JNK to upstream and downstream proteins, including 

phosphatases and scaffolds, resulting in the alteration of JNK signaling in cells.  An important 

advantage of such non-ATP competitive inhibitors is that they do not have to compete with an 

intracellular ligand that is present at high millimolar concentrations, such as ATP.  In addition, 

inhibitors that target protein binding sites may be uniquely specific for JNK (65).  Some trials 

have been conducted to discover small molecules targeting the protein-binding site of JNK.  In 

2008, Stebbins et al. discovered that the thiadiazole BI-78D3 (the first small molecule targeting 

the JNK-JIP interaction) (44) efficiently displaces biotinylated pepJIP1 from GST-JNK1 with an 
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IC50 of 500 nM.  Additional reports have focused on the development of BI-78D3 and the 

enhancement of its plasma stability (45-47), while others still continue the search for different 

scaffolds that act as inhibitors of the JNK-JIP interaction (48). 

The largely solvent-exposed and relatively shallow protein docking sites of JNK (2) make 

the discovery and design of potent non-canonical inhibitors targeting the protein binding sites of 

MAP kinases difficult.  Recently, we attempted to overcome this challenge by employing 

computational studies.  Using virtual screening, a group of inhibitors targeting the JNK-JIP 

binding site was discovered (chapter 2) (107).  One of these inhibitors, known as (-)-Zuonin A 

(Figure 3.1a), selectively inhibits JNK over ERK2 and p38 MAPK.  (–)-Zuonin A (1, Scheme 1) 

is a 2,5-diaryl-3,4-dimethyltetrahydrofuranoid lignan which has been isolated from Aristolochia 

chilensis (108), Saururus cernuus (109), Piper schmidtii (110), Chamaecyparis obtusa var. 

formosana (111),
 
and Piper futokadsura (112).  Notably, two reports have recently implicated 

other lignan derivatives as having biological effects resulting from their activity towards MAP 

kinases.  For example, saucerneol F, a tetrahydrofuran-type sesquilignan isolated from Saururus 

chinensis, inhibits nitric oxide (NO) production in a dose-dependent manner.  This effect is 

accompanied by reduction of the inducible nitric oxide synthase (iNOS) protein and mRNA 

expression in lipopolysaccharide (LPS)-stimulated murine macrophage (RAW264.7) cells.  

Saucerneol F was reported to attenuate NO production and iNOS expression by blocking LPS-

induced activation of NF-κB (NF-kappaB), AP-1 and most MAP kinases (including ERK1/2, 

p38 MAPK, and JNK) (113).  Zuonin B, a stereoisomer of zuonin A, isolated from the flower 

buds of Daphne genkwa, is reported to exhibit immunological effects in RAW264.7 cells due to 

its ability to suppress the levels of nitric oxide, prostaglandin E2 and pro-inflammatory cytokines 

such as tumor necrosis factor-α and interleukin-6.  The detailed study of its molecular 
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mechanism demonstrated its ability to reduce NF-κB activation by suppressing proteolysis of 

IκBα and p65 nuclear translocation, as well as by inhibiting the phosphorylation of ERK 1/2 and 

JNK (114).  Based on these data Saucerneol F and Zuonin B have been proposed to be anti-

inflammatory agents.  It remains to be established whether they directly bind and inhibit 

MAPKs.   

Here we report the symmetric synthesis of the lignans (–)-zuonin A and (+)-zuonin A.  

We show that (–)-zuonin A is a selective inhibitor of JNK and identify two mechanisms as likely 

contributors to its ability to inhibit JNK signaling in cells; i) (–)-zuonin A inhibits JNK activation 

by MKK4 and MKK7 and ii) it inhibits substrate phosphorylation.  In both cases it impedes the 

binding of the corresponding protein to the D-recruitment site of JNK.  Different mutations in the 

predicted binding site for (–)-zuonin A render it significantly more or less sensitive to inhibition 

than wild type JNK2, allowing for the design of potential chemical genetic experiments.  (–)-

zuonin A blunts JNK signaling, and inhibits directional migration of MDA-MB-231 cells.  These 

studies suggest that the biological activity reported for other lignans, such as saucerneol F and 

zuonin B may be the result of blocking protein-protein interactions within MAPK cascades. 
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3.3. MATERIALS AND METHODS: 

Cell culture – HEK293T cells were cultured in DMEM (Invitrogen) supplemented with 

10% (v/v) Fetal Bovine Serum (FBS)-US grade (Invitrogen), 2 mM L-glutamine (Invitrogen), 

100 UmL
-1

 penicillin (Sigma), and 100 gmL
-1

 streptomycin (Sigma).  Cells were cultured in a 

humidified 5% CO2 incubator at 37 °C. Cells were seeded at 400,000 cells per well in a 12-well 

plate and incubated for 24 hours before incubation with or without compounds (42).  After 12 

hours, cells were treated with anisomycin (50-100 nM) (MP Biomedicals) for 5-10 minutes. For 

experiments requiring JNK2 autophosphorylation, the pcDNA3 vector or the pcDNA3 vector 

containing DNA encoding for WT-JNK2, JNK2 (C163A), or JNK2 (Y130A) were transfected 

into HEK293T cells by lipofectamine 2000 (Invitrogen, California, USA) according to the 

manufacturer’s protocol. After 48 hours of transfection, cells were incubated with different 

concentrations of the tested compound for additional 12 hours without induction by anisomycin. 

MDA MB 231 cells were maintained in RPMI media (Cellgro, Mediatech) with 5% (v/v) FBS 

(Gemini Bio-Products) 100 U mL
-1

 penicillin (Sigma), and 100 g mL
-1

 streptomycin (Sigma).  

Cells were pre-incubated with various concentrations of  (–)-zuonin A and (+)-zuonin A for 

overnight, prior to the migration assays.  The compounds were maintained in the culture media 

for the duration of the experiment.   

Western blot analysis – HEK293T cell lysates were prepared in CytoBuster™ Protein 

Extraction Reagent (EMD-Biosciences) after washing in PBS (Invitrogen).  The lysates were 

cleared by centrifugation, and Bradford analysis (Bio-Rad) was used to measure the protein 

concentration.  Lysates containing 60 µg of total protein were fractionated on a 12% SDS 

polyacrylamide gel (Bio-Rad) and transferred to Hybond-P PVDF Membrane (GE Healthcare).  

Primary antibodies were incubated overnight at 4 ºC using 1:10,000 anti-phospho-c-Jun (Ser-63), 
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clone Y172 rabbit mAb (Millipore); 1:2000 anti-phospho-SAPK/JNK (Thr183/Tyr185) (G9) 

mouse mAb (Cell Signaling Technology); 1:200 anti-phospho-Elk-1 (Ser-383), rabbit polyclonal 

IgG (Santa Cruz Biotechnology, Inc); 1:2000 anti-phospho-p44/42 MAPK (ERK1/2) 

(Thr202/Tyr204) (E10) mouse mAb (Cell Signaling Technology); Anti-phospho-ATF2 

(Thr69/71), clone AW65  (1:500) antibody (Upstate Biotechnology); 1:10,000 anti-phospho-

p38α (Thr180/Tyr182), clone 8.78.8 rabbit mAb (Millipore); 1:1000 anti-phospho-Akt (Ser473) 

rabbit polyclonal antibodies (Cell Signaling Technology); 1:1000 anti-Akt rabbit polyclonal 

antibodies (Cell Signaling Technology);  1:5000 anti-actin, clone 4 mouse mAb (Millipore). 

Either anti-rabbit (Bio-Rad) or anti-mouse (Cell Signaling Technology) horseradish peroxidase-

conjugated secondary antibodies and ECL Plus™ Western Blotting Reagents (GE Healthcare) 

were used to develop the blots. 

Cell migration – A modified Boyden chamber (Millipore) was used to measure cell 

migration.  About 50,000 cells, rinsed and resuspended in serum free RMPI, were added into the 

upper chamber of transwell separated by inserts with 8 μm pores.  A chemotactic gradient was 

created by adding HBSS (Hank's Buffered Salt Solution) medium containing 1% (v/v) FBS to 

the lower chamber.  Cells were allowed to migrate for 6 hrs.  After fixing the migrated cells with 

4% paraformaldehyde, they were stained with 0.5% (w/v) crystal violet, and quantified by 

counting four randomly chosen fields (at an objective of 10 ×). Scratch wound assays were 

performed as described elsewhere (43), whereby a confluent monolayer of cells was scraped in a 

straight line to create a “scratch” using a sterile p200 pipette tip. Floating cells were washed off 

and cells were maintained under culture condition. To obtain the same field during the image 

acquisition, markings were placed on the plate bottom with an ultrafine tip marker. Changes in 
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the open wound widths were measured by comparing the distance measured at the time of 

wounding versus at the time of harvest. 

Statistics – Results were evaluated using analysis of variance between groups, followed 

by non-parametric, post-hoc Student's t-test to identify differences between groups.  Differences 

between means yielding p values of ≤ 0.05 were considered statistically significant. 

Kinase activity assay – MAP kinase assays were conducted at 30 °C in kinase assay 

buffer (25 mM HEPES buffer-pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT 

and 10 μg mL
-1

 BSA), containing 500 μM [γ-
32

P] ATP (100-1000 c.p.m. pmol
-1

), 11 mM MgCl2 

and different concentrations of (–)-zuonin A and (+)-zuonin A in a final total volume of 70 µL 

containing 5-10 % DMSO and 0.03% Brij-35 surfactant.  For JNK assays, 20 nM active 

JNK1α1, JNK2α2, JNK3α2 or activated JNK2 mutants were assayed with 2 µM GST-c-Jun (1–

221) as protein substrate.  For p38MAPKα, p38MAPKβ, p38MAPKγ and p38MAPKδ assays, 10 

nM active enzyme was assayed with 10 µM GST-ATF2 (Δ 1-115) protein substrate.  For ERK1 

and ERK2 assays, 2 nM ERK was assayed with 10 µM Ets1 (1-138) protein substrate.   For 

MKK4 and MKK7 assays, 100 nM WT active MKK4 or 100 nM WT active MKK7 was assayed 

with 200 nM full length inactive JNK1 as substrate. Activity was assessed at different Zuonin A 

concentrations by the measurement of initial rates (total product formation represented less than 

10% of the initial substrate concentrations). The reaction was started by the addition of radio 

labeled ATP.  For all assays except MKK4/MKK7, 10 μL aliquots were taken from every 

reaction at different time points (0.5, 1, 1.5, 2, 4 min) and spotted to 2×2 cm
2
 squares of P81 

cellulose paper; the papers were washed for 3×15 minutes in 50 mM phosphoric acid (H3PO4), 

followed the associated c.p.m. on a Packard 1500 scintillation counter at a sigma value of 2. For 

MKK4/MKK7 assays, 30 μL aliquots were taken from every reaction at set time points (0.5, 1, 
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1.5, 2, 4 min) and quenched by boiling with PAGE (poly acrylamide gel electrophoresis) loading 

dye for 10 minutes and fractionated via electrophoresis on a 10% SDS-PAGE gel. The gels were 

then dried using a Gel Dryer (Biorad) before being exposed on image plates (Amersham 

Pharmacia) for 0.5-12 h. The gels were quantified using a PhosphorImager (Molecular 

Dynamics) and analyzed using ImageQuant software. 

Expression, Purification and Activation of Tagless MAP Kinases – Tagless full length 

human JNK1α1 (GenBank accession number NM_002750), human JNK2α2 (GenBank 

accession number NM_002752), JNK2α2 mutants or N-terminal truncated human JNK3α2 

(amino acids 39-422 with alanine inserted between amino acids 39 and 40, GenBank accession 

number NM_138982) were expressed and purified as described previously (41, 80). Activated 

tagless ERK2 (Rattus norvegicus mitogen activated protein kinase 1, GenBank accession number 

NM_053842) was expressed, purified and activated as described in Kaoud et. al (37). Activated 

ERK1 were expressed, purified and activated as described in Callaway et al (26).  p38MAPKα, 

p38MAPKβ, p38MAPKγ and p38MAPKδ were expressed, purified and activated as described 

previously (77, 115). Active MKK7 (WT) was expressed, purified and activated as described 

previously (41, 80). Active MKK4 (WT) was expressed, purified and activated as described 

previously (68). The activated kinases were all stored in buffer S [25 mM HEPES (pH 7.5), 50 

mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT and 10-20% (v/v) glycerol] at -80 ºC. 

Expression, Purification of GST-ATF2 (1-115), GST-C-Jun (1-221) and His-Ets-1 (1-

138) – GST-ATF2 (1-115) was expressed and purified according to the method of Szafranska et 

al (77). GST-c-Jun (1-221) was expressed and purified according to the method of Yan et al (41). 

His-Ets-1 (1-138) was expressed and purified according to the method of Kaoud et. al (37).    
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The molecular dynamics simulations – The molecular dynamics simulations were run 

for (–)-zuonin A binding to JNK using AMBER10 software package (116). AMBER ff99SB 

force field was applied to the protein. The ANTECHAMBR module was used to generate 

parameters for (–)-zuonin A. Valence and vdW parameters were transferred from general 

AMBER force field (GAFF) (117-118). Quantum chemical calculations were executed for (–)-

zuonin A to deduce the atom charges utilized in MD simulations. The partial atom charges were 

determined using the RESP method so that the atom charges could reproduce the values of the 

calculated electrostatic potential at the surrounding points of the inhibitor. TIP3P water (119) 

was utilized as solvent in both systems. The complexes were soaked in a 62×73×62 Å
3
 water box 

with sodium as counter ion.  NPT (Isothermal-Isobaric) simulations for 10 ns were performed at 

298 K, with an integration time step of 2.0 fs. The long-range electrostatics was treated using 

Particle Mesh Ewald (PME) summation (120). 

Data Analysis – Steady-state kinetic experiments - Reactions were carried out as 

mentioned in the kinase activity assay except in the kinetic mechanism study, where we varied 

concentrations of substrate (c-Jun) and (–)-zuonin A. Initial rates were determined by linear least 

squares fitting to plots of product against time.  Reciprocal plots of 1/v against 1/s were checked 

for linearity, before the data were fitted to Equation 1 using a non-linear least squares approach, 

assuming equal variance for velocities, using the program Kaleidagraph 3.5 (Synergy software).  

Values for kinetic constants were then obtained using the program Sigma plot by fitting the 

kinetic data to the relevant over-all equation.  Data conforming to linear competitive inhibition 

were fitted to Equation 2; data conforming to hyperbolic mixed inhibition were fitted to Equation 

3.  Dose-response curves for data conforming to inhibition were fitted to Equation 4. 
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3.4. RESULTS AND DISCUSSION: 

Synthesis of (–)-Zuonin A and (+)-Zuonin A 

Recently, (–)-zuonin A was identified as an inhibitor of JNK following a virtual 

screening analysis designed to identify small molecule inhibitors of JNK-protein interactions.  

While there are several reports of its isolation in the literature (108-112), its synthesis has not 

been reported. The structure and relative stereochemistry of natural 1 were determined by 
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extensive NMR spectroscopic analysis.
 
The absolute stereochemistry was originally assigned as 

(2R,3S,4R,5R) by comparison with structurally similar  2,5-diaryl-3,4-dimethyltetrahydrofurans 

(108).
  
Therefore, as part of an ongoing effort to characterize bioactive lignans we embarked on 

the total synthesis of (–)-zuonin A drawing on our recent synthesis of substituted 

tetrahydrofurans (121-122).  To this end we report a synthetic route (Scheme 1) that affords (–)-

zuonin A (1) and its enantiomer (+)-zuonin A (Figure 3.1).  We also report a revision of their 

absolute stereochemistry.  

Synthesis of intermediate 7 – The first stages of the synthesis involve the preparation of 

the chiral dihydrofuranone 7 which was accomplished following previously reported procedures 

(121).  Thus, commercially available (4S)-4-(1-methylethyl)-3-(1-oxopropyl)-2-oxazolidinone 3 

was reacted with piperonal in the presence of n-Bu2BOTf and Et3N to provide the desired syn-

adol adduct 4 in 78% yield as a single diastereomer (123).  Protection of 4 with TBSCl (90%) 

followed by LiBH4 reduction (79%) provided the corresponding alcohol 5.  Protection of 5 with 

MsCl and subsequent treatment with NaCN accomplished one-carbon homologation to give 6 

(97% for two steps).  TBS deprotection by TBAF, hydrolysis of the nitrile group to the 

corresponding carboxylic acid, and acid-catalyzed lactonization provided 7 in 91% for three 

steps. 

Elaboration of 1 from 7 – As demonstrated in the stereoselective synthesis of 

manassantins A and B, we envisioned the installation of a sterically less demanding exo-

methylene group as a precursor to the C8 methyl group would direct the addition of 11 via the 

“inside attack” model to provide the desired 2,3-cis-2,5-trans-tetrahydrofuran 12 (122).  

Alkylation of 7 with Eschenmoser’s salt and m-CPBA oxidation smoothly proceeded to afford 8 

in 95% for two steps (124-125).  Reduction of 8 with DIBALH followed by treatment with 
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PhSO2H provided 2-benzenesulfonyl cyclic ether 10. As expected, the exo-methylene group in 

10 directed the addition of 11 to provide the desired 2,3-cis-2,5-trans-tetrahydrofuran 12 as a 

single diastereomer (71%). As demonstrated in the synthesis of manassantins A and B (122), 

catalytic hydrogenation under conventional conditions (H2, Pd/C, EtOAc/MeOH) completed the 

asymmetric synthesis of 1 (38%, single diastereomers).  It should be noted that the double bond 

isomerization occurred during the catalytic hydrogenation reaction to give 13 (28%).  

A comparison of the optical rotation of 1 obtained by synthesis with authentic samples 

isolated from natural sources requires a revision in its assignment of absolute stereochemistry to 

(2S,3R,4S,5S).  This differs from all the previous reports (108-112).  The enantiomer (+)-zuonin 

A was also prepared in a similar manner starting from the enantiomer of 3, (4R)-4-(1-

methylethyl)-3-(1-oxopropyl)-2-oxazolidinone.  

 

In vitro studies on the mechanism of (–)-zuonin A identifies a mechanism of partial 

competitive inhibition 

(–)-Zuonin A inhibits c-Jun phosphorylation by JNK – (–)-Zuonin A was initially 

discovered through in silico screening (Chapter 2) (107).  We hypothesized that small molecules 

that bind the DRS of JNK will block the ability of JNK to efficiently engage protein ligands.  To 

characterize the enantiomers of zuonin A, we first tested their ability to inhibit the 

phosphorylation of GST-c-Jun (2 µM) by activated JNK1, JNK2 and JNK3.  As several kinetic 

studies of the JNKs have been reported (126) we used these to guide the design of our kinetic 

investigations.  First, we obtained dose-response curves for each enantiomer.  (–)-Zuonin A 

exhibits IC50 values in the range of 1.7–2.9 µM plateauing at around 75% of the theoretical 

maximal level of inhibition when (–)-zuonin A is saturating (Table 3.1 and Figure 3.1b).  In 
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contrast, while exhibiting similar IC50 values, the level of inhibition achieved by saturating (+)-

zuonin A is only 8–14% of the theoretical maximum (Table 3.1 and Figure 3.1c).  To understand 

these observations further we determined kobs over a range of c-Jun concentrations at different 

fixed concentrations of (-)-Zuonin A, in the presence of a saturating concentration of MgATP.  

