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Abstract

:

Simple Summary


The extracellular-signal-regulated kinase 2 (ERK2) plays a key role in the Ras-Raf-MEK-ERK signal transduction cascade and is involved in the regulation of many cellular processes. The ERK2 signaling converts extracellular stimuli into cell proliferation and, when deregulated, can promote oncogenic transformation. The ERK2 missense variants, carrying a single amino acid substitution in the protein sequence, have been identified in cancer tissues. This study reports a comprehensive biochemical and biophysical study of the ERK2 wild-type and variants in the common docking site present in cancer. A detailed analysis, from a molecular point of view, of the variants clarifies the impact of a single nucleotide variation on protein structure, stability and function, is essential to design alternative therapeutic strategies, and is a preliminary step to personalized medicine.




Abstract


The extracellular-signal-regulated kinase 2 (ERK2), a mitogen-activated protein kinase (MAPK) located downstream of the Ras-Raf-MEK-ERK signal transduction cascade, is involved in the regulation of a large variety of cellular processes. The ERK2, activated by phosphorylation, is the principal effector of a central signaling cascade that converts extracellular stimuli into cells. Deregulation of the ERK2 signaling pathway is related to many human diseases, including cancer. This study reports a comprehensive biophysical analysis of structural, function, and stability data of pure, recombinant human non-phosphorylated (NP-) and phosphorylated (P-) ERK2 wild-type and missense variants in the common docking site (CD-site) found in cancer tissues. Because the CD-site is involved in interaction with protein substrates and regulators, a biophysical characterization of missense variants adds information about the impact of point mutations on the ERK2 structure–function relationship. Most of the P-ERK2 variants in the CD-site display a reduced catalytic efficiency, and for the P-ERK2 D321E, D321N, D321V and E322K, changes in thermodynamic stability are observed. The thermal stability of NP-ERK2 and P-ERK2 D321E, D321G, and E322K is decreased with respect to the wild-type. In general, a single residue mutation in the CD-site may lead to structural local changes that reflects in alterations in the global ERK2 stability and catalysis.
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1. Introduction


Most biological processes are regulated by a complex network of protein–protein interactions (PPI) constituting critical regulatory nodes in many cell-signaling pathways [1]. The disruption of PPI due to the presence of mutation in amino acids positioned at the protein–protein interface might lead to structural loss, changes in stability, as well as functional loss or gain [2]. A detailed study on the role played by residues involved in PPIs is crucial in drug discovery and bioengineering [3] and may provide helpful information for molecule design to manipulate interaction at interfaces [4].



Protein kinases and phosphatases are involved in many signal transduction pathways mediated by specific PPIs, and a balanced state between protein kinases and phosphatases is essential for the regulation of cellular functions. Phosphorylation, on one hand, is essential for normal cellular processes, while, on the other hand, abnormal phosphorylation is one of the prime causes for alteration of structural, functional, and regulatory proteins in disease conditions, such as cancer [5,6].



The extracellular signal-regulated kinase 2 (ERK2) is a Ser/Thr kinase that belongs to the MAP kinase (MAPK) family and, with the isoform ERK1, participates to the signal transduction cascade Ras-Raf-MEK-ERK, or the ERK1/2 cascade. This cascade regulates many cellular processes, such as cell differentiation and proliferation. The ERK1/2 are activated by phosphorylation on 1 tyrosine (Tyr204/Tyr187) and 1 threonine (Thr202/Thr185) residue within the activation loop by mitogen-activated protein kinase 1 and 2 (MEK1 and MEK2) (Figure 1 and Figure 2) [7,8,9,10,11,12]. This event triggers a significant conformational change, which occurs in a cleft between the small N-terminal and the large C-terminal lobe that get closer. Both the N- and C-terminal lobes are involved in the interaction with ATP and with the protein substrate. At the N-lobe, the β-strands elements contribute to bind the adenine moiety of ATP and a conserved flexible glycine-rich loop is involved in stabilizing the interaction with ATP phosphate groups. At the N-terminal lobe, the alphaC-helix forms part of the active site by rotating and moving from the rest of the lobe. In the active conformation, the C-terminal helix flanks the alphaC helix. The activation loop, in the C-terminal lobe, is important for substrate binding and catalysis (Figure 2). The conformational changes that accompany ERK1/2 phosphorylation involve the entire protein dynamics and are essential for the proper alignment of substrates and scaffolds [13,14].



Removal of phosphate by specific phosphatases from either the tyrosine, the threonine, or from both residues inactivates the ERK2. Three groups of protein phosphatases—protein Ser/Thr phosphatase [15], protein Tyr phosphatase [16], and dual specificity phosphatases (DUSP) [17]—have been involved in the inactivation of ERKs.