The double reciprocal plot derived from this study (Figure 3.2a) is consistent with a mechanism 

of partial-competitive inhibition (Figure 3.2b, where α ~ 5, β=1 and Ki ~ 2.7±0.4 µM).  

According to this model, (–)-zuonin A binds JNK and weakens its affinity for c-Jun by 

approximately five-fold (α ~ 5) without affecting kcat (β=1).  It is reasonable to propose that (+)-

zuonin A follows a similar mechanism, but only marginally weakens the affinity of JNK for c-

Jun (α ~ 1), presumably because it adopts a binding mode that does not impede the recognition 

of c-Jun by the DRS. 

(-)-Zuonin inhibits the activation of JNK1 by MKK4 and MKK7 – JNK is activated by 

the dual-specificity kinases MKK4 and MKK7, which preferentially phosphorylate on Tyr-185 

and Thr-183, respectively (105).  These kinases are reported to bind JNK within the DRS in a 

similar manner to the JIP scaffold and c-Jun protein substrate (23).  Thus, (–)-zuonin is predicted 

to impede the binding of MKK4 and MKK7 to the inactive form of JNK.  Indeed, we discovered 

that (–)-zuonin A does inhibit the phosphorylation of JNK1 by both kinases.  Figure 3.3a shows a 

dose-response curve for the phosphorylation of JNK1 by MKK4 or MKK7 where the 

concentration of (–)-zuonin A was varied from 0 – 200 µM.  These reveal values of IC50 similar 

to those obtained with the active JNKs and furthermore a sub-maximal level of inhibition is 

observed at saturating (–)-zuonin A, suggestive again of a partial-competitive inhibition 

mechanism.   
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Table 3.1.  Selectivity of (–)-zuonin A. 

 

Kinase IC50 (µM)
a
 

% Inhibition at Saturating 

(–)-zuonin A (200 µM) 

JNK1 1.7±0.26 75% 

JNK2 2.9±0.17 70% 

JNK3 1.74±0.16 73% 

WT-MKK4
a 

1.8±0.17 77% 

WT-MKK7
a 

1.99±0.15 50% 

ERK1 >200 10% 

ERK2 >200 10% 

p38MAPKα >200 20% 

p38MAPKβ No inhibition 15% 

p38MAPKγ >200 10% 

p38MAPKδ >200 10% 

 
a
Inhibits the phosphorylation of JNK. 

 

3. Cellular studies 

a. Inhibition of JNK Activation – The effect of both enantiomers of zuonin A on the 

activation of JNK, or on the phosphorylation of c-Jun, following cell stimulation by anisomycin 

(which activates the JNK pathway) was assessed in HEK293 cells by western blot analysis.  

Assessment of the phosphorylation of c-Jun, an in vivo substrate of the JNKs (86), as determined 

using an anti-phospho-Ser-63 antibody, is clearly blunted in a dose-dependent manner by the 

addition of (–)-zuonin A (Figure 3.1d), especially, a lower molecular weight form of c-Jun 

(lower band).  Anisomycin has been reported to induce the appearance of two bands of 
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phosphorylated c-Jun (127).  Migration from the lower band to the upper band has been 

suggested to be due to phosphorylation of Thr-91 and/or Thr-93, in addition to Ser-63 and Ser-73 

(127).  Interestingly, Figure 3.1d also shows that (–)-zuonin A blunts the activation of the JNK 

isoforms in cells in a dose-dependent manner.  It should be noted that the phospho JNK antibody 

used in this study does not distinguish between the JNK isoforms.  Figure 3.1e shows that (+)-

zuonin A inhibits neither JNK activation nor c-Jun phosphorylation, consistent with its decreased 

ability to inhibit the JNKs in the kinase assays (Figure 3.1b and 3.1c). 

 b. Investigating JNK self-activation – (–)-Zuonin A does not inhibit JNK2 auto-

activation – The JNK2 isoform exhibit an ability to self-phosphorylate on the same residues 

phosphorylated by MKK4 and MKK7 both in vitro and in cells, leading to its activation (106).  

Figure 3.3b shows that when overexpressed in HEK293T cells JNK2α2 becomes 

phosphorylated.  As it is not known whether the DRS of JNK2α2 is important for 

autophosphorylation we incubated cells with (–)-zuonin A and assessed the phosphorylation 

status of the over-expressed JNK2α2 by Western blot analysis.  We found that (–)-zuonin A is 

unable to inhibit JNK2α2 autophosphorylation even at a concentration of 100 µM.  In contrast, 

the phosphorylation of c-Jun, which is mediated by the over-expressed JNK2α2 is clearly 

blunted upon treatment of the cells with (–)-zuonin A (Figure 3.3b).  This provides strong 

evidence that (–)-zuonin A binds JNK2α2 in cells and impedes the interaction between JNK2α2 

and c-Jun, but does not prevent constitutive JNK2α2 phosphorylation resulting from the kinase 

binding ATP and phosphorylating itself.  When the cells were treated with SP60125 (87). an 

inhibitor of JNK that binds within the ATP binding pocket of JNK2α2 its autophosphorylation 

was inhibited.  However, when the cells were stimulated using anisomycin SP60125 was no 

longer able to inhibit JNK2α2 phosphorylation, presumably because it was mediated by the 
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activated MKK4 and MKK7 kinases.  These observations are consistent with the proposed 

mechanisms of each inhibitor.  Whereas (–)-zuonin A inhibits the binding of JNK2α2 to the 

upstream kinases and downstream substrates it fails to prevent JNK2 from phosphorylating itself.  

In contrast, SP60125 prevents both JNK2α2 autophosphorylation and substrate phosphorylation, 

but does not inhibit the ability of MKK4 and MKK7 to phosphorylate JNK2α2. 

As noted above, (–)-zuonin A also impedes the phosphorylation of JNKs in cells 

following stimulation by anisomycin (Figure 3.1d).  While the ability of (–)-zuonin A to inhibit 

JNK phosphorylation in HEK293 cells might stem from its ability to impede the docking of 

MKK4 and MKK7 to JNK, it is also possible that other JNK-protein interactions are important.  

It is notable that the ED50
 
for inhibiting JNK phosphorylation is around 25 µM, roughly one 

order of magnitude higher than the IC50 value obtained in the kinase assays.  Bioavailability may 

decrease the cellular potency of (–)-zuonin A compared to the in vitro kinase assay.  It should be 

noted, that the typical ED50 for an ATP-competitive kinase inhibitor is in the µM range, 

reflecting the high concentration of competing MgATP in cells.  For example SP600125 is an 

ATP-competitive inhibitor of JNK with in-vitro cell-free IC50 of ~ 40-100 nM while its ED50 for 

JNK activity in Jurkat T cells is ~ 10 µM (87).  In this regard (–)-zuonin A may be regarded as a 

useful starting point for the development of more potent analogs.  We conclude that (–)-zuonin A 

inhibits JNK by a protein-competitive mechanism where the competing protein is a JNK 

substrate, an upstream kinase or a scaffold.  It remains to be determined how (–)-zuonin A 

affects the binding of other proteins, such as other substrates or the MKPs that dephosphorylate 

JNKs. 

c. Inhibition of AKT activation – JNK2α2 is reported to promote the tumorigenicity of 

human glioblastoma cells through Akt, whose activation is dependent on the presence of 
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constitutively active JNK2 in U87MG cells (128).  Accordingly, we tested the effect of (–)-

zuonin A on Akt activation in HEK293T cells by monitoring Akt phosphorylation at Ser-473 

(129).  HEK293T cells were transfected with WT-JNK2α2 and treated with different 

concentrations of (–)-zuonin A without induction by anisomycin.  Interestingly, (–)-zuonin A 

was able to inhibit Akt phosphorylation mediated by JNK2α2 (Figure 3.3d).  Thus, (–)-zuonin A 

has potential as a modulator of Akt activity resulting from constitutive JNK2α2 activity.  

d. Selectivity of (–)-Zuonin A against other MAPKs in cells – To profile the selectivity 

of (–)-zuonin A we examined its ability to inhibit other MAP kinases, including ERK1, ERK2, 

p38MAPKα, p38MAPKβ, p38MAPKγ and p38MAPKδ in kinase assays.  (–)-Zuonin A showed 

little ability to inhibit any of these MAP kinases, supporting the notion that (–)-zuonin A is 

selective for the JNKs (Table 3.1).  This was further verified in HEK293T cells.  For the p38 

MAPK pathway, neither the phosphorylation of p38MAPKα nor ATF2 (Activating Transcription 

Factor 2), a transcription factor substrate for the p38 MAP kinase, was affected after treatment 

of cells with 100 µM (–)-zuonin A (Figure 3.3f).  Similarly, 100 µM (–)-zuonin A had no effect 

on the phosphorylation of ERK or its protein substrate p-90RSK (Figure 3.3e). 

 

4. Chemical genetics: Altering JNK sensitivity to (–)-Zuonin A 

In vitro studies – A binding mode for the binding of  (–)-zuonin A to JNK was predicted 

using molecular dynamic simulation (Figure 3.4a).  The benzodioxole groups on (–)-zuonin A 

can potentially interact with both charged and non-polar residues on JNK.  The modeling 

suggests that one benzodioxole group may engage in π-stacking interactions with Tyr-130 and 

Trp-324 of JNK, with the other ring binding in the region of Asp-126, Arg-127, Cys-163 and 

Thr-164.  We were interested in verifying the binding site of (–)-zuonin A and also wanted to 
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identify residues whose mutation might compromise its binding.  Accordingly, the following 

mutations, R127A, Y130A, C163A, T164A, W324A and D326A were incorporated individually 

into JNK2α2.  Initially, we tested whether any of mutants exhibited altered kinetic parameters 

using c-Jun as the protein substrate.  Only the R127A mutant of JNK2α2 exhibited altered 

kinetic parameters for c-Jun phosphorylation, with the mutation resulting in an increase in the Km 

for c-Jun of 15-fold  (Table 3.2).  As shown in Figure 3.4b and Table 3.2, the C163A, R127A 

and T164A mutants all exhibited an increased IC50 providing some support for the binding 

model.  Interestingly, these mutations all resulted in a two-fold decrease in the observed level of 

maximal inhibition at a saturating (–)-zuonin A.  In contrast, the Y130A and W324A mutants not 

only retained their ability to bind (–)-zuonin A but also displayed a shift in mechanism from 

partial to full inhibition (Table 3.2).  Thus, mutation of Tyr-130 or Trp-324 to alanine results in a 

mutant that phosphorylates c-Jun normally, but is significantly more sensitive to (–)-zuonin A 

than wild type JNK2. 

Cellular studies – The C163A and Y130A mutants exhibited similar abilities to phosphorylate c-

Jun, yet markedly different sensitivities to (–)-zuonin A, suggesting that they could be used in 

chemical genetic studies (130) to elucidate the role of JNK2 in cells.  JNK2α2 (C163A) and 

JNK2α2 (Y130A) were transfected into HEK293T cells, which were subsequently treated with 

varied concentrations of (–)-zuonin A.  Autophosphorylation of JNK2α2 and the subsequent 

phosphorylation of c-Jun were examined and compared to cells that were not transfected. The 

phosphorylation status of the tested JNK2 mutants are unchanged and similar to the WT JNK2α2 

in absence of of (–)-zuonin A. As expected, autophosphorylation of transfected and endogenous 

JNK was unaffected by (–)-zuonin A treatment (Figure 3.4c).  However, a significant difference 

in c-Jun phosphorylation is evident between cells transfected with JNK2α2 (Y130A) and those 
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transfected with JNK2α2 (C163A).  Cells transfected with JNK2α2 Y130A are more sensitive to 

(–)-zuonin A than those transfected either with WT JNK2α2 or those not transfected at all.  

Strikingly, cells transfected with JNK2α2 (C163A) are unresponsive to (–)-zuonin A. (Figures 

3.3b and 3.4c).  While further studies are required to determine whether these mutations affect 

interactions between JNK and other proteins (e.g. other substrates) they hold promise as 

chemical-genetic tools to examine the function of JNK2 in cells.  

 

Table 3.2. Effect of JNK2 Mutations on the Sensitivity of JNK towards (–)-zuonin A. 
 

Mutants 

 

Km 
 b 

µM 

kcat
 b 

s
-1

 

kcat/Km 

µM s
-1

 

IC50
a 

µM 

 

% Inhibition at 

200 µM 

JNK2 WT 1.65±0.1 1±0.15 0.6 2.9±0.17 70% 

JNK2 (R127A) 23.6±1.1 1.4±0.3 0.06 14±2.1 80% 

JNK2 (Y130A) 1.87±0.3 1±0.04 0.53 2.3±0.16 95% 

JNK2 (C163A) 1.33±0.4 1±0.065 0.75 37±2.5 37% 

JNK2 (T164A) 0.73±0.18 1.1±0.064 1.5 13.6±1.5 39% 

JNK2 (W324A) 2.3±0.15 1.06±0.075 0.46 16.6±0.17 98% 

JNK2 (D326A) 2±0.83 0.8±0.08 0.4 2.8±0.32 71% 

  
a
IC50 Determined as described in Methods section, Data were fitted to equation 4.  bInitial 

velocity data at different concentrations of c-Jun were fitted to equation 1. 

 

5. (–)-Zuonin A impedes migration of breast cancer cells 

The invasion-metastatic cascade involves a series of events whereby tumor cells leave the 

primary tumor, intravasate into the circulation, extravasate at distant tissues, and establish 

micrometastases that may grow into macroscopic secondary tumors (131).  Cell migration is an 
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early requirement for tumor metastasis, so inhibition of cell migration provides a potential 

strategy to inhibit metastasis (132).  Previously, we demonstrated an ability of a peptide that is 

selective for JNK2 to inhibit breast cancer cell migration (42).  We examined whether (–)-zuonin 

A or (+)-zuonin A inhibited chemotactic cell migration of a highly metastatic human breast 

cancer cell line namely MDA-MB-231 in a transwell assay.  MDA-MB-231 cells were treated 

with DMSO, (–)-zuonin A (50 µM and 100 µM) or (+)-zuonin A (50 and 100 µM) (Figure 3.5) 

for overnight.  Cell viability was monitored during the migration assay and found to be 

unaffected by the addition of the compounds.  Untreated MDA-MB-231 cells showed robust 

migration in response to serum, while cells treated with 50 and 100 µM (–)-zuonin A exhibited 

approximately 45% and 80% inhibition of migration, respectively (Figure 3.5a).  Although (+)-

zuonin A was able to mildly suppress cell migration, there is a clear difference between the 

ability of the two isomers in this respect (Figure 3.5b), supporting the notion that JNK2 signaling 

contributes to breast cancer cell migration.  Since cells also use their migration machinery during 

wound closure a scratch wound closure assay was used to examine the effect of zuonin A on the 

ability of MDA-MB-231 cells to repair wounds.  Wound assays were performed to measure the 

influence of 25–100 µM of (–)-zuonin A and (+)-zuonin A on cell migration to close a scratch 

wound over time.  Cell viability was monitored during the wound assay and found to be 

unaffected by the addition of the compounds up to 200 µM. Both 100 and 200 µM (–)-zuonin A 

was sufficient to inhibit wound closure in MDA MB 231 cells (Figure 3.6).  Like the chemotaxis 

based transwell migration assay, (–)-zuonin A showed notable potency to inhibit wound closure 

in comparison to (+)-zuonin A, thus confirming the targeting of JNK by (–)-zuonin A in these 

breast cancer cells. These data are consistent with the observed potency of the two isomers 

towards JNK in both cell-free (Table 3.1) and cell-based in vitro assays (Figure 3.1). 
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Conclusion 

To summarize, we report the asymmetric synthesis of the lignans (–)-zuonin A and (+)-

zuonin A and revised the absolute stereochemistry of the natural products.  We show that (–)-

zuonin A is a selective inhibitor of the JNKs and identify two mechanisms as likely contributors 

to its ability to inhibit JNK signaling in cells; i) (–)-zuonin A inhibits JNK activation by MKK4 

and MKK7 and ii) it inhibits substrate phosphorylation.  In both cases it impedes the binding of 

the corresponding protein to the D-recruitment site of JNK.    While (+)-zuonin A binds JNK, it 

is not an effective inhibitor.  The activity of (–)-zuonin towards JNK is the basis for its ability to 

inhibit Akt signaling and breast cancer cell migration. Mutations in the predicted binding site for 

(–)-zuonin A render it significantly more, or less sensitive to inhibition than wild type JNK2, 

allowing for the design of potential chemical genetic experiments.  These studies suggest that the 

biological activity reported for other lignans, such as saucerneol F and zuonin B may be the 

result of blocking protein-protein interactions within MAPK cascades.  These discoveries hold 

the potential to introduce future analogs into the arsenal of therapeutics now used to fight cancer 

cell metastasis.   
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Figure 3.1.  (–)-Zuonin A, but not (+)-zuonin A is a potent JNK inhibitor in in vitro cell-free 

and cell-based kinase assays.  (a) Chemical structure of the two enantiomers of zuonin A, (–)-
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zuonin A ([α]D = –111) and (+)-zuonin A ([α]D = +128).  (b) The effect of (–)-zuonin A on the 

ability of JNK1, JNK2 and JNK3 to phosphorylate GST-c-Jun (1-221). Data were fitted to 

Equation 4.  (c) The effect of (+)-zuonin A on the ability of JNK1, JNK2 and JNK3 to 

phosphorylate GST-c-Jun (1-221). Data were fitted to Equation 4.  (d) HEK293 cells were 

treated with (–)-zuonin A (0-100 µM) for 12 hours.  The JNK pathway was then induced by the 

addition of anisomycin (50-100 nM) for 5-10 minutes before lysing the cells.  Lysates were 

fractionated by SDS PAGE (10 % gel) and subjected to western blot analysis in order to detect 

the phosphorylated forms of c-Jun and JNK. Quantification of the bands is represented in the 

bars graph. (e)  Same as in D using  (+)-zuonin A. 
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Figure 3.2. Mechanism of JNK inhibiton by (-)-Zuonin A   

 (a) Double reciprocal plot of 01 V  vs 1/[c-Jun] at varied fixed concentrations of (–)-zuonin A (0-

50 µM) and 0.5 mM MgATP.  Initial velocities were measured using various (0.63–20 µM) 

concentrations of c-Jun.  The data were fitted to a model of partial competitive inhibition 

according to Equation 3, where 



kcat

app = 1.2 ± 0.08 s
-1

, 



Km

a p p = 1.6 ± 0.03 µM, 



Ki

a p p = 2.7 ± 0.4  

µM, 



Km
a p p

 = 8 ± 0.2, α = 5 ± 0.3 and β = 1.  (b) Proposed mechanisms of partial competitive C-

Jun inhibition by (–)-zuonin A. 
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Figure 3.3. Mechanism of JNK inhibiton by (-)-Zuonin A in HEK293T cells. 

 (a) The effect of (–)-zuonin A on the ability of active MKK7 (WT) and active MKK4 (WT) to 

phosphorylate inactive JNK1 with IC50 ~ 2.0 ± 0.15 and 1.8 ± 0.17 µM, respectively. Data were 

fitted to Equation 4. (b). HEK293T cells were transfected with WT-JNK2 and treated with 
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different concentrations of (–)-zuonin A without induction by anisomycin. (-)-Zuonin A did not 

inhibit JNK2 autophosphorylation but inhibited c-Jun phosphorylation. (c). HEK293T cells were 

transfected with WT-JNK2 and treated with two concentrations of SP60125 (ATP-competitive 

JNK inhibitor) with and without induction by anisomycin. SP60125 inhibits JNK2 

autophosphorylation, but does not inhibit JNK phosphorylation by the upstream kinases induced 

by anisomycin.  (d). HEK293T cells were transfected with WT-JNK2 and treated with different 

concentrations of (-)-Zuonin A without induction by anisomycin. (-)-Zuonin A did not inhibit 

AKT expression but inhibited AKT phosphorylation.  (e). Specificity of (-)-Zuonin A towards 

ERK2 in HEK293 cells.  Cells were treated with (-)-Zuonin A (0-100 µM) for 12 hours.  The 

ERK2 pathway was then induced by 50 ng EGF (Epidermal Growth Factor) for 5-10 minutes 

before lysing the cells.  Lysates were fractionated by SDS PAGE (10% gel) and subjected to 

Western blot analysis in order to detect the phosphorylated forms of ERK and p90RSK (p90 

Ribosomal S6 Kinase).  (f). Specificity of (-)-Zuonin A towards p38 MAPKs in HEK293 cells.  

Cells were treated with (-)-Zuonin A (0-100 µM) for 12 hours.  The p38 pathway was induced by 

the addition of anisomycin (50-100 nM) for 5-10 minutes before lysing the cells.  Lysates were 

fractionated by SDS PAGE (10% gel) and subjected to Western blot analysis in order to detect 

the phosphorylated forms of p38, and ATF2.  
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Figure 3.4. Altering JNK sensitivity to (-)-Zuonin A  

(a). The MD trajectories for (–)-zuonin A binding to JNK1 (PDB ID: 1UKH)  (40).  The figure 

was generated using PyMol software (http://pymol.sourceforge.net/). (b). The effect of different 

JNK2 DRS site mutations on the sensitivity of JNK2 towards (–)-zuonin A, detected by 

measuring the ability of each mutant to phosphorylate GST-c-Jun (1-221) in the presence of (–)-

zuonin A.  Data were fitted to Equation 4.  (c).  HEK293 cells were transfected with empty 

pcDNA 3 vector, JNK2 (Y130A) or JNK2 (C163) and treated with different concentrations of (–

)-zuonin A (0–100 µM).  Subsequent phosphorylation of JNK and c-Jun was detected by western 

blot. The JNK2 mutation Y130A increased c-Jun inhibition in HEK293 cells, while the C163A 

mutation prevented inhibition. 

http://pymol.sourceforge.net/
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Figure 3.5. (-)-Zuonin A inhibits MDA MB 231 breast cancer cell migration more than (+)-

Zuonin A    

(a) Representative images of migrated cells on the underside of a transwell membrane stained 

with crystal violet dye.  50-100 µM of (-)-Zuonin A significantly reduces the number of cells that 

travel through the transwell pores to successfully reach the underside of the transwell membrane 

(migrated cells) in comparison to the untreated cells.  (b) (-)-Zuonin A inhibits MDA MB 231 

breast cancer cell migration more than (+)-Zuonin A at 100 µM concentration. This experiment 

has been independently repeated thrice, each one as a duplicate. 
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Figure 3.6. Wound healing assay (a) After treatment of MDA MB 231 breast cancer cell with 

different concentrations of (-)-Zuonin and (+)-Zuonin A, a scratch wound was created in each 

sample, and culture media were replaced with 1% FBS-containing media. Wound closure was 

measured at time 0 and at 24 hrs post-wounding. (b) Graphical analysis.  Representative of three 

independent experiments.   



103 

 

 

O
O

Ar =

Ar OH

OTBS
Ar

OH

Ar CN

OTBS

ON

OO

ON

OO

OAr O

OAr O

OAr OH OAr SO2Ph

OAr Ar

BrMg

O

O

3 4 5

6 7

8 9 10

11

12
O

1 (38%)

Ar Ar O
13 (28%)

Ar Ar
+

(–)-zuonin A (1)
(revised

absolute stereochemistry)

O

O
O O

O

(–)-zuonin A (2)
(proposed

absolute stereochemistry)

O

O
O O

O

a b,c

d,e f! h i,j

k l

m n

1'

3'

5'
5

4

1

3

5
2

3

1'

3'

5'
5

4

1

3

5
2

3

5

4

2

3

 

Scheme 3.1: Asymmetric synthesis of (-)-zuonin A. 
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3.5. SUPPLEMENTARY MATERIALS: 

 

Preparation of syn-Aldol Adduct 4 

 

To a cooled (–78 °C) solution of (S)-(+)-4-isopropyl-3-propionyl-2-oxazolidinone 3 (950 mg, 

5.129 mmol) in CH2Cl2 (40 mL) were added dropwise n-Bu2BOTf (5.64 mL, 1.0 M in CH2Cl2, 

5.642 mmol) and Et3N (0.93 mL, 6.668 mmol). After stirring for 30 min at –78 °C, piperonal in 

CH2Cl2 (3 mL) was added dropwise. After stirring for 1 h at –78 °C, the reaction mixture was 

quenched by addition of pH 7 buffer (6 mL), MeOH (4 mL), and 50% H2O2 (4 mL). The 

resulting mixture was stirred at 0 °C for 30 min and diluted with H2O. The layers were separated, 

and the aqueous layer was extracted with CH2Cl2. The combined organic layers were dried over 

anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/3) to afford syn-aldol adduct 4 (1.34 g, 78%): 
1
H 

NMR (500 MHz, CDCl3) δ 6.85 (d, J = 1.5 Hz, 1 H), 6.78 (dd, J = 8.0, 1.5 Hz, 1 H), 6.72 (d, J = 

8.0 Hz, 1 H), 5.90 (s, 2 H), 4.93 (d, J = 4.0 Hz, 1 H), 4.35 (ddd, J = 5.0, 5.0, 5.0 Hz, 1 H), 4.15 

(d, J = 6.0 Hz, 1 H), 4.00 (dddd, J = 7.0, 7.0, 7.0, 4.0 Hz, 1 H), 3.30 (s, 1 H), 2.26–2.32 (m, 1 

H), 1.17 (d, J = 6.5 Hz, 3 H), 0.87 (d, J = 6.5 Hz, 3 H), 0.83 (d, J = 6.5 Hz, 3 H); HRMS (ESI) 

m/z 358.1261 [(M+Na)
+
, C17H21NO6 requires 358.1261]. 
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Preparation of Alcohol 5 

 

To a cooled (0 °C) solution of syn-aldol adduct 4 (1.29 g, 3.846 mmol) in DMF (20 mL) were 

added imidazole (786 mg, 11.538 mmol) and TBSCl (1.16 g, 7.692 mmol). After stirring for 14 h 

at 25 °C, the reaction mixture was quenched by addition of saturated aqueous NaHCO3 solution 

and diluted with EtOAc and H2O. The layers were separated, and the aqueous layer was 

extracted with EtOAc. The combined organic layers were dried over anhydrous Na2SO4 and 

concentrated in vacuo. The residue was purified by column chromatography (silica gel, 

EtOAc/hexanes, 1/10 to 1/5) to afford the corresponding silyl ether (1.55 g, 90%): 
1
H NMR (500 

MHz, CDCl3) δ 6.87 (d, J = 2.0 Hz, 1 H), 6.78 (dd, J = 8.0, 2.0 Hz, 1 H), 6.69 (d, J = 7.5 Hz, 1 

H), 5.90 (dd, J = 6.0, 1.5 Hz, 2 H), 4.76 (d, J = 7.5 Hz, 1 H), 4.13 (ddd, J = 2.5, 2.5, 1.5 Hz, 1 

H), 4.09 (dd, J = 8.5, 8.5 Hz, 1 H), 4.09 (d, J = 8.5 Hz, 1 H), 2.26–2.33 (m, 1 H), 1.24 (d, J = 

7.0 Hz, 3 H), 0.90 (s, 9 H), 0.87 (d, J = 6.5 Hz, 3 H), 0.82 (d, J = 6.5 Hz, 3 H), 0.00 (s, 3 H), –

0.22 (s, 3 H) ; HRMS (ESI) m/z 472.2124 [(M+Na)
+
, C23H35NO6Si requires 472.2126]. 

To a cooled (0 °C) solution of silyl ether (1.6 g, 3.558 mmol) in Et2O (30 mL) were added 

MeOH (0.29 mL, 7.116 mmol) and LiBH4 (3.56 mL, 2.0 M in THF, 7.116 mmol). After stirring 

for 1 h at 0 °C, MeOH (5 mL) and 1 N NaOH (5 mL) were added dropwise at 0 °C. The layers 

were separated, and the aqueous layer was extracted with EtOAc. The combined organic layers 

were dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, EtOAc/hexanes, 1/3) to afford alcohol 5 (907 mg, 79%): 
1
H 

NMR (400 MHz, CDCl3) δ 6.82 (s, 1H), 6.70–6.76 (m, 2 H), 5.95 (m, 2 H), 4.72 (d, J = 4.4 Hz, 

1 H), 3.56 (dd, J = 10.8, 8.0 Hz, 1 H), 3.40–3.43 (m, 1 H), 2.48 (s, 1 H), 1.97–2.03 (m, 1 H), 

0.90 (d, J = 6.8 Hz, 3 H), 0.89 (s, 9 H), 0.77 (d, J = 6.8 Hz, 3 H), 0.43 (s, 3H), –0.16 (s, 3H); 
13

C 

NMR (100 MHz, CDCl3) δ 147.45, 146.65, 137.13, 136.62, 119.99, 107.74, 107.41, 101.01, 

65.57, 43.11, 25.95, 18.25, 12.23, –4.50, –5.19; HRMS (ESI) m/z 347.1650 [(M+Na)
+
, 

C17H28O4Si requires 347.1649]. 
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Preparation of Nitrile 6  

 

To a cooled (–78 °C) solution of alcohol 5 (50 mg, 0.154 mmol) in CH2Cl2 (3 mL) were added 

Et3N (47 µL, 0.339 mmol) and MsCl (13 µL, 0.169 mmol). After stirring for 30 min at –78 °C, 

the reaction mixture was quenched by addition of saturated aqueous NaHCO3 solution. The 

layers were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic 

layers were dried over anhydrous Na2SO4 and concentrated in vacuo to afford the crude 

mesylate, which was employed in the next step without further purification. 

To a solution of mesylate in DMSO (2 mL) was added NaCN (38 mg, 0.770 mmol) at 25 °C. 

After heating for 2 h at 70 °C, the reaction mixture was cooled to 0 °C and diluted with H2O (3 

mL). The aqueous layer was extracted with CH2Cl2. The combined organic layers were dried 

over anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, EtOAc/hexanes, 1/10) to afford nitrile 6 (50 mg, 97% for 2 steps): 
1
H 

NMR (500 MHz, CDCl3) δ 6.77 (d, J = 1.5 Hz, 1 H), 6.75 (d, J = 7.5 Hz, 1 H), 6.70 (dd, J = 7.5, 

1.5 Hz, 1 H), 5.95 (dd, J = 5.0, 1.5 Hz, 2 H), 4.51 (d, J = 5.5 Hz, 1 H), 2.34–2.40 (m, 1 H), 2.00–

2.06 (m, 2 H), 1.05 (d, J = 6.5 Hz, 3 H), 0.89 (s, 9 H), 0.49 (s, 3H), –0.18 (s, 3H); 
13

C NMR (125 

MHz, CDCl3) δ 147.74, 147.09, 136.20, 119.97, 119.19, 107.95, 106.94, 101.14, 76.88, 39.29, 

25.92, 21.24, 18.25, 15.07, –4.44, –5.08; HRMS (ESI) m/z 351.2098 [(M+NH4)
+
, C18H27NO3Si 

requires 351.2098]. 

 

Preparation of Lactone 7 

 

To a solution of nitrile 6 (50 mg, 0.150 mmol) in THF (3 mL) was added TBAF (0.23 mL, 1.0 M 

in THF, 0.225 mmol) at 25 °C. After stirring for 1 h at 25 °C, the reaction mixture was quenched 
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by addition of saturated aqueous NH4Cl solution. The layers were separated, and the aqueous 

layer was extracted with EtOAc. The combined organic layers were dried over anhydrous 

Na2SO4 and concentrated in vacuo to afford the crude alcohol, which was employed in the next 

step without further purification. 

To a solution of alcohol in THF/MeOH/H2O (1:1:1, 6 mL) was added NaOH (60 mg, 1.500 

mmol) at 25 °C. After refluxing for 16 h, the reaction mixture was cooled to 0 °C and acidified 

by c-HCl at 0 °C. The resulting mixture was diluted with CHCl3 and H2O. The layers were 

separated, and the aqueous layer was extracted with CHCl3. The combined organic layers were 

dried over anhydrous Na2SO4 and concentrated in vacuo to afford the crude carboxylic acid, 

which was employed in the next step without further purification. 

To a solution of carboxylic acid in toluene (3 mL) was added PPTS (8 mg, 0.030 mmol) at 25 

°C. After heating for 2 h at 80 °C, the reaction mixture was cooled to 0 °C and quenched by 

addition of Et3N at 0 °C. The resulting mixture was diluted with EtOAc and H2O. The layers 

were separated, and the aqueous layer was extracted with EtOAc. The combined organic layers 

were dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, EtOAc/hexanes, 1/3) to afford lactone 7 (30 mg, 91% for 3 

steps): 
1
H NMR (500 MHz, CDCl3) δ 6.80 (d, J = 8.5 Hz, 1 H), 6.71 (d, J = 1.5 Hz, 1 H), 6.90 

(ddd, J = 8.0, 1.0, 1.0 Hz, 1 H), 5.97 (s, 2 H), 5.50 (d, J = 6.5 Hz, 1 H), 2.77–2.84 (m, 2 H), 

2.30–2.35 (m, 1 H), 0.72 (d, J = 7.5 Hz, 3 H); 
13

C NMR (125 MHz, CDCl3) δ 176.73, 148.01, 

147.45, 130.05, 118.96, 108.38, 106.18, 101.32, 84.08, 37.10, 35.19, 15.22; HRMS (ESI) m/z 

221.0806 [(M+H)
+
, C12H12O4 requires 221.0808]. 

 

Preparation of α,β-unsaturated Lactone 8 

 

To a cooled (–78 °C) solution of lactone 7 (30 mg, 0.136 mmol) in THF (3 mL) was added 

LiHMDS (0.27 mL, 1.0 M in THF, 0.272 mmol). After stirring for 30 min at –78 °C, 

Eschenmoser’s salt (76 mg, 0.409 mmol) was added. After stirring for 15 min at –78 °C, the 

reaction mixture was quenched by addition of saturated aqueous NH4Cl solution. The layers 
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were separated, and the aqueous layer was extracted with CH2Cl2. The combined organic layers 

were dried over anhydrous Na2SO4 and concentrated in vacuo to afford the crude amine, which 

was employed in the next step without further purification. 

To a cooled (0 °C) solution of amine in THF (2 mL) were added saturated aqueous NaHCO3 

solution (1 mL) and m-CPBA (94 mg, 0.544 mmol). After stirring for 30 min at 25 °C, the 

reaction mixture was quenched by addition of saturated aqueous NaHCO3 solution and saturated 

aqueous Na2S2O3 solution. The layers were separated, the aqueous layer was extracted with 

EtOAc. The combined organic layers were dried over anhydrous Na2SO4 and concentrated in 

vacuo. The residue was purified by column chromatography (silica gel, EtOAc/hexanes, 1/3) to 

afford α,β-unsaturated lactone 8 (30 mg, 95% for 2 steps): 
1
H NMR (400 MHz, CDCl3) δ 6.77 

(dd, J = 7.6, 0.4 Hz, 1 H), 6.62 (ddd, J = 1.2, 0.8, 0.8 Hz, 1 H), 6.31 (dd, J = 2.8, 0.8 Hz, 1 H), 

5.96 (d, J = 0.8 Hz, 2 H), 5.56 (dd, J = 2.8, 1.2 Hz, 1 H), 5.52 (d, J = 8.0 Hz, 1 H), 3.35–3.42 

(m, 1 H), 0.83 (dd, J = 8.5, 1.0 Hz, 3 H); HRMS (ESI) m/z 233.0808 [(M+H)
+
, C13H12O4 

requires 233.0808]. 

 

Preparation of Sulfone 10 

To a cooled (–78 °C) solution of α,β-unsaturated lactone 8 (15 mg, 0.064 mmol) in CH2Cl2 (2 

mL) was added DIBALH (65 µL, 1.0 M in toluene, 0.064 mmol). After stirring for 10 min at –78 

°C, the reaction mixture was quenched by addition of MeOH. 1N-NaOH and H2O were added 

and the resulting mixture was stirred for 1 h at 25 °C. The layers were separated, and the aqueous 

layer was extracted with CH2Cl2. The combined organic layers were dried over anhydrous 

Na2SO4 and concentrated in vacuo. The residue was purified by column chromatography (silica 

gel, EtOAc/hexanes, 1/4) to afford a mixture of lactol 9 and aldehyde (13 mg, 87%). 
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To a solution of a mixture of lactol 9 and aldehyde in CH2Cl2 (2 mL) were added PhSO2H (10 

mg, 0.067 mmol) and CaCl2 (17 mg, 0.154 mmol) at 25 °C. After stirring for 10 min at 25 °C, 

the reaction mixture was quenched by addition of saturated aqueous NaHCO3 solution. The 

layers were separated, the aqueous layer was extracted with EtOAc. The combined organic 

layers were dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was purified 

by column chromatography (silica gel, EtOAc/hexanes, 1/3) to afford sulfone 10 (12 mg, 66%): 

1
H NMR (400 MHz, CDCl3) δ 7.95–7.97 (m, 2 H), 7.63–7.68 (m, 1 H), 7.53–7.57 (m, 2 H), 6.73 

(d, J = 8.8 Hz, 1 H), 6.57 (dd, J = 1.2, 0.8 Hz, 1 H), 6.53 (d, J = 0.4 Hz, 1 H), 5.92 (d, J = 0.8 

Hz, 2 H), 5.72 (dd, J = 2.4, 1.6 Hz, 1 H), 5.48 (d, J = 8.4 Hz, 1 H), 5.45 (dd, J = 1.6, 1.6 Hz, 1 

H), 5.41 (dd, J = 2.0, 2.0 Hz, 1 H), 3.20–3.28 (m, 1 H), 0.72 (d, J = 7.2 Hz, 3 H); HRMS (ESI) 

m/z 381.0769 [(M+Na)
+
, C19H18O5S requires 381.0767]. 