The ERK2 mediates key events throughout the cell by phosphorylation of transcription factors, cytoskeletal proteins, and other protein kinases and enzymes [18,19], thus alteration of the ERK2 activity may perturb cellular homeostasis and lead to the deregulation of cellular functions. Because of its important role in signal transduction, the ERK2 is related to a variety of diseases, including cancer [20].



The ERK2 is a key regulator of the ERK pathway by recruiting interaction partners and substrates that can be either substrates or regulators through two docking sites: a conserved common docking site (CD-site), and an F-recruitment site (F-site). The CD-site is located at the opposite site of the catalytic cleft and interacts with the D-docking domain of the substrate (D-site). The F-site is in the proximity of the catalytic cleft and of the activation-loop; it is fully formed upon ERK2 activation and interacts with the F-docking domain of substrates [21,22].



The ERK2 CD-site is composed of a negatively charged component and of a hydrophobic component [21]. The negatively charged ERK2 component contains two aspartate residues (D318 and D321), essential for interaction with the positively charged basic residues of the substrate D-site [23] (Figure 2).



Several somatic ERK2 variants, identified in tumors, are reported in the COSMIC database [24]. Since the ERK2 plays a pivotal role in the control of different cellular processes, such as proliferation and survival, its variants may cause dysregulated cell proliferation that may induce disease, such as cancer [6,25].



One of the two positions of the ERK2 CD-site most frequently affected by mutations is D321 (Supplementary Table S1 and Figure 2). This residue has been observed mutated to A, E, G, N, and V in different cancers. The substitution of D321 with N321 disrupts the binding between the ERK2 and phosphatase, thus preventing its inactivation [26]. In addition, a mutagenesis analysis revealed that substitutions of the D321 with the conservative E321 and the non-conservative A321 also rendered a modest gain of function-like phenotype [27]. Interestingly, D321E and D321A showed an increase in their phospho-active content and were also more sensitive to activation than the ERK2 wild-type [27]. Indeed, the mutations in the CD-site observed in cancer tissues are extremely interesting, first because they are present in a negatively charged ERK2 hotspot involved in binding with substrates and regulators. In addition, the substitution of a polar and negatively charged residue (D321)—with a residue ranging from a non-polar (A, V) to a neutral (N) or to a longer, negatively charged one (E)—may give the opportunity to study the role of a point mutation on ERK2 conformation in solution and stability. Interestingly, D321 is exposed to the solvent forming a salt bridge with R135, and it is closely clustered with the negative E322, which is involved in a network of interactions inside the protein [22,26]. The ERK2 E322 is another mutation hotspot and is frequently mutated to K (Supplementary Table S1). E322K represents the most frequent mutation in some cancer types [26], and increasing tumor resistance to inhibitors has been observed for this variant [28]. In a comprehensive functional study on the ERK2 missense variants, mutations in D321 and E322 belong to those ERK2 cancer-associated variants identified as gain and loss of function in cancer cells [29]. The mutations D321N and E322K change the charge in the ERK2 CD-site, may affect the ERK2 thermal stability, and may cause the evasion of dephosphorylation by dual-specificity phosphatases that leads to an increase in ERK2 activity in cells [26]. However, little is known about the consequences on the thermodynamic stability associated with the substitution of D321 and E322 in human ERK2.



In the present work, we address the impact of six non-synonymous single nucleotide variants (Supplementary Table S1) in the ERK2 CD-site on a protein structure in solution, stability, and catalytic activity. Because the activation of ERK2 by phosphorylation of T185 and Y187 induces conformational changes, we analyzed the effects of the missense mutations on the unphosphorylated (NP-ERK2) and on the phosphorylated-ERK2 (P-ERK2), obtained as pure recombinant proteins. Furthermore, we investigated the binding of CD-site mutants with inhibitors, and with peptides with kinase and phosphatase activity, respectively.



The design of new therapeutic strategies for personalized medicine requires the comprehension, from a molecular point of view, of the effect of the changes caused by single nucleotide variations on protein structure, function, stability, and interactions.




2. Materials and Methods


2.1. Site-Directed Mutagenesis


pNIC28-Bsa4 plasmid harboring the ERK2 wild-type gene was used for Escherichia coli expression. The point mutations on the wild-type ERK2 gene were introduced using QuikChange Lightning Site-Directed Mutagenesis (Agilent Technologies, Santa Clara, CA, USA). The absence of unwanted mutations was confirmed by sequence analysis, as well as the presence of the desired ones.




2.2. Protein Expression and Purification


The N-terminally His-tagged ERK2 wild-type and variants were expressed in E. coli cells Rosetta with phosphatase under appropriate conditions. The phosphatase-expressing strain has been demonstrated to be useful for the expression of protein kinases, which would otherwise auto phosphorylate. E. coli cells were grown in LB medium containing kanamycin (30 µg/mL