 

Preparation of 2,3-cis-2,5-trans-Tetrahydrofuran 12 

 

To a solution of a ZnBr2 in THF (1 mL) was added 3,4-(methylenedioxy)phenylmagnesium 

bromide 11 (0.31 mL, 0.5 M in THF, 0.154 mmol) at 25 °C. After stirring for 30 min at 25 °C, 

solfone 10 (11 mg, 0.0307 mmol) in THF (1 mL) was added at 25 °C. After stirring for 30 min at 

25 °C, the reaction mixture was quenched by addition of saturated aqueous NH4Cl solution. The 

layers were separated, the aqueous layer was extracted with EtOAc. The combined organic 

layers were dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was purified 

by column chromatography (silica gel, EtOAc/CH2Cl2/hexanes, 1/8/40) to afford 2,3-cis-2,5-

trans-tetrahydrofuran 12 (7.9 mg, 76%): 
1
H NMR (400 MHz, CDCl3) δ 6.88–6.92 (m, 2 H), 

6.77–6.80 (m, 3 H), 6.71–6.74 (m, 1 H), 5.95 (s, 2 H), 5.63 (s, 1 H), 5.27 (d, J = 7.6 Hz, 1 H), 

5.03 (dd, J = 2.0, 2.0 Hz, 1 H), 5.00 (dd, J = 2.0, 2.0 Hz, 1 H), 3.12 (ddddd, J = 7.2, 7.2, 7.2, 

7.2, 1.6 Hz, 1 H), 0.81 (d, J = 7.2 Hz, 3 H); HRMS (ESI) m/z 339.1228 [(M+H)
+
, C20H18O5 

requires 339.1227]. 
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Preparation of (–)-Zuonin A 

 

To a solution of 2,3-cis-2,5-trans-tetrahydrofuran 12 (8.0 mg, 0.0236 mmol) in EtOAc/MeOH 

(3:1, 2 mL) was added Pd/C (1 mg, 10% w/w) at 25 °C. After stirring for 1 h under H2 

atmosphere at 25 °C, the reaction mixture was filtered through celite and concentrated in vacuo. 

The residue was purified by column chromatography (silica gel, EtOAc/CH2Cl2/hexanes, 1/8/40) 

to afford (–)-Zuonin A (3.0 mg, 38%) and byproduct 13 (2.2 mg, 28%): [α]
25

D= –111.3 (c 0.17, 

CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 6.91 (d, J = 1.5 Hz, 1 H), 6.85 (s, 1 H), 6.77–6.83 (m, 4 

H), 5.94 (d, J = 1.5 Hz, 2 H), 5.40 (d, J = 4.5 Hz, 1 H), 4.60 (d, J = 9.5 Hz, 1 H), 2.36–2.44 (m, 

2 H), 0.99 (d, J = 7.0 Hz, 3 H), 0.62 (d, J = 7.0 Hz, 3 H); 
13

C NMR (125 MHz, CDCl3) δ 147.96, 

147.58, 147.07, 146.39, 137.18, 134.68, 119.70, 119.16, 108.106, 108.022, 106.909, 106.603, 

101.072, 100.950, 85.81, 84.87, 47.68, 43.53, 11.91, 9.57; IR (neat) 1502, 1442, 1244, 1038 cm
–

1
; HRMS (ESI) m/z 341.1384 [(M+Na)

+
, C20H20O5 requires 341.1384]. 



______________________________________________________________________________

†  The contents in this chapter were published in ACS Chemical Biology: Kaoud, T. S., Mitra, 

S., Lee, S., Taliaferro, J., Cantrell, M., Linse, K. D., Van Den Berg, C. L., and Dalby, K. N. 

(2011) Development of JNK2-selective peptide inhibitors that inhibit breast cancer cell 

migration, ACS Chem Biol 6, 658-666. 
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Chapter 4: Development of novel, JNK2-selective inhibitors that suppress 

breast cancer cell migration† 

 

4.1. ABSTRACT 

Despite their lack of selectivity towards c-Jun N-terminal kinase (JNK) isoforms, 

peptides derived from the JIP (JNK Interacting Protein) scaffolds linked to the cell-penetrating 

peptide TAT are widely used to investigate JNK-mediated signaling events.  To engineer an 

isoform-selective peptide inhibitor, several JIP-based peptide sequences were designed and 

tested.  A JIP sequence connected through a flexible linker to either the N-terminus of an 

inverted TAT sequence (JIP
10

-∆-TAT
i
), or to a poly-arginine sequence (JIP

10
-∆-R9) enabled the 

potent inhibition of JNK2 (IC50~90 nM) and exhibited 10-fold selectivity for JNK2 over JNK1 

and JNK3.  Examination of both peptides in HEK293 cells revealed a potent ability to inhibit the 

induction of both JNK activation and c-Jun phosphorylation in cells treated with anisomycin.  

Notably, Western blot analysis indicates that only a fraction of total JNK must be activated to 

elicit robust c-Jun phosphorylation.  To examine the potential of each peptide to selectively 

modulate JNK2 signaling in vivo, their ability to inhibit the migration of Polyoma Middle-T 

Antigen Mammary Tumor (PyVMT) cells was assessed.  PyVMTjnk2-/- cells exhibit a lower 

migration potential compared to PyVMTjnk2+/+ cells, and this migration potential is restored 

through the over-expression of GFP-JNK2α.  Both JIP
10

-∆-TAT
i
 and JIP

10
-∆-R9 inhibit the 

migration of PyVMTjnk2+/+ cells and PyVMTjnk2-/- cells expressing GFP-JNK2α.  However, 

neither peptide inhibits the migration of PyVMTjnk2-/- cells.  A control form of JIP
10

-∆-TAT
i
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containing a single leucine to arginine mutation lacks ability to inhibit JNK2 in in vitro cell-free 

and cell-based assays and does not inhibit the migration of PyVMTjnk2+/+ cells.  Together, 

these data suggest that JIP
10

-∆-TAT
i
 and JIP

10
-∆-R9 inhibit the migration of PyVMT cells 

through the selective inhibition of JNK2.  Finally, the mechanism of inhibition of a D-retro-

inverso JIP peptide, previously reported to inhibit JNK, was examined and found to inhibit 

p38MAPKα in an in vitro cell-free assay with little propensity to inhibit JNK isoforms. 

 

4.2. INTRODUCTION 

JNKs (c-Jun N-terminal kinases) are members of the mitogen-activated protein kinase 

(MAPK) family, which regulate various cellular functions (93).  In response to stress, they can 

convey pro-inflammatory, mitogenic or apoptotic signals (62).  In mammals JNKs are encoded 

by three different genes (jnk1, jnk2, and jnk3), which may alternatively splice to produce a total 

of 10 different isoforms.  The jnk1 and jnk2 genes are expressed ubiquitously, while JNK3 is 

expressed mainly in testes and neuronal tissues, including the brain with low levels also found in 

cardiac myocytes (92). 

Jnk genes are implicated in several diseases such as type I and type II diabetes, 

Alzheimer’s disease, arthritis, asthma, atherogenesis, heart failure and Parkinson's disease (94).  

Due to its important role in regulating both apoptosis and proliferation, JNK can act as a tumor-

promoter and a tumor-suppressor in cancer (133-134), both in a tissue and stimulus-specific 

manner.  Overall, from the perspective of tumor biology, JNK mediates the transforming actions 

of oncogenes such as Ras and Bcr-Abl (135).  A causal relationship between JNK activation and 

accelerated tumor growth has been reported in several studies (136) as the antisense JNK 
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oligonucleotides were found to inhibit the growth of tumor cells (PC12, A549, HeLa, and MCF-

7) (137).  

Compared to jnk1 and jnk3, the jnk2 gene has a dominant role in cancer.  For example, 

JNK2 is implicated in tumorigenesis via activation of Akt and over-expression of eukaryotic 

translation initiation factor 4 (eIF4E) in a human glioblastoma model (102).   JNK2 is also 

constitutively activated in glial tumor cell lines, further supporting its tumorigenic role (101).  

Moreover, JNK2-knockout mice displayed lower growth of chemically-induced papillomas 

compared to wild type (138). 

The Van Den Berg laboratory recently reported that JNK2 knockout mice expressing the 

Polyoma Middle T Antigen transgene developed mammary tumors showed higher tumor 

multiplicity but lower proliferation rates (139).  Cell lines derived from these tumors provided 

useful tools to evaluate the potential function of JNK2 in various breast cancer phenotypes 

including cell migration (43). 

Cell migration contributes to tissue repair and regeneration, mental retardation, 

atherosclerosis, arthritis, and embryonic morphogenesis (104), and migration is critically 

important in driving cancer metastasis. Mitogen activated protein kinases, including JNK, 

p38MAPK and extracellular-signal-regulated protein kinase (ERK) play crucial roles in 

promoting cell migration (140).  Biochemically, several JNK substrates such as IRS-1, p66Shc 

and paxillin promote cell migration (135).  In fact, jnk1 was implicated in embryonic epithelial 

cell migration by Weston et al., who showed a delay in eyelid closure resulting from corneal 

epithelial cell migration, in jnk1-/-;jnk2+/- mice compared to their jnk1+/+;jnk2+/- littermates 

(103).   
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Recent literature underscores the importance of JNKs as attractive targets for treatment of 

a variety of diseases, which has triggered extensive drug discovery efforts.  In our investigation, 

our goal was to identify a JNK-specific inhibitor and, ideally, a JNK2 isoform-selective inhibitor 

that acts therapeutically to treat various JNK2-associated diseases, including cancer.  

Due to the specificity limitations of most JNK inhibitors designed to bind in the ATP 

binding site, several groups have focused on identifying small molecule (48) or peptide inhibitors 

that bind to JIP-JNK interaction sites.  For example, recently, the small molecule BI-78D3, 

which has an IC50 of 500 nM was reported (44).  The JIP (JNK Interacting Protein) scaffolds, 

including JIP1, JIP2, JIP3 and JIP4, bind to both JNK and MKK7 and potentiate JNK activation.  

JIP1 is expressed in many tissue types, including neuronal, neuroendocrine, pulmonary, and 

renal, amongst others (141). JIP-based inhibitors have been developed through the use of the 

single D-domain (D-site) of JIP1, consisting of 11 amino acids (153–163) that correspond to the 

JIP1 docking site of JNK.  This 11-mer peptide (pepJIP1) acts as a specific inhibitor of JNK, 

which binds to inactive JNK1, as elucidated by crystallization, and functions through an 

allosteric inhibition mechanism (40).  PepJIP1 inhibits JNK activity in in vitro cell-free assays 

towards recombinant c-Jun, Elk, and ATF2, and displays remarkable selectivity for the JNKs 

with little inhibition of the closely related MAPKs ERK and p38MAPK (40).  

While JNK1 inhibition by pepJIP1 occurs mainly through direct competition with a 

docking site (the D-site) of substrates or upstream kinases, allosteric effects may contribute to its 

potency and specificity.  To increase cell permeability, pepJIP1 was fused with the HIV-TAT 

(Human Immuno-deficiency Virus-Trans-acting activator of transcription) peptide. Its 

administration in both genetically- and diet-induced mouse models of insulin resistance and Type 

2 diabetes restores normoglycemia without causing hypoglycemia in lean mice (142).  However, 
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uncertainties remain regarding the specificity and selectivity towards different JNK isoforms for 

this group of peptides. Such characteristics potentially significantly affect their use as efficient 

therapeutic agents in targeting definitive active sites in the human body.   

In this work, we investigated the role of JNK2 in cell migration and developed a JNK2- 

selective inhibitor that efficiently inhibits cell migration in a breast cancer cell line.   

4.3. MATERIALS AND METHODS 

Cell culture. Mouse mammary tumor cell lines were derived from PyVMTjnk2+/+ and 

PyVMTjnk2-/- tumors using a previously published protocol (139). PyVMT jnk2-/- cells stably 

expressing GFP- JNK22, PyVMT jnk2-/- GFP- JNK22, were generated following selection 

with puromycin.  Cells were maintained in DMEM F-12 media (Cellgro, Mediatech) with 10% 

(v/v) FBS (Gemini Bio-Products), 10 g mL
-1

 insulin (Humulin R
TM

), 5 ng mL
-1

 EGF 

(PeproTech), and antibiotics.  For experiments using JIP peptides, cells were pre-incubated with 

various peptides for 30 minutes prior to assaying for migration.  The JIP peptides were 

maintained in the culture media for the duration of the experiment.   

HEK293T cells were maintained in DMEM (Invitrogen) supplemented with 10% (v/v) 

FBS-US grade (Invitrogen), 2 mM L-glutamine (Invitrogen), 100 U mL
-1

 penicillin (Sigma), and 

100 g mL
-1

 streptomycin (Sigma).  Cells were cultured in a humidified 5% CO2 incubator at 37 

°C. Cells were seeded at 400,000 cells per well in a 12-well plate and incubated for 24 hours 

before incubation with or without peptide (81).  After 16 hours cells were treated with 

anisomycin (50–100 nM) (MP Biomedicals) for 5–10 minutes. 

Western blot analysis. Cells were washed in PBS (Invitrogen), and lysates were 

prepared in CytoBuster™ Protein Extraction Reagent (EMD-Biosciences).  The lysates were 

cleared by centrifugation, and the protein concentration measured by Bradford analysis (Bio-
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Rad).  Lysates containing 60 µg of total protein were fractionated on a 12% SDS polyacrylamide 

gel (Bio-Rad) and transferred to Hybond-P PVDF Membrane (GE Healthcare).  Incubation of 

primary antibodies was performed overnight at 4 ºC using 1:10,000 anti-phospho-c-Jun (Ser-63), 

clone Y172 rabbit mAb (Millipore); 1:2000 anti-phospho-SAPK/JNK (Thr183/Tyr185) (G9) 

mouse mAb (Cell Signaling Technology); 1:5000 anti-actin, clone 4 mouse mAb (Millipore).  

Either anti-mouse (Cell Signaling Technology) or anti-rabbit (Bio-Rad) horseradish peroxidase-

conjugated secondary antibodies and ECL Plus™ Western Blotting Reagents (GE Healthcare) 

were used to develop the blots. 

Cell migration. Cell migration was measured using a modified Boyden chamber (BD 

Biosciences). About 50, 000 cells were placed into the upper chamber of transwell chambers 

separated by inserts with 8 μm pores.  Lower chambers were filled with HBSS (Hank's Buffered 

Salt Solution) medium containing 1% (v/v) FBS as chemoattractant.  Cells were allowed to 

migrate for 8 hrs.  Migrated cells were fixed, stained with 0.5% (w/v) crystal violet, and 

quantified by counting four randomly chosen fields (at an objective of ×10), or by dissolving the 

crystal violet dye with  sodium citrate and reading the absorbance (blank adjusted) at 570 nm. 

JIP internalization. About 50, 000 cells were plated in 8-well chamber slides.  The next 

day, slides were kept on ice for 10 minutes to stall all cellular activity and uptake.  FITC-labeled 

JIP peptides at 10 M were added to the medium at 37 C and incubated for various amounts of 

time.   The cell nucleus was briefly stained with Hoechst dye and then the cells imaged in real 

time.  The fluorescent signal was detected using a CCD camera mounted on a Nikon Diaphot 

300 inverted microscope. 
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Statistics.  Results were evaluated using analysis of variance between groups, followed 

by non-parametric, post-hoc Student's t-test to identify differences between groups.  Differences 

between means yielding p values of ≤ 0.05 were considered statistically significant. 

MAP kinase activity assay. MAP kinase assays were conducted at 30 °C in kinase assay 

buffer (25 mM HEPES buffer-pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT 

and 10 μg mL
-1

 BSA), containing 500 μM [γ-
32

P] ATP (100-1000 c.p.m.  pmol
-1

), 11 mM MgCl2 

and different concentrations of the JIP peptides in a final total volume of 70 µL.  For JNK 

assays, 20 nM active JNK11, JNK22 or JNK32 were assayed with 2 µM GST-c-jun (1–221) 

as protein substrate.  For p38MAPK assays, 10 nM p38MAPK was assayed with either 10 

µM of a substrate peptide (FQRKTLQRRLKGLNLNL-AHX-TGPLSPGPF, where AHX is a 

linker), which has a specific D-site to the MAP kinases (described in Lee et al., in preparation) 

or 10 µM GST-ATF2 (1–115) protein substrate.  For ERK2 assays 2 nM ERK2 was assayed 

with 10 µM of the Dsite substrate peptide.  Activity was assessed at different peptide 

concentrations by the measurement of initial rates.  Rates were measured under conditions where 

the total product formation represented less than 10% of the initial substrate concentrations.  The 

reaction was initiated by the addition of ATP.  10 μL aliquots were taken from every reaction at 

set time points (0.5, 1, 1.5, 2, 4 min) and spotted to 2×2 cm
2
 squares of P81 cellulose paper; the 

papers were washed for 3×15 minutes in 50 mM phosphoric acid (H3PO4), followed by a pure 

acetone wash, then dried.  The amount of labeled protein was determined by counting the 

associated c.p.m. on a Packard 1500 scintillation counter at a sigma value of 2. 

Peptide synthesis and purification.  D- and L-peptides were synthesized and purified 

using the same method described by Yan C. et al (41).  Peptides were synthesized on rink resin 

(NovaSyn TGR resin) using a Peptide Synthesizer (Quartet, Rainin) utilizing an Fmoc solid-
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phase peptide synthesis protocol.  The optical rotation of each Fmoc-D amino acid was examined 

to confirm their chirality by utilizing a polarimeter (241MC Polarimeter, Perkin-Elmer). 

Expression, purification and activation of tagless MAPKs.  Tagless full length human 

JNK11 (GenBank accession number NM_002750), human JNK22 (GenBank accession 

number NM_002752) or N-terminal truncated human JNK32 (amino acids 39–422 with alanine 

inserted between amino acids 39 and 40, GenBank accession number NM_138982) were 

expressed and purified as described previously (80).  Activated tagless ERK2 (Rattus norvegicus 

mitogen activated protein kinase 1, GenBank accession number NM_053842) was expressed and 

purified as described elsewhere (37).  DNA sequences encoding Mus musculus mitogen-

activated protein kinase 14 - p38MAPK (GenBank accession number NM_011951) was cloned 

into the pET14B vector to express an N-terminal, His tagged p38MAPK in E. coli BL21 (DE3) 

pLysS cells.  The enzyme was expressed and purified as described previously (77).  The 

activated, MAPKs were all stored in buffer S [25 mM HEPES (pH 7.5), 50 mM KCl, 0.1 mM 

EDTA, 0.1 mM EGTA, 2 mM DTT and 10% (v/v) glycerol] at -80 ºC.   

Expression, purification of GST-c-Jun (1–221) and GST-ATF2 (1–115).  GST-c-Jun 

(1–221) was expressed and purified according to the method of Yan C. et al (41).  GST-ATF2 

(1–115) was expressed and purified according to the method of Szafranska et al. (77). 

 

4.4. RESULTS AND DISCUSSION 

Metastasis, the therapeutically elusive trait of cancer cells, is often regarded as an early 

event in tumor progression.  It initiates through the up-regulation of motility genes, priming a 

specific pool of tumor cells to develop a migratory phenotype.  These cells gain an adaptive 

advantage to respond to micro-environmental cues necessary to initiate proteolytic invasion of 
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the surrounding matrix.  Therefore, proteins involved in cancer cell migration are potential 

targets of anti-metastatic therapy.  In this manuscript we describe two peptides with 10-fold 

selectivity for JNK2 over JNK1 and JNK3, which inhibit JNK docking interactions.  These cell-

permeable peptides inhibit the ability of cell lines derived from tumors arising from Polyoma 

Middle T Antigen (PyVMT) to undergo cell migration and support the notion that JNK2-

selective inhibitors may be useful therapeutic targeting molecules against breast cancer 

metastasis. 

 

Examining the specificity of JIP-based peptide inhibitors   

The ability of JIP peptide inhibitors to selectively bind JNK1, 2 and 3 versus other 

MAPKs is well documented (40, 143-144).  However, an isoform specific JIP peptide inhibitor 

has not been reported.  To explore the specificity of the JIP peptides a 10-mer JIP144-153 peptide 

(JIP
10

: PKRPTTLNLF) was synthesized and tested in in vitro kinase assays.  This peptide is 

comprised of the amino acids 144–153 of JNK-binding domain of the JIP-1 scaffold protein.  

When tested in kinase assays, JIP
10

 inhibited the JNKs (Figure 4.1A), but did not show any 

selectivity towards the three JNK isoforms (Table 4.1a), which were inhibited with IC50’s of 1.0–

2.6 µM.  As expected JIP
10

 exhibited a minimal ability to inhibit ERK2 (IC50 = 180 µM) and 

p38MAPK (IC50 168 µM).  We reasoned that the absence of JNK isoform selectivity reflects 

the highly conserved nature of the D-recruiting site (DRS) of the JNKs, which binds the JIP
10

 

sequence (145).   
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Table 4.1a.  Selectivity of JIP peptides  

 

Peptide Sequence 
JNK1 

IC50 (µM)
a
 

JNK2 

IC50 (µM)
a
 

JNK3 

IC50 (µM)
a
 

p38MAPK 

IC50 (µM)
a
 

ERK2 

IC50 (µM)
a
 

  JIP
10

 
Ac-PKRPTTLNLF-amide 
10 mer JIP 1±0.05 2±0.15 2.6±0.07 168±4 180±7 

TAT-JIP
10 Ac-YGRKKRRQRRR-RPKRPTTLNLF-amide 

TAT-11 mer JIP 
1.1±0.1 1.8±0.2 1.9±0.18 – – 

TAT-PP-JIP
20 Ac-GRKKRRQRRR-PP-RPKRPTTLNLFPQVPRSQDT-amide 

TAT-biproline linker-20 mer JIP 
0.33±0.01 0.45±0.04 0.06±0.005 1.45±0.1 179±18 

 JIP
10

-∆-TAT
i
  

Ac-PKRPTTLNLF-AHX-RRRQRRKKRG-amide
b
 

10 mer JIP-AHX Linker-Inverse TAT 
1.16±0.05 0.092±0.003 1.2±0.07 13.7±2.9 161±8 

 JIP
10

-∆-R9 
Ac-PKRPTTLNLF-AHX-RRRRRRRRR-amide

 

10 mer JIP-AHX Linker- Poly Arginine 
1.1±0.13 0.089±0.005 1.2±0.09 14.1±1.4 206±5.8 

 mJIP
10

-∆-TAT
i
 

Ac-PKRPTTRNLF-AHX-RRRQRRKKRG-amide 
10 mer JIP Arg mutant-AHX Linker-Inverse TAT 1900±37 420±30 900±81 447±14 580±30 

a
 IC50 Determined as described in Methods section. 

b
 ∆: aminohexanoyl. 

 

 

Table 4.1b.  Selectivity of retro-inverso JIP peptides  

 

Peptide Sequence 
JNK1 

IC50 (µM)
a
 

JNK2 

IC50 (µM)
a
 

JNK3 

IC50 (µM)
a
 

p38MAPK 

IC50 (µM)
a
 

ERK2 

IC50 (µM)
a
 

 D-JIP
10

 
Ac-FLNLTTPRKP-amide  

Retro-inverso JIP
10

 
5900±307 2500±171 1800±95 1000±79  

 D-JIP
20

 
Ac -TDQSRPVQPFLNLTTPRKPR-amide  

Retro-inverso JIP
20

 
2200±25 1500±109 415±28 1400±149  

 D-TAT-PP-JIP
20

 
Ac-TDQSRPVQPFLNLTTPRKPR-PP-RRRQRRKKRG-amide 

Retro-inverso of JIP
10

-∆-TAT
i
 

288±24 355±79 76.3±6.8 1.87±0.18 206±37 

 D: retro-inverso 
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Cell penetrating peptides (CPP) have been used widely to deliver impermeable molecules into 

intact cells.  A peptide from the TAT-HIV protein is one of the most frequently used CPPs (146). 

Thus, the arginine-rich domain of TAT, consisting of the amino acids 49–58 (TAT: 

GRKKRRQRRR), was employed to develop cell permeating JIP peptides. Using cell penetrating 

peptide consisting of the TAT48–58 sequence connected directly to the N-terminus of an 11-mer 

JIP143–153 peptide (TAT-JIP
10

: YGRKKRRQRRR-RPKRPTTLNLF), Zhang, et al. demonstrated 

inhibition of JNK3 activation in vivo, resulting in neuronal protection against ischemic brain 

injury (147).  When we tested this peptide in in vitro kinase assays, we found it displayed no 

isoform selectivity (Figure 4.1B), inhibiting JNK1, 2, and 3 with IC50 values of 1.1–1.9 µM 

(Table 4.1a).  Thus, compared to JIP
10

 the N-terminal TAT sequence of TAT-JIP
11 

provides no 

additional selectivity amongst the JNK isoforms.  

Bonny et al (2001) engineered a longer cell permeating peptide inhibitor of JNK by 

connecting the HIV-TAT49–58 cell penetrating sequence to the N-terminus of the 20 amino acid 

inhibitory domain of JIP-1 (143–162).  The two are joined by two proline residues, which act as 

a flexible linker between the TAT and the JIP sequences (148).  We synthesized this peptide and 

tested its potency towards different MAP kinases in in vitro kinase assays.  Interestingly, this 

peptide (TAT-PP-JIP
20

: GRKKRRQRRR-PP-RPKRPTTLNLFPQVPRSQDT) exhibited a 5–7-

fold selectivity for JNK3 over JNK1 and JNK2 with an IC50 of 60 nM for JNK3 (Figure 4.1D).  

However, we found that it inhibits p38MAPK, JNK1 and JNK2 with similar potency (Figure 

4.1C), with IC50’s of 1.45 ± 0.1 µM, 0.33 ± 0.01 µM, and 0.5 ± 0.05 µM respectively (Table 

4.1a).   

Bonny et al (2001) also developed a cell-stable JIP-peptide composed of the D-retro-

inverso form of TAT-PP-JIP
20

 (D-TAT-PP-JIP
20

) (148).  This peptide was proposed to have a 
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beneficial effect on several neuronal disorders including cerebral ischemia (149), stroke, and 

Parkinson's disease (150), and was recently classified as a possible novel therapy for diabetes 

(142).  All such effects were attributed to its inhibition of the JNK pathway in the cell, but the 

precise mechanism of neuroprotection remains unclear (86).  Therefore the specificity of D-

TAT-PP-JIP
20 

toward the three MAPK families was examined using the kinase assay described 

above.  In addition, the isoform specificity of two reteroinverso peptides corresponding to 

residues 143–152 (D-JIP
10

) and 143–162 (D-JIP
20

) were examined.  D-JIP
10

 and D-JIP
20

 showed 

negligible inhibition towards the five MAP kinases tested (Table 4.1b).  Recently we studied the 

specificity of a docking interaction between JNK1 and the scaffolding protein JIP1 (145).  Free 

energies for the binding of JIP
10

 and D-JIP
10

 were estimated using molecular mechanics Poisson-

Boltzmann and Generalized-Born surface area (MM-PB/GBSA) methods.  The binding free 

energy calculations predicted that the binding of the JIP (D) form (D-JIP
10

) to JNK1 is 

significantly weaker than the binding of the JIP (L) form (JIP
10

).  This was also confirmed 

experimentally (145). 

Interestingly, D-TAT-PP-JIP
20

 exhibited a moderate ability to inhibit JNK3 (IC50 ~ 76 

µM), with a potency 4–5 times higher than JNK1 and JNK2 (IC50 290 ± 25 µM and 350 ± 80 µM 

respectively) (Figure 4.2A).  Surprisingly, it exhibits even greater potency towards p38MAPK 

(Figure 4.2A).  Thus, D-TAT-PP-JIP
20

 fully inhibits the phosphorylation of a peptide substrate by 

p38MAPK with an IC50 of 1.8 ± 0.18 µM and can inhibit the phosphorylation of GST-ATF2 (Δ 

1–115) by p38MAPK with an IC50 of 14 ± 0.1 µM (Figure 4.2B).  These data suggest that 

p38MAPK (and not the JNKs) is a potential target of D-TAT-PP-JIP
20

 in vivo.   

Taken together, the studies described above suggest that the extension of peptides   

beyond the DRS docking domain can lead to changes in selectivity and potency.  Therefore, we 



 

123 

 

decided to engineer a new generation of cell penetrating JIP-based peptides.  In doing so, we 

changed the position of the TAT peptide relative to the JIP sequence and introduced a flexible 

linker that connects the JIP and CP domains together.  After testing several designed sequences, 

we developed a peptide with significant selectivity for JNK2.  The backbone of this peptide 

consists of the 10 mer JIP144–153 peptide connected to the N-terminus of an inverted HIV-TAT49–

58 sequence through a flexible six carbon linker formed by a 6-aminohexanoyl group (JIP
10

-∆-

TAT
i
: PKRPTTLNLF-∆-RRRQRRKKRG). JIP

10
-∆-TAT

i
 inhibits JNK2, with an IC50 of 92 nM 

(Figure 4.3A) exhibiting a 10 to 12-fold selectivity over JNK1 (IC50 = 1.2 ± 0.05 µM) and JNK3 

(IC50 of 1.2 ± 0.07 µM) (Table 4.1a).  Moreover, JIP
10

-∆-TAT
i
 did not exhibit marked potency 

towards p38MAPK or ERK2 (Figure 4.3B).  Similarly, we developed another peptide with the 

same backbone as JIP
10

-∆-TAT
i
, but instead used nine arginine residues in place of the TAT 

sequence to enhance the cell penetration (JIP
10

-∆-R
9
: PKRPTTLNLF-∆-RRRRRRRRR). JIP

10
-

∆-R
9
 exhibited a similar selectivity to JIP

10
-∆-TAT

i
, with high potency towards JNK2 (IC50 = 89 

nM) (Figure 4.3C and D).  

 

JIP
10

-∆-TAT
i
 and JIP

10
-∆-R

9
 are efficient cell penetrating peptides 

Before testing the in vivo bioactivity of the developed peptides, we investigated whether 

these peptides can be translocated efficiently into breast cancer cells.  To do so, each peptide was 

labeled at its C-terminus on a Cys residue with FITC (Fluorescein isothiocyanate dye).  In vivo 

localization of JIP
10

-∆-TAT
i
 and JIP

10
-∆-R

9
 was accomplished using either 4T1.2 murine 

mammary cancer cells treated with 2 µM of FITC labeled JIP
10

-∆-TAT
i
 (FITC-JIP

10
-∆-TAT

i
) or 

PyVMT murine mammary cancer cells  treated with 2 µM of FITC labeled peptides (FITC-JIP
10

-

∆-TAT
i
 or FITC-JIP

10
-∆-R

9
).    
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Live cell images were captured of highly metastatic 4T1.2 murine mammary carcinoma 

cells (Figure 4.4A) revealing that the FITC- JIP
10

-∆-TAT
i
 peptide efficiently penetrated into the 

cytoplasm and nucleus within 30 minutes of incubation.  The case was similar for PyVMT cells, 

as both labeled peptides (FITC-JIP
10

-∆-TAT
i
 or FITC-JIP

10
-∆-R

9
) could rapidly enter PyVMT 

cells once added to the culture medium.  Figure 4.4B shows images of live PyVMT cells 

captured after 15 and 60 minutes of peptide treatment.  Notably, although these peptides rapidly 

penetrate into the cytoplasm of PyVMT cells within minutes of addition to the culture medium, 

their entrance into the nucleus requires up to an hour.  

 

Effects of peptides on JNK activation and c-Jun phosphorylation in HEK293T cells. 

JIP peptides are known to work as JNK inhibitors by acting as a barrier to the interaction 

of JNKs with the upstream kinases MKK4 and MKK7 and downstream substrates e.g c-Jun (40).  

Western blot analysis was employed to examine the effect of peptide treatment (5–100 µM, 16 

hours) on the activation of JNK or the phosphorylation of c-Jun, following stimulation of JNK by 

anisomycin (Figure 4.5).  Phosphorylation of c-Jun, an in vivo substrate of the JNKs (86) is 

strongly inhibited by both JIP
10

-∆-TAT
i
 and JIP

10
-∆-R

9
 in cell-free in vitro assays (Figure 4.3).  

The Western blot analysis reveals that the incubation of HEK293T cells with either peptide leads 

to a dose-dependent decrease in c-Jun phosphorylation.  5 µM of either peptide results in more 

than a 50% inhibition of c-Jun phosphorylation and 95% inhibition was achieved at higher 

concentrations (c.a. 100 µM) (Figure 4.5).  Interestingly, 5 µM of either peptide was enough to 

inhibit the activation/phosphorylation of cellular JNKs by ~ 90 % and the inhibitory potency of 

JIP
10

-∆-R
9
 was clearly higher than JIP

10
-∆-TAT

i
 especially at concentrations ≥ 10 µM.  As a 

control, cells were incubated with mJIP
10

-∆-TAT
i
, which has the same sequence as JIP

10
-∆-TAT

i
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except for a single point mutation (L150R) in JIP144–153, which renders it incapable of inhibiting 

any of the MAP kinases tested (Table 4.1a).  As shown in Figure 4.5, 100 µM JIP
10

-∆-TAT
i
 

inhibits neither JNK activation nor c-Jun phosphorylation, strongly supporting the notion that 

JIP
10

-∆-TAT
i
 and JIP

10
-∆-R

9 
directly bind JNKs and prevent their interactions with upstream and 

downstream protein targets.  These studies demonstrate the efficacy of both peptides in a cell-

based system and reveal that only a fraction of total JNK must be activated to elicit robust 

signaling to a downstream substrate. 

 

Assessing JNK2-specific peptides in breast cancer cells 

To date a cellular assay specific for endogenous JNK2 has not been developed.  Recently, 

however the Van Den Berg laboratory revealed a specific role for JNK2 in mammary cancer cell 

migration using the PyVMT model of mammary tumorigenesis (139).  The PyVMT model is 

important due to its close resemblance to the actual human disease both in tumor progression 

stages and in genetic alterations: notably Src, Shc, and PI3K signaling are upregulated in the 

PyVMT model, and their signaling is also often upregulated in human breast tumors (139).  Cell 

lines derived from PyVMT jnk2+/+ or jnk2-/- tumors were verified with respect to JNK2 

expression by both qPCR and Western blotting (43).  Furthermore, JNK1 1/2 (p55), JNK1β2 

(p46) and JNK3 were shown to be expressed similarly in both cell lines (43).  

We utilized a recent observation, that the migration potential of PyVMTjnk2+/+ cells is 

reproducibly five-fold greater than that of PyVMTjnk2-/- cells  (43).  This observation provided 

a JNK2 specific functional assay with which to test the inhibitor, since the exogenous expression 

of GFP-JNK2 in the PyVMTjnk2-/- cells significantly restored the ability of the cells to 

migrate (43). 
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Therefore, we examined whether JIP
10

-∆-TAT
i
 and JIP

10
-∆-R9 inhibited directional breast 

cancer cell migration in these PyVMT cell lines.  As a control we also utilized mJIP
10

-∆-TAT
i
.  

Thus, PyVMTjnk2+/+ cells were treated with no peptide, mJIP
10

-∆-TAT
i
 (10 µM) as a negative 

control, JIP
10

-∆-TAT
i
 (10 µM), and JIP

10
-∆-R9 (10 µM) (Figure 4.6). Cell viability was 

monitored during the migration assay and found to be unaffected by the addition of the peptides 

(data not shown).  Untreated PyVMTjnk2+/+ cells showed robust migration, similar to those 

treated with the mutant peptide mJIP
10

-∆-TAT
i
.  In contrast, the JIP

10
-∆-TAT

i
 and especially 

JIP
10

-∆-R9 displayed a strong inhibition of cell migration.  These data are consistent with the 

observed potency of the peptides towards JNK2 in both cell free (Table 4.1) and cell-based in 

vitro assays (Figure 4.5). 

To further confirm the activity of the newly engineered peptides towards JNK2 in vivo, 

we used PyVMTjnk2-/- cells expressing GFP or GFP-JNK2 and tested their ability to migrate 

when treated with mJIP
10

-∆-TAT
i
 (10 µM), JIP

10
-∆-TAT

i
 (10 µM), or JIP

10
-∆-R9 (10 µM).  None 

of the peptides affected the migration of PyVMTjnk2-/- cells expressing GFP alone indicating 

that the absence of JNK2 in these cells renders JNK2-selective peptides ineffective with respect 

to the further inhibition of cell migration (Figure 4.7A and 4.7B).   

However, the exogenous-expression of GFP-JNK2 in PyVMTjnk2-/- cells, which 

restores the capacity of PyVMTjnk2-/- cells to migrate, once again sensitized them to the JNK2-

selective peptides.   Thus, while the mutant peptide mJIP
10

-∆-TAT
i
 (10 µM) had no effect on the 

migration of PyVMTjnk2-/-GFP-JNK2 cell migration the JNK2-selective peptides JIP
10

-∆-

TAT
i
 and JIP

10
-∆-R9 both inhibited migration (Figure 4.7A and 4.7B).   
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Conclusion 

To summarize, recently the Van Den Berg laboratory demonstrated that knockout of 

JNK2 inhibits migration of murine mammary carcinoma cells.  Accordingly, the cell permeable 

JNK2-selective peptide inhibitors (JIP
10

-∆-TAT
i
 and JIP

10
-∆-R9) reduced PyVMTjnk2+/+ cell 

migration to a level similar to the migration of PyVMTjnk2-/- cells.  Compared to previously 

developed peptide inhibitors, JIP
10

-∆-TAT
i
 and JIP

10
-∆-R9 were more potent and selective 

towards JNK2 in in vitro kinase assays.  Finally, with regards to the mechanism of inhibition of 

previously reported D-retro-inverso JIP peptides, the most widely used D-TAT-PP-JIP
20

 showed 

an unexpected level of potency towards p38MAPK and little activity towards any JNK isoform.  
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Figure 4.1.  Selectivity of previously reported JIP peptides. The effect of peptides on the 

ability of JNKs to phosphorylate GST-c-JUN (1–221) and p38MAPK or ERK2 to 

phosphorylate a peptide substrate was tested.  a) JIP
10

 is non-selective towards specific JNK 

isoforms.  b) The cell permeable peptide TAT-JIP
10

 does not show selectivity towards any of the 

three JNK isoforms.  c) The cell permeable peptide TAT-pp-JIP
20

 exhibits five-fold greater 

selectivity for JNK3 over JNK1 and JNK2, but inhibits p38MAPK, JNK1 and JNK2 with 

similar potency.  d) TAT-pp-JIP
20

 exhibits marked potency towards JNK3, with an IC50 ~ 60 nM, 

as determined by fitting the fractional activity at every inhibitor concentration to Morrison’s 

equation for a tight-binding inhibitor (151). 
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Figure 4.2.   Selectivity of retro-inverso forms of JIP peptide. a) The effect of the cell 

permeable peptide D-TAT-pp-JIP
20

 on the ability of JNK to phosphorylate GST-c-JUN (1–221) 

and of p38MAPK and ERK2 to phosphorylate a peptide substrate was examined.  D-TAT-pp-

JIP
20

 is a moderately more potent inhibitor of p38MAPK than the three JNK isoforms.  D-

TAT-pp-JIP
20

 weakly inhibits JNK3, and marginally inhibits JNK1, JNK2 and ERK2.  b) The 

phosphorylation of 10 µM GST-ATF2 (1–115) by p38MAPK is not affected by D-JIP
10

 or D-

JIP
20

, while D-TAT-pp-JIP
20

 diminishes the ability of p38MAPK to phosphorylate GST-ATF2 

(IC50 ~ 1.9 µM), and the peptide substrate (IC50~14 µM). 
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Figure 4.3.  Selectivity of newly engineered peptide inhibitors towards JNK2.  a) JIP
10

-∆-

TAT
i
 is a potent and selective inhibitor towards JNK2, with an IC50 ~ 92 nM as determined by 

fitting the fractional activity at every inhibitor concentration to Morrison’s equation for a tight-

binding inhibitor (151). b) JIP
10

-∆-TAT
i
 exhibits 10-fold greater selectivity for JNK2 compared 

to JNK1 and JNK3, while maintaining limited potency towards p38MAPK (150-fold less than 

JNK2) and ERK2.  c) JIP
10

-∆-R9 exhibits an IC50 of ~89 nM towards JNK2 (fitting to Morrison’s 

equation (151) for tight-binding inhibitor).  d) JIP
10

-∆-R9 exhibits a 10-fold higher selectivity for 

JNK2 over JNK1 and JNK3 with limited potency towards p38MAPK and ERK2.   
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Figure 4.4.  Cellular uptake of JIP peptides.  a) Cellular uptake of FITC labeled JIP
10

-∆-TAT
i
 

was observed as a bright green signal (white arrow for the cytoplasm, red for the nucleus) in 

4T1.2 murine mammary carcinoma cells.  b) JIP
10

-∆-R9 and JIP
10

-∆-TAT
i
 internalization was 

visualized as robust green punctuates in the cytoplasm of PyVMTjnk2+/+ cells, 15 minutes after 

addition, and the peptide was retained up to 1 hour post addition.  Higher magnification shows 

relatively higher uptake of JIP
10

-∆-R9 in the early time-point.  However, peptide retention was 

more efficient with the JIP
10

-∆-TAT
i
 peptide.  Images are representative of data from at least 4 

independent experiments. 
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Figure 4.5. JIP peptides inhibit both JNK activation and c-Jun phosphorylation in HEK293 

cells.  a) HEK293 cells were treated with JIP
10

-∆-R9 (5–100 µM), or mJIP
10

-∆-TAT
i
 (100 µM) 

for 16 hours.  The JNK pathway was then induced by the addition of anisomycin (50–100 nM) 

for 5–10 minutes, before lysing the cells.  Lysates were fractionated by SDS PAGE (12% gel) 

and subjected to Western blot analysis in order to detect the phosphorylated forms of c-jun and 

JNK. b) HEK293 cells were treated with JIP
10

-∆-TAT
i
 (5–100 µM), or mJIP

10
-∆-TAT

i
 (100 µM) 

and analyzed as in Fig. 5a.  These results are representative of two experiments. 
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Figure 4.6. JIP peptides can efficiently inhibit mammary cancer cell migration.  a)  

Representative images of migrated cells on the underside of a transwell membrane stained with 

crystal violet dye.  Untreated PyVMTjnk2+/+ cells migrate similar to cells treated with 10 µM 

mJIP
10

-∆-TAT
i
. 10 µM of JIP

10
-∆-R9 and JIP

10
-∆-TAT

i
 significantly reduce the number of cells 

that travel through the transwell pores to successfully reach the underside of the transwell 

membrane (migrated cells).  b) Graphical analysis.  Representative of three or more independent 

experiments.  When compared to untreated cells a two-sided Student’s t-test analysis gave values 

of p = 0.84, 0.006 and 0.0008 for cells treated with mJIP
10

-∆-TAT
i
, JIP

10
-∆-TAT

i 
and JIP

10
-∆-R9, 

respectively. 
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Figure 4.7. JIP
10

-∆-R9 and JIP
10

-∆-TAT
i
 specifically target JNK2-mediated cell migration.  

a) Cell migration assays were performed with various JIP treatments using the isogenic 
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PyVMTjnk2-/-GFP and PyVMTjnk2-/-GFPJNK2 cell lines.  Representative fields show 

migrating cells with normal morphology and cellular extensions. b) Quantification of transwell 

chamber-based migration assays with mJIP
10

-∆-TAT
i
, JIP

10
-∆-TAT

i
 or JIP

10
-∆-R9 treatment, 

performed in triplicate using the isogenic PyVMTjnk2-/-GFP and PyVMTjnk2-/-GFPJNK2 

lines.  Data is representative of at least three independent experiments.  Analysis by two-sided 

Student’s t-test comparing the two cell lines gave values of p=0.0001, 0.13, 0.15, when 

comparing treatments by peptides mJIP
10

-∆-TAT
i
, JIP

10
-∆-R9 and JIP

10
-∆-TAT

i
, respectively. 



______________________________________________________________________________

†  The contents in this chapter were published in Biochemistry: Kaoud, T. S., Devkota, A. K., 

Harris, R., Rana, M. S., Abramczyk, O., Warthaka, M., Lee, S., Girvin, M. E., Riggs, A. F., and 

Dalby, K. N. (2011) Activated ERK2 Is a Monomer in Vitro with or without Divalent Cations 

and When Complexed to the Cytoplasmic Scaffold PEA-15, Biochemistry 50, 4568-4578. 
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Chapter 5: Activated ERK2 is a Monomer in vitro with or without Divalent 

Cations and when Complexed to the Cytoplasmic Scaffold PEA15† 

 

5.1. ABSTRACT 

The extracellular signal-regulated protein kinase, ERK2, fully activated by phosphorylation and 

without a His6-tag, shows little tendency to dimerize with or without either calcium or 

magnesium ions when analyzed by light scattering or analytical ultracentrifugation.  Light 

scattering shows that ~ 90% of ERK2 is monomeric. Sedimentation equilibrium data (obtained at 

4.8–11.2 µM ERK2) with or without magnesium (10 mM) are well described by an ideal one-

component model with a fitted molar mass of 40,180 ± 240 Da (- Mg
2+

 ions) and 41,290 ± 330 

Da (+ Mg
2+

 ions).  These values, close to the sequence-derived mass of 41,711 Da, indicate that 

no significant dimerization of ERK2 occurs in solution.  Analysis of sedimentation velocity data 

for a 15 µM solution of ERK2 with an enhanced van Holde-Weischet method determined the 

sedimentation coefficient (s) to be ~ 3.22 S for activated ERK2 with or without 10 mM MgCl2.  

The frictional coefficient ratio (



f f0) of 1.28 calculated from the sedimentation velocity and 

equilibrium data is close to that expected for a globular protein of ~ 42 kDa.  The translational 

diffusion coefficient of ~ 8.3 × 10
-7 

cm
2
s

-1
 calculated from the experimentally determined molar 

mass and sedimentation coefficient agrees with the value determined by dynamic light scattering 

in the absence and presence of calcium or magnesium ions and a value determined by NMR 

spectrometry.  ERK2 has been proposed to homodimerize and bind only to cytoplasmic but not 

nuclear proteins (Casar, B et al. (2008), Mol Cell 31, 708-721).  Our light scattering data show,
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 however, that ERK2 forms a strong 1:1 complex of ~ 57 kDa with the cytoplasmic scaffold 

protein PEA-15.  Thus ERK2 binds PEA-15 as a monomer.  Our data provide strong evidence 

that ERK2 is monomeric under physiological conditions. Analysis of the same ERK2 construct 

with the non-physiological His6-Tag shows substantial dimerization under the same ionic 

conditions. 

 

5.2. INTRODUCTION 

Mitogen-activated protein kinases (MAPKs), are pivotal enzymes in cellular communication and 

include the extracellular signal-regulated kinase family (ERKs), the c-Jun N-terminal kinase 

family (JNKs), and the p38MAP kinase family (152).  The ERKs mediate effects on proliferation 

and differentiation by growth factors and hormones.  The JNKs and p38 MAPKs help fashion 

cellular responses to stress.  Breakdown in the control of these enzymes can lead to numerous 

cancers and degenerative diseases (42).  MAPKs each have multiple protein substrates, yet 

paradoxically elicit specific biological responses.  An understanding of the rules governing the 

interactions between these kinases and other cellular proteins will provide insight into how this 

specificity is achieved, and help identify strategies to correct biological signals when they go 

awry.   

 

The ERK1/2 pathway begins with Ras, a GTPase (153).  Ras is anchored to the cytoplasmic face 

of the plasma membrane and is activated by a cascade of events after various hormones bind to 

their respective cell surface receptors.  Following activation, Ras recruits Ser/Thr-specific Raf 

kinases to the cellular membrane (154) and induces their activation through a series of complex 

phosphorylation events (155-156).  Phosphorylated Raf kinases then activate two closely related 

cytoplasmic kinases, MKK1 and MKK2, by phosphorylating each within its respective activation 
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loop at Ser-217 and Ser-221 (157).  Activated MKK1 and MKK2 can then activate ERK1 and 

ERK2 by phosphorylation (158).  Activated ERK1/2 is found in both the nucleus and cytoplasm, 

but only cytoplasmic ERK1/2 is likely to activate the Ser/Thr-specific RSK1/2 kinases (159-

162), which can then join nuclear ERK1/2 to phosphorylate transcriptional regulators that 

include Elk-1 (163), SAP1 and SAP2 (164).  This transcriptional activation results in the rapid 

appearance of products of immediate early genes, which include transcription factors that control 

cell survival and/or the cell cycle.   

 

X-ray crystallographic analysis of activated His6-ERK2 revealed a putative dimeric interface 

facilitated by a non-helical leucine zipper comprised of residues L333, L334, and L336 from 

each monomer subunit (165).  Phosphorylated and unphosphorylated His6-ERK2 were reported 

to self-associate to form homodimers with dissociation constants of 7.5 and 20,000 nM, 

respectively, in the absence of added divalent metal ions (165).  His6-ERK2 has been reported to 

be monomeric in the presence of chelating agents, such as EDTA and EGTA (25, 166) and 

divalent metal ions such as Mg
2+

 and Ca
2+

 have been reported to be essential for dimerization 

(166).  Studies in vivo failed to detect the presence of GFP-ERK2 homodimers in cells under 

conditions where GFP-ERK•GFP-MKK1 dimers were readily observed (167).  However, ERK2 

was reported to associate as a homodimer to cytoplasmic scaffolds following cell stimulation and 

it was proposed that this ‘assembly-mediated’ dimerization in the cytoplasm is important for 

tumorigenesis (168).  In contrast, ERK2 was reported to associate with nuclear proteins only as a 

monomer (168).   

 

His6-tags have been shown to promote the self-association of some proteins (169-170) and could 
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potentially influence the tendency of ERK2 monomers to dimerize.  For example, we have found 

that the presence of a His6-tag at the N-terminus of p38 MAPK alpha dramatically increases its 

ability to be phosphorylated by MKK6 (77).  Furthermore, transition metals such as nickel and 

cobalt bind His6-tags (171) and if present in trace amounts could influence the properties of a 

protein.  We reevaluated the self-association of activated ERK2 without the His6-tag and also 

asked whether ERK2 self-associates on the cytoplasmic scaffold protein, PEA-15.  We find that 

activated ERK2 binds to PEA-15 as a monomer.  These results suggest that activated ERK2 is 

predominantly monomeric.   

 

5.3. MATERIALS AND METHODS 

Materials 

Yeast extract, tryptone and agar were purchased from US Biological (Swampscott, MA).  

Competent cells used for amplification and expression were obtained from Novagen (Gibbstown, 

NJ).  Ni-NTA Agarose, QIAprep Spin Miniprep Kit, QIAquick PCR Purification Kit and 

QIAquick Gel Extraction Kit were provided by Qiagen (Valencia, CA).  Enzymes for restriction 

digestion and ligation were obtained from New England BioLabs (Ipswich, MA) and Invitrogen 

Corporation (Carlsbad, CA) respectively.  All the buffer components used for protein 

purification and experimental procedures were obtained from Sigma (St. Louis, MO).  

Amersham Biosciences (Pittsburgh, PA) provided the FPLC system and the columns for 

purification.  P81 cellulose papers were obtained from Whatman (Piscataway, NJ).  ATP was 

purchased from Roche (Indianapolis, IN).  Radiolabelled [-
32

P]-ATP was obtained from Perkin 

Elmer (Waltham, MA).   
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Protein Preparation 

Construction of a His6-cleavable construct of ERK2 in pET28a. We previously constructed 

pET28-His6-ERK2 cysless-PKA. A mutant of ERK2 lacking cysteines with a thrombin cleavable 

N-terminal His6-tag and C-terminal PKA tag cloned into a pET28a expression vector at the NdeI 

and HindIII restriction sites (27).  To generate a wild type construct a SacII–HindIII fragment 

containing all the mutations and the C-terminal PKA tag was replaced by DNA encoding for 

wild type ERK2 (Rattus norvegicus mitogen activated protein kinase 1, GenBank accession 

number NM_053842) (27). The resulting construct contains a His6-tag followed by a thrombin 

cleavage site (Met-Gly-Ser-Ser-His-His-His-His-His-His-Ser-Ser-Gly-Leu-Val-Pro-Arg-Gly-Ser-

His) at the N-terminus of the ERK2 sequence immediately preceding Met-1.  The sequence was 

verified at the Institute for Cell and Molecular Biology (ICMB) Sequencing Facility at the 

University of Texas at Austin.   

  

ERK2 expression and purification:  A pET28a-His6-ERK2 plasmid with a cleavable His6-tag was 

transformed into BL21 (DE3) cells.  Cells from a single colony were used to inoculate 100 mL of 

LB medium containing 30 µg/mL kanamycin and grown overnight at 37
o
 C.  The culture was 

diluted 100-fold into 4 liters of LB broth containing 30 µg/mL kanamycin and was grown at 37 

°C to an optical density of 0.6 at 600 nm.  The cells were induced with 500 µM IPTG and 

cultured for an additional 4 hours at 30 °C.  The cells were harvested, flash frozen in liquid 

nitrogen and stored at -80 °C until lysis.  Cells were lysed in 200 mL of buffer A [40 mM Tris 

(pH 7.0), 0.03% Brij-30, 0.1% β-mercaptoethanol, 1 mM benzamidine, 0.1 mM TPCK and 0.1 

mM PMSF] containing 750 mM NaCl, 5 mM imidazole and 1% Triton X-100 and sonicated at 4 

°C for 20 minutes using a 5 second pulse with 5 second intervals.  The lysate was centrifuged 
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(16,000 rpm) at 4 °C for 30 minutes and the supernatant was agitated gently with 10 mL Ni-NTA 

beads (Qiagen) at 4 °C for 1 hour.  The beads were washed with 200 mL of buffer A containing 

10 mM imidazole with pH re-adjusted to 7.5 then eluted with 50 mL of buffer A containing 200 

mM imidazole with pH re-adjusted to 8.0.  An aliquot of the eluted protein, 50 mL, was loaded 

onto a Mono-Q HR 10/10 anion exchange column pre-equilibrated with buffer B [20 mM Tris 

(pH 8.0), 0.03% Brij-30, 0.1 mM EDTA, 0.1 mM EGTA and 0.1% β-mercaptoethanol].  The 

protein was chromatographed in Mono-Q buffer with a gradient of 0-0.5 M NaCl over 17 column 

volumes (~170 mL) and was eluted at ~ 0.25 M NaCl.  The eluted fractions of His6-ERK2 were 

pooled and dialyzed overnight against either buffer S [25 mM HEPES (pH 7.5), 50 mM KCl, 0.1 

mM EDTA, 0.1 mM EGTA, 2 mM DTT and 10% glycerol] for further activation or thrombin 

cleavage buffer C [20 mM Tris-HCl (pH 8.3), 150 mM NaCl, 2.5 mM CaCl2, 0.1% β-

mercaptoethanol] for further His6-tag cleavage.  Cleavage was performed at 23 °C for 5 hours by 

mixing 1 unit of thrombin (Novagen) per mg ERK2.  The cleavage was verified by 

electrophoresis in 10% SDS-PAGE.  After His6-tag cleavage, the protein was dialyzed overnight 

against buffer B, then filtered and loaded on a Mono-Q HR 10/10 anion exchange column.  The 

separation of tagless ERK2 from uncleaved protein or His6-tag was accomplished as described 

above.  Cleavage was confirmed by ESI-MS.  Eluted fractions were pooled and dialyzed against 

buffer S for further activation.  

 

Activation of ERK2: Either His6-cleaved or His6-tagged ERK2 (7 µM) was incubated with 

constitutively active MKK1 (0.35 µM) in buffer D [25 mM HEPES (pH 7.5), 0.1 mM EGTA, 20 

mM MgCl2, 2 mM DTT, 4 mM ATP] to a 50 mL final volume at 27 °C for 6 hours.  The 

activated protein was dialyzed against Mono-Q buffer B (pH 8) and purified by Mono-Q HR 
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10/10 anion exchange column as described above.  The purity and identity of the active ERK2 

was verified by running the protein fractions on 10% SDS-PAGE and by ESI-MS.  Eluted 

fractions were pooled and dialyzed against buffer S then concentrated using an Amicon Ultra-15 

(10,000 MWCO), frozen in liquid nitrogen and stored at -80 °C.  For Analytical 

Ultracentrifugation, the active tagless enzyme was further purified by HIC, diluted 10 fold in 

buffer E [50 mM potassium phosphate buffer (pH 7.4), 0.1 mM EDTA, 0.1 mM EGTA, 0.1% β-

mercaptoethanol, 1 M ammonium sulfate] and loaded onto HiLoad
TM

 16/10 Phenyl Sepharose
TM

 

High Performance column (2.6 × 10 cm) that was pre-equilibrated with buffer E.  The column 

was run with a decreasing gradient concentration of ammonium sulfate from 1 to 0 M.  The 

protein was eluted at about 0.2 M ammonium sulfate.  Eluted fractions were pooled and dialyzed 

against buffer S.   The purity of the protein was confirmed by SDS-PAGE.  In all the cases, the 

concentration of activated ERK2 was determined with an extinction coefficient (A280) of 52,067 

cm
-1

 M
-1

 (27).  The activation status of the protein was verified by ESI-MS performed at the 

Institute for Cell and Molecular Biology Mass Spectrometry Facility at the University of Texas 

at Austin and also by an in vitro kinase assay with Ets
  
as a substrate (172).   

 

Constitutively active MKK1 and Ets
 
expression and purification:  Expression and purification of 

MKK1 and Ets
 
have been described previously (172).   

Expression and Purification of tagless full length PEA-15.  Full length PEA-15 was cloned into 

the pET28a vector (173) and transformed into BL21 (DE3)-pLys cells.  Cells were grown at 37 

°C in Luria broth medium containing 30 µg/mL kanamycin to an optical density of 0.6 at 600 

nm.  Protein expression was induced with 0.5 mM IPTG and cultured for an additional 4 h at 30 

°C before harvesting.  The purification of His6-PEA-15 was similar to that for ERK2, except a 
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0—250 mM NaCl gradient was used for elution of PEA-15 from the Mono-Q HR 10/10 column 

(The yield was ~ 65 mg/L of culture).  His6-PEA-15 (10 mg) was cleaved to tagless PEA-15 by 

thrombin in a 10 mL reaction volume containing 10 units of thrombin (Calbiochem).  The 

cleavage was carried out for 5 h at 25 °C in buffer C.  The resulting PEA-15 contains three 

residues Gly-Ser-His at the N-terminus before Met-1.  The reaction sample (10 mL) was then 

dialyzed against buffer B at 4 °C and applied to a Mono Q HR 10/10 anion exchange column.  

The eluted fractions were pooled and concentrated by ultrafiltration to ~1 mM.  A 2 mL aliquot 

of the concentrate was applied to a Superdex™ 75 gel filtration column equilibrated in buffer F 

(25 mM HEPES (pH 7.5), 100 mM KCl, 0.1 mM EDTA and 1 mM DTT).  The collected 

fractions were combined and dialyzed against buffer S.  Cleavage of the His6-Tag and final 

purity were confirmed by SDS-PAGE.  The concentration was determined with an extinction 

coefficient (A280) of 10930 cm
-1

 M
-1

 for PEA-15 (26).   

 

Assay:  in vitro assays for tagless active ERK2 were performed in 100 µL volumes at 30 °C in 

buffer G [25 mM HEPES (pH 7.5), 50 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM DTT, 10 

mM MgCl2 and 40 µg/mL BSA] containing 2 nM ERK2, 500 µM radiolabelled [-
32

P]-ATP 

(specific activity = 1×10
15

 c.p.m./mol) and 0-400 µM Ets.  Reaction mixtures containing 

everything except ATP were prepared and kept on ice until the time of assay.  The reaction 

mixture was incubated for 10 minutes at 30 °C before initiating the reaction with the 

radiolabelled ATP.  Aliquots (10 µL) were spotted onto P81 filter papers at fixed times.  The 

filter papers were each washed three times for 15 minutes with 50 mM phosphoric acid to 

remove excess ATP and washed once with acetone for drying.  The amount of phosphate 
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incorporated into Ets was determined by the associated counts/min on a scintillation counter 

(Packard 1500) at a  value of 2.   

 

Light Scattering 

Active ERK2 (100-300 µM) was dialyzed against buffer F with or without MgCl2/CaCl2 (0.5 or 

10 mM) prior to the light-scattering experiments.  PEA-15 (1000 µM) was also dialyzed against 

the same buffer without MgCl2/CaCl2 prior to use.  Light-scattering analysis was performed on 

100-300 µM active tagless ERK2 and 200 µM active His6-tagged ERK2 in different 

experiments.  The analysis of ERK2/PEA-15 association was made by injecting 20 µL of 300 

µM active tagless ERK2 alone, 20 µL of 1 mM PEA-15 alone, and then 20 µL each of active 

tagless ERK2/PEA15 mixtures (1:1 and 1:2 molar ratios) where ERK2 concentration was fixed 

at 300 µM to the size-exclusion column.  Static light-scattering measurements were made as 

previously described (25, 166) with the addition of dynamic light scattering with the Wyatt 

QELS detector (Wyatt Technology, Santa Barbara, CA).  All measurements were made at 25 C.  

Size-exclusion chromatography was performed as previously described (25, 166) with a TSK-

GEL G3000PWXL column (300 × 7.8 mm ID, 14 mL column volume, Tosoh Bioscience LLC).  

Buffer F, freshly prepared with Nanopure water (~18.3 MΩ cm) and filtered through a 0.02 m 

filter (Anodisc 47, Whatman, catalog # 6809-5002) was used to establish the light-scattering and 

refractive index baselines.  Bovine serum albumin monomer (Sigma A1900) was injected to the 

column at 2 mg/mL for normalization of the light-scattering detectors.  The size-exclusion 

chromatography was carried out at a flow rate of 0.4 mL/min at room temperature with a run 

time of ~ 40 min.  Samples were centrifuged for ~ 30 sec to remove any insoluble components 

prior to injection.  Molar masses, peak concentrations and hydrodynamic radii were determined 

with Astra software (Wyatt Technology).   
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Analytical Ultracentrifugation 

Both sedimentation velocity and equilibrium experiments were carried out at 20 ºC in a 

Beckman-Coulter Optima XL-I/A analytical ultracentrifuge with an AN60Ti rotor.  The buffer 

used for all experiments contained 25 mM HEPES (pH 7.5), 100 mM KCl, 0.1 mM EDTA, 1 

mM TCEP, with or without 10 mM MgCl2 and various concentrations of tagless activated ERK2 

as described below.  Buffer densities were measured with an Anton Paar DMA 5000 density 

meter and found to be 1.0064 and 1.0057 g/cm
3
 with and without 10 mM MgCl2 respectively.  

Buffer viscosities calculated with the software SEDNTERP (174) were 1.023 and 1.019 cPoise 

with and without MgCl2 respectively.  A partial specific volume (



 ) of ERK2 of 0.7403 cm
3
/g at 

20 °C was calculated from the amino acid sequence with SEDNTERP.   

 

Sedimentation equilibrium experiments were carried out with loading concentrations of 4.8, 8.0, 

and 11.2 µM tagless active ERK2 in six-sector epon-charcoal centerpieces with quartz windows.  

Samples (110 µL) were spun at rotor speeds of 15,000 and 25,000 rpm until equilibrium.  Data 

were collected at 280 nm with 10 replicates with a step size of 0.001 cm.  Data sets consisting of 

6 curves were globally fitted to various models using UltraScan version 9.9 software (175).  

Sedimentation velocity experiments were carried out in double sector epon-charcoal centerpieces 

with quartz windows.  The assembled cell was loaded with 430 µL of 15.2 µM tagless active 

ERK2 sample without MgCl2 and allowed to equilibrate thermally with the rotor in the 

centrifuge chamber for a few hours.  Scans were collected at 45,000 rpm in continuous mode at 

280 nm with 0.002 cm radial resolution and zero time intervals.  Following this, 1.55 µL of 

MgCl2 from a 2.8 M stock solution was added to the ERK2 sample in the assembled cell to give 

a final MgCl2 concentration of 10 mM and tagless active ERK2 of 15 µM.  The cell was agitated 
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to re-distribute the sedimented protein and the sample run again.  Data were analyzed by the 

enhanced van Holde-Weischet method (176) as incorporated in Ultrascan version 9.9.  All 

sedimentation coefficient values are reported for water at 20 °C.   

 

1
H NMR 

1
H NMR experiments used a Bruker Avance spectrometer (operating at a nominal frequency of 

600MHz) at 298K.  NMR self diffusion experiments were performed on tagless activated ERK2 

in the absence or presence of 10 mM MgCl2 in a buffer containing 10 mM sodium phosphate, 

100 mM KCl, 0.5 mM EDTA and 2 mM DTT. Lysozyme (1 mM in 30 mM NaCl, pH 2.8) was 

used for calibration, and bovine serum albumin (0.65 mM in 10 mM sodium phosphate, pH 6.8) 

was used as a standard.  Diffusion coefficients were measured using a standard spin-echo and 

LED (longitude encode-decode) with bipolar encoding gradients (177), two z-spoil gradients and 

Watergate water suppression.  16 
1
H spectra were acquired with 1024 scans, increasing gradient 

strength from 3.8 to 34.3 G/cm, and were repeated three times.  The encoding gradients were set 

to 4 ms and the diffusion delay was 50 ms. The self-diffusion coefficient (Ds) is obtained from a 

fit of the signal decay to the relationship I/Io = exp[-2G22(-/3)/Ds], where γ = the 1H 

gyromagnetic ratio, δ = the Gradient duration (s), G = gradient strength (G/cm), Δ = time 

between PFG (pulse field gradient) pulse (s), and I = the echo amplitude.  Data were analyzed 

using Bruker Topspin 1.3 software.  

 

5.4. RESULTS 

Biophysical studies of the self-association of ERK2 have historically utilized a polypeptide 

containing six histidines inserted immediately between the initiating methionine and the first 
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coding residue, Ala-2 (16).  However, hexahistidine tags can promote self-association of some 

proteins (169-170) so we constructed a new DNA expression plasmid encoding ERK2 to avoid 

this problem.  The construct was designed such that cleavage by thrombin produces an ERK2 

protein with just three residues Gly-Ser-His at the N-terminus before Met-1.  Previously, we 

prepared activated His6-ERK2 by utilizing a constitutive form of the upstream activator MKK1 

(172).  We used a mass spectrometry-based analysis of the undigested or tryptically digested 

protein to establish that MKK1 exclusively phosphorylates His6-ERK2 on Thr-183 and Tyr-185 

within the activation loop.  Thrombin-cleaved ERK2 was prepared and activated as described 

above (Figure 5.1A and B) (See Materials and Methods).  Mass spectrometry established that 

cleavage had occurred exclusively at the thrombin site and that the activated ERK2 contains two 

phosphates (Figure 5.1B).  The tagless ERK2 was found to exhibit the same kinetic properties as 

His6-ERK2.  Initial velocity data at different concentrations of Ets were fitted with the 

Michaelis-Menten parameters:  kcat = 19 s
-1

 and Km = 8.5 µM (Figure 5.1C) which matches what 

was established before for His6-ERK2 by Waas et al. (178).   

 

Measurement of the ability of tagless activated ERK2 to self-associate to a homodimer was made 

by gel filtration followed by light scattering (See Materials and Methods).  The following buffer 

conditions were employed: 25 mM HEPES, pH 7.5, 100 mM KCl, 1 mM DTT, 0.1 mM EDTA, 

and 0, 0.5 or 10 mM MgCl2/CaCl2, at 25 
°
C.  The molar mass distribution, as a function of 

elution volume, is shown for each sample in Figure 5.2A, 5.2B, & 5.2C.  The concentrations of 

each of the central major peaks for the (~7.2 to 8.8 mL) (determined at the peak maximum) were 

in the range of 0.4 mg/mL (~ 9.0 µM) for the highest concentrations of ERK2 applied to the 

column.  The weight-average molar mass of each of the central major peaks is ~ 42 kDa, which 
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is close to the sequence-derived mass of 41,711 Da for activated ERK2 and therefore 

corresponds to the ERK2 monomer.  The presence of either MgCl2 or CaCl2 up to 10 mM, does 

not affect the weight-average molar mass of the monomer as ~90-95% of the active ERK2 is 

monomeric (Figure 5.2A & 5.2B).  Figure 5.2C also shows that in the absence of any divalent 

cations, activated ERK2 is about 90-95 % monomeric.  We used dynamic light scattering (DLS 

or QELS = Quasi-elastic Light Scattering) to investigate further the self-association of ERK2. 

The translational diffusion coefficient, D, of a particle may be derived from dynamic light 

scattering measurements (179-180).  QELS was used to determine the translational diffusion 

coefficients for tagless active ERK2 applied to a gel filtration column at three concentrations 

(100, 200 or 300 µM) in the absence of metal ions and at 300 µM in the presence of 0.5 mM 

MgCl2, 10 mM MgCl2, 0.5 mM CaCl2 and 10 mM CaCl2.  Analysis by Astra IV software 

provides the hydrodynamic radius for the fractionated protein (indicated in Figure 5.2A-C).  The 

average value over the major peak (~7.2 to 8.8 mL) was used to determine the translational 

diffusion coefficient using the Stokes-Einstein equation (181).  In the presence and absence of 

free magnesium or calcium ions, the average diffusion coefficient determined by DLS were 

found to vary over the range of 8.36 to 8.59 × 10
-7

 cm
2
/sec.  Thus, DLS confirms that the 

transitional diffusion coefficients of active tagless ERK2, is not affected by the presence of 

divalent cations or even by varying the concentration of ERK2.  A small shoulder can be seen in 

the elution patterns for the monomeric ERK2 at ~8.1 mL in Figure 5.2 but is not apparent in the 

ERK2 elution pattern in Figure 5.6.  We interpret the main peak and shoulder to reflect different 

conformations of ERK2 molecules that do not differ significantly in molar mass.  A very similar 

pattern has been observed by others (166) who interpreted the main peak as a dimer and a 

shoulder as a monomer on the basis of the Stokes radius.  Slightly different shapes or 



______________________________ 
1
 The ordinate of Figure 5.6 in ref. 17 is logarithmic and is labelled incorrectely. The label numbers 40, 50, and 60 

should be changed to 10, 100, and 1000. 
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conformations can change the Stokes radius and modify the elution volume with no change at all 

in the molar mass.  

 

Figure 5.3A compares ERK2 with and without a His6-tag. The data show that the His6-tag on 

ERK2 causes significant dimerization in the absence of added divalent cations. The apparent 

molar mass at ~ 7.4 mL, ~55 kDa, for the leading edge of the His6-tagged ERK2 peak decreases 

to ~43 kDa at 8.4 mL. In the absence of the His-tag the molar mass does not change significantly 

across the elution peak. Figure 5.3B shows that the addition of Mg
2+

 ions has no significant 

additional effect. The pattern for the His-tagged ERK2 in Figure 5.3A can be interpreted in terms 

of a monomer-dimer equilibrium.  A weight-average molar mass of ~55 kDa corresponds to ~30 

% dimer. The size-exclusion column acts on a monomer to dimer equilibrium to separate dimer 

from monomer. However, as the dimer begins to separate from the monomer, it starts to 

dissociate to reestablish equilibrium according to mass action requirements.  

 

The experiments described here are with the cleavable His6-tagged ERK2 construct. Prior 

experiments with non-cleavable His6-tagged ERK2 are shown in Figure 6
1
 of Ref. 17. These data 

show that ERK2 with the non-cleavable His6-tag is monomeric in contrast to our data for 

cleavable His6-tagged ERK2 (Figure 5.3) which shows that the cleavable His6-tag allows ERK2 

to dimerize. Thus the nature of the His6-tag adduct on ERK2 determines its effect on 

oligomerization. 



 

150 

 

We next examined the self-association of ERK2 by analytical ultracentrifugation.  Sedimentation 

equilibrium experiments were performed using three different concentrations of tagless ERK2 

(ranging from 4.8 to 1 

 

1.2 µM) at two different rotor speeds in 25 mM HEPES pH 7.5, 100 mM KCl, 0.1 mM EDTA 

and 1 mM TCEP in the presence or absence of 10 mM MgCl2.  TCEP was used instead of DTT, 

due to the propensity of oxidized DTT to interfere with the detection of proteins at 280 nm.  The 

sedimentation equilibrium data, over the range of concentrations, both in the absence and 

presence of MgCl2, were well described by an ideal one-component model with a fitted molar 

mass of 40,180 ± 480 and 41,290 ± 660 Da respectively (Figure  5.4A and 5.4B).  This is 

consistent with the monomeric molar mass of ERK2 of 41,711.  Analysis of the data using a 

monomer-dimer model failed to improve the fit and gives unreasonable dissociation constants of 

~ 1 mM for an ERK2 dimer.   

 

These results are supported by sedimentation velocity data obtained with a 15 µM solution of 

activated tagless ERK2.  An enhancement (176) of the original method developed by van Holde 

and Weischet (vHW) (182) was adopted to determine the sedimentation coefficient of ERK2 in 

the absence and presence of 10 mM MgCl2.  The vHW method is particularly suited for 

distinguishing heterogeneous systems from single component systems (176).  Notably, the 

integral distribution plots shown in Figure 5.4C, which are based on the enhanced vHW analysis 

are virtually identical for the sample of ERK2 in the absence or presence of MgCl2 and provide 

an average estimate of 3.2S for the sedimentation coefficient of ERK2 in both solutions. Using 

the generally accepted hydrodynamic non-ideality constant for globular proteins of 0.009



________________________ 
2 If ERK2 behaves as a perfect unhydrated sphere sedimenting in pure water, the frictional coefficient, f0, may be 

calculated from 



f0  6
3M

4NA











1 3

 using the following parameters; viscosity of the water (η) = 1.002 × 10
-2

 

poise, molecular weight (M) = 41,290 g mol
-1

 (obtained from the sedimentation equilibrium experiment), partial 

specific volume of ERK2 (



 ) = 0.7403 mL/g, and Avogadro’s number NA = 6.023 × 10
23

 mol
-1

.  The actual frictional 

coefficient, f, for ERK2 undergoing sedimentation in water may be derived from the experimentally determined 

parameters using 



f 
M 1 
sNA

 where 



  is the density of water (0.9982 g mL
-1

), s is the sedimentation 

coefficient at 20 C in water determined by sedimentation velocity and M is the molecular weight determined by 

sedimentation equilibrium.  Together these calculations provide an estimate for the frictional coefficient ratio of 

activated ERK2 of 



f f0 = 1.28, which is as expected for globular proteins. 

3
 This corresponds to a D25,w of 8.3 × 10

-7
 cm

2
s

-1
. 
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 mL/mg, an ERK2 concentration of 0.63 mg/mL, and the experimentally determined s20,w of 

3.2S, the 



s2 0,w

0
 value at infinite dilution for ERK2 is calculated to be 3.22S.  The 



s2 0,w

0
 of 3.22S 

(



f f0=1.28) for the activated ERK2 monomer2 is consistent with values determined for other 

globular proteins such as lysozyme (M = 14,400) and serum albumin (M = 66,000) which exhibit 

an 



s2 0,w

0
 of 1.91 (



f f0= 1.25) and 4.31 (



f f0 = 1.35) respectively (183).  The molar mass, M, 

determined by sedimentation equilibrium, and the sedimentation coefficient, s, may be used to 

estimate the translational diffusion coefficient D for activated ERK2 using the Svedberg equation 

(equation 1). 

  



s

D

M 1 
RT

 , which rearranges to 



D 
sRT

M 1 
 eqn.1 

 

Using R = 8.314 × 10
7 

g cm
2
 s

-2
 and T = 293 K a value of D20,w= 7.3 × 10

-7
 cm

2
s

-1
 is obtained.

3
  

This compares to values of diffusion coefficients reported for lysozyme and bovine serum 
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albumin at 20 °C of 11.2 × 10
-7

 cm
2
s

-1
 and 5.94 × 10

-7
 cm

2
s

-1
 respectively (183).  Taken together 

the analytical ultracentrifugation and DLS experiments argue that phosphorylated ERK2 is 

monomeric in solution.   

 

The rate of translational diffusion can be determined by 
1
H NMR from the signal decay that 

arises from molecular translation occurring during a diffusion delay period that is bracketed by 

defocusing and refocusing pulsed field gradients (184).  Thus, the translational diffusion 

coefficient of activated tagless ERK2 (55 µM) was determined using this bipolar pulse 

longitudinal eddy current delay approach in the absence or presence of 10 mM MgCl2 in a buffer 

containing 10 mM sodium phosphate, 100 mM KCl, 0.5 mM EDTA and 2 mM DTT at 25 °C.  

For comparison, diffusion experiments were also conducted on samples of 1 mM lysozyme and 

0.65 mM BSA.  The diffusion coefficients were obtained by fitting the decay of the protein 
1
H 

signal intensity as a function of defocusing/refocusing gradient strengths as shown in Figure 5.5.  

The measured translational diffusion coefficient at 25 °C for activated ERK2 was determined to 

be 8.7 ± 0.4 × 10
-7

 cm
2
s

-1
 in the presence or absence of MgCl2 and the translational diffusion 

coefficients for BSA and lysozyme were 6.8 ± 0.1 and 12.9 ± 0.1 × 10
-7

 cm
-2

s
-1

, respectively 

(Figure  5.5).  These data demonstrate that activated tagless ERK2 diffuses faster than BSA (66 

kDa) and slower than lysozyme (14.7 kDa) and supports the notion that ERK2 is a monomer in 

solution at a concentration of 55 µM.  The experimentally determined translational diffusion 

coefficient for ERK2 from NMR is in excellent agreement with the values calculated from the 

sedimentation and DLS experiments. 
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Although our DLS, sedimentation and NMR data show that ERK2 is monomeric, the possibility 

that accessory proteins might mediate the dimerization of ERK2 cannot be ignored.  Cytoplasmic 

scaffolds have been reported to induce dimerization of ERK2 (185).  We examined the 

possibility that ERK2 and the small cytoplasmic scaffold PEA-15 (26) interact.  We used the 

same approach as described for the ERK2 self-association studies shown in Figure 5.2.  Active 

ERK2 was applied to the column at a concentration of ~ 300 µM.  As before, Figure 5.6A shows 

that the enzyme is predominantly monomeric in the absence of MgCl2.  Based on their amino 

acid compositions the calculated molar masses of ERK2 and PEA-15 are 41,717 Da and 15,321 

Da respectively.  Figure 5.6A shows that the much smaller PEA-15, ~ 15 kDa, elutes (~ 6.7 mL) 

from the size-exclusion column before the larger ERK2, ~ 42 kDa,  (~7.9 mL).  This reflects the 

extended conformation of PEA-15 (186) and emphasizes that molar masses cannot be accurately 

determined solely from elution volumes.  A mixture of ERK2 and PEA-15 results in the 

formation of a complex that elutes at ~ 6.4 mL with a molar mass of ~ 55 kDa as determined by 

MALS, close to the expected mass of 57 kDa for the E-P complex.  This finding supports a 1:1 

stoichiometry for the ERK2•PEA15 complex (E-P).   

 

A titration of ERK2 with PEA15 was made by making mixtures of known composition and 

subjecting them to MALS analysis after fractionation on the size-exclusion column.  The 

quantity of the complex cannot be estimated directly because the peak for the complex overlaps 

with the elution of free PEA15 Figure 5.6A).  Measuring the concentration of free ERK2 and 

subtracting it from the known total amount of ERK2 in the composition of the initial mixture 

according to 



[E  P]  E t  E f
 where Et and Ef are the total and free nanomoles of ERK2, 

respectively allowed the amount of the complex to be estimated.  The fraction of ERK2 with 
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bound PEA15 was estimated from the ratio 



(E t  Ef ) E t
.  Figure 5.6B shows the titration of 

ERK2 with increasing amounts of PEA-15.  The line corresponds to the best fit to an assumed 

equilibrium: E + P ⇌ E-P.  It should be noted that this is a titration and would represent a measure 

of a true equilibrium only if the rates of association and dissociation were extremely slow.  The 

titration data support the stoichiometry of one molecule of PEA-15 forming a complex with one 

molecule of ERK2.  The molar mass of the complex, ~55, 000 Da, measured by MALS is close 

to the value expected for 1:1 stoichiometry, 57,038 Da.  

 

5.5. DISCUSSION 

Activated ERK2 is a monomer in the absence or presence of divalent cations.   

The purpose of this study was to evaluate the self-association of activated ERK2 in the presence 

or absence of divalent cations.  X-ray crystallographic studies have revealed a potential interface 

for the stabilization of ERK2 homodimers by a non-helical leucine zipper composed of L333, 

L334, and L336 from each monomer (166).  However, previous reports concerning the self-

association of ERK2 in solution have been contradictory (25, 165-166).  Activated His6-ERK2 

monomers were initially reported by Khokhlatchev et al.  (165) to self-associate with high 

affinity (dissociation constant, Kd = 7 nM) in the absence of added divalent metal ions.  

However, Wilsbacher et al. (166) and Callaway et al. (25) later reported that His6-ERK2 is 

monomeric in the presence of chelating agents such as EDTA and EGTA.  While dimerization 

was reported to be partially restored by the addition of divalent magnesium or calcium ions 

(166), the possibility was not addressed that trace transition metals promote dimerization of His6-

ERK2 in the absence of chelating agents, potentially through coordination to the His6-tag.  We 

have now assessed the possibility that activated tagless ERK2 might self-associate to form a



_________________________ 
4
 A small amount of polydisperse material that elutes slightly earlier than the monomeric fraction may be observed 

when activated ERK2, that has been further purified by HIC, is applied to a SEC column at a concentration of ~ 300 

µM in the absence of divalent metal ions. 
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 homodimer.  Activated ERK2 without the His6-tag is fully active when assayed with the 

transcription factor substrate Ets (Figure 1).   

 

Several complementary biophysical techniques were used to determine whether activated ERK2 

forms specific homodimers (Figure 5.2-6).  These techniques, taken together, provide a 

convincing description of activated ERK2 as a monomer in solution at concentrations an order of 

magnitude higher than the 50-1000 nM normally found in mammalian cells (187).   

 

Gel filtration and analysis of the eluted proteins by light scattering is a useful way to measure 

self-association (188-190). Light scattering is necessary because elution volumes are very 

sensitive to conformation and ionic conditions and cannot be relied upon to yield accurate molar 

masses (190-191). Light scattering is particularly helpful for characterizing polydisperse 

solutions of proteins that may result from significant aggregation.  No significant self-association 

was observed in the presence of 0.5 mM or 10 mM free Mg
2+

 or Ca
2+

 ions (Figure. 5.2A and 

5.2B).  Similarly, the monomeric fraction exceeded ~90% when ERK2 was loaded onto the SEC 

column at concentrations of 100, 200 or 300 µM in the absence of free divalent cations.
4
 

Moreover, QELS analysis indicates that the hydrodynamic radius (RH(23,W)) of ~2.8 nm for ERK2 

is unaffected by the presence or absence of divalent cations (Figure 5.2A-C).  This suggests that 

divalent cations do not affect ERK2 self-association either at physiological or saturating 

concentration.   
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Possible self-association of ERK2 was studied further with sedimentation equilibrium and 

velocity experiments, which are important approaches for examining the association of 

oligomers (190-191).  The longer experimental timescale of the sedimentation experiments 

makes possible the resolution of slowly equilibrating non-specific aggregates (190-191).  Neither 

the sedimentation equilibrium nor the velocity experiments were able to detect any significant 

self-association of ERK2 either in the presence or absence of magnesium ions (Figure 5.4).  The 

equilibrium experiments were fitted with a single species of ~ 42 kDa (Figure  5.4A and 5.4B).  

A sedimentation coefficient of ~ 3.22 S was calculated from the velocity data (Figure  5.4C).  

The frictional coefficient ratio (f/f0) was calculated to be 1.28 for monomeric activated ERK2 

which lies in the range of 1.20–1.40 generally observed for globular proteins.  The translational 

diffusion coefficient, D, was calculated to be ~8.3 × 10
-7

 cm
2
s

-1
 for the activated ERK2 

monomer.  This finding was supported by dynamic light scattering, which also showed a 

translational diffusion coefficient D ~ 8.3 × 10
-7

 cm
2
s

-1
 for ERK2 under all the experimental 

conditions.  Furthermore, the NMR experiments showed a similar translational diffusion 

coefficient of D = 8.7 ± 0.4 × 10
-7

 cm
2
s

-1
 at 55 µM activated ERK2 (Figure 5.5).  The excellent 

agreement between these three biophysical techniques in determination of the translational 

diffusion coefficient confirms that phosphorylated ERK2 is monomeric in the presence or 

absence of divalent cations.   

 

How does ERK2 associate with a cytoplasmic scaffold? 

Studies of the self-association of ERK2 in vivo are contradictory.  A FRET-based study failed to 

identify dimerization of activated GFP-ERK2 in cells (167).  A genetically encoded 

bioluminescence probe containing two ERK2 monomers joined by a linker was used as evidence 
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for dimerization (192).  However, this latter approach is not a freely reversible process as the 

bioluminescence is dependent on the irreversible formation of Renilla luciferase and the 

monomers are present in the same polypeptide.  Casar et al. (168) used the approach of Philipova 

and Whitaker (193) to report that ERK2 forms a homodimer on cytoplasmic scaffolds and 

substrates.  They also report that only a monomer forms on nuclear substrates.  We used static 

light-scattering to examine the propensity of ERK2 to form a homodimer in association with the 

cytoplasmic scaffold PEA15.  Figure. 5.6 clearly demonstrates that ERK2 and PEA-15 form a 

1:1 complex of 57 kDa and that ERK2 is a monomer in this complex.  

 

We have shown with three approaches that ERK2 has virtually no propensity to self-associate in 

the presence of physiological concentrations of either magnesium or calcium ions.  Thus, if 

ERK2 dimerizes to cytoplasmic scaffolds an underlying mechanism of selectivity must be 

associated with the process. 

 

The method employed by Caser et al. (168), which was first used by Philipova and Whitaker for 

the identification of ERK dimers in vivo (193) requires incubating the proteins under non-

reducing conditions where they have a propensity to cross-link with disulfide bonds.  As many 

mechanisms can bring two proteins to within close enough proximity to chemically cross-link in 

a cellular lysate, such an approach can be misinterpreted.  Most of the evidence supporting the 

importance of ERK2 homodimerization in solution utilizes the mutations originally identified by 

Khokhlatchev et al.  (165).  These mutants were designed to break the putative homodimer 

interface seen in the crystal structure (16).  However, caution is needed when interpreting 

experiments with these mutants as their translocation to the nucleus (which is not dependent on 
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dimerization) is impeded (185) and similar mutations in ERK1 render the protein unrecognizable 

by a phosphospecific antibody (193).  This suggests that the mutations may alter their ability to 

interact with other proteins.   

 

Conclusion 

The ability of activated ERK2 to self-associate into specific homodimers at micromolar 

concentrations is not supported by a number of complementary biophysical techniques.  Thus, 

ERK2 is unlikely to form specific homodimers in vivo at physiological concentrations.  Although 

His6-tagged ERK2 can form dimers under certain conditions, the tag is non-physiological and so 

the dimers formed have no cellular significance.  In addition, the assembly of activated ERK2 

homodimers onto cytoplasmic scaffolds is not a general phenomenon.  Further experimental 

work is required to establish whether such homodimers can form through co-operative 

interactions with scaffold proteins in vitro and in vivo.   
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Figure 5.1.  Purification of tagless ERK2.  A. Fractionation of tagless activated ERK2 by 10% 

SDS/PAGE.  A BenchMark
TM

 Protein Ladder (Invitrogen) is shown as a reference.  B.  Mass 

spectrometry of thrombin-cleaved ERK2.  (left, inactive form; right, fully active form).  A 

constitutively active form of MKK1 was used to activate ERK2 by phosphorylation of two 

residues.  C.  Phosphorylation of the substrate Ets by activated tagless ERK2 in the presence of 

0.5 mM ATP and 10 mM MgCl2.   
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Figure 5.2.  Light-scattering analysis of active tagless ERK2 self-association  

Fractionation of concentrated active ERK2 using size exclusion chromatography followed by 

MALS-QELS analysis of ERK2 self-association. The chromatographic conditions are given in 

the Materials and Methods section.  A. 20 µL of 300 M activated ERK2 with 0.5 mM MgCl2 

(1, red) and 20 µL of 300 M activated ERK2 with 10 mM MgCl2 (2, blue) were injected to the 

column and eluted at concentrations (at the maximum of each peak) of 5.4 and 5.1 µM, 
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respectively.  B. 20 µL of 300 M activated ERK2 with 0.5 mM CaCl2 (3, black) and 20 µL of 

300 M activated ERK2 with 10 mM CaCl2 (4, green) were injected to the column and eluted at 

concentrations (at the maximum of each peak) of 9 and 8.4 µM, respectively.  C. 20 µL of 100 

M (5, red), 200 M (6, blue) and 300 M (7, black) active ERK2 with no divalent cations were 

injected to the column and eluted at concentrations (at the maximum of each peak) of 1.5, 3.4 

and 5.4 µM, respectively.  The patterns represent the relative concentrations determined by 

measurement of the refractive index differences, the molar mass distribution and the 

hydrodynamic Stokes radius (RH), as a function of elution volume.  
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Figure 5.3. Light-scattering analysis of the effect of the His6-tag on the self-association of 

ERK2. Fractionation of active ERK2 with and without a His6-tag shows that the His6-tag on 

ERK2 causes significant dimerization. A. shows the molar mass distribution in the absence of 

added divalent cations; Black: 20 µL of ERK2 (200 µM) with His6-tag; Red: 20 µL of ERK2 

(100 µM) without His6-tag; Blue: 20 µL of ERK2 (200 µM) without His6-tag were injected to 

the column and eluted at concentrations (at the maximum of each peak) of 2.7, 1.5 and 3.4 µM, 

respectively.   B. shows the molar mass distribution in the presence of 10 mM MgCl2.  Black: 20 

µL of ERK2 (200 µM) with His6-tag; Blue: 20 µL of ERK2 (300 µM) without His6-tag were 
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injected to the column and eluted at concentrations (at the maximum of each peak) of 2.2 and 5.1 

µM, respectively.  The chromatographic conditions are the same as in Figure 5.2. All 

experiments were done in the presence of 0.1 mM EDTA. 
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Figure 5.4. Sedimentation analysis of active tagless ERK2.  In a volume of 110 µL activated 

ERK2 at concentrations of 11.2 M (1), 8 M (2) and 4.8 M (3) were spun at rotor speeds of 

either 15,000 rpm (grey data points) or 25,000 rpm (black data points) until equilibrium was 

achieved.  The lines through the data correspond to the best fit to an ideal one-component system 

with the resulting residuals shown above the fits.  Buffer contains A. 0 mM MgCl2 and B. 10 
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mM MgCl2. C.  Integral distribution plot showing an enhanced vHW analysis of velocity 

experiments of 15 µM activated ERK2 in the presence of either 0 mM (●) or 10 mM (○) MgCl2.  

All sedimentation coefficient values are reported for water at 20 °C.   
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Figure 5.5. Translational diffusion attenuation of 
1
H NMR signal intensity for active tagless 

ERK2 in the absence of MgCl2.  The self-diffusion coefficient (Ds) is obtained from a fit of the 

signal decay to the relationship I/Io = exp[-2G22(-/3)/Ds], where G = gradient strength 

(G/cm) and I = the echo amplitude.  Logarithmic (normalized) signal intensities for activated 

ERK2 (Δ), bovine serum albumin (Ο) and lysozyme (□) from a single experiment.   
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Figure 5.6. Light scattering analysis of active tagless ERK2/PEA15 mixture following 

fractionation with a size-exclusion column.  A. Four chromatograms are shown: Active tagless 

ERK2 alone (~ 300 M, green line), PEA15 alone (~ 1 mM, black line) and two mixtures of 

ERK2 and PEA15 at molar ratios of 1:1 (blue line) and 1:2 (red line) respectively by fixing 

active tagless ERK2 concentration to ~ 300 M. The 1:1 molar ratio results in a complex of 

measured molar mass of ~ 55 kDa (ERK2 monomer, 42 kDa, + PEA15, 15 kDa, = 57 kDa).  The 

small peak at 8.6 mL is an artifact present in all samples. The solid lines represent the relative 
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concentrations determined by measurement of the refractive indices. B.  Titration of active 

tagless ERK2 with PEA15.  ERK2 (4.35 nanomoles) was titrated with 0 to 16 nanomoles of 

PEA15.  The line corresponds to the best fit to an assumed equilibrium E+P ⇌ E-P. The 

concentrations seen by the refractometer are about 10-fold lower than those shown. 
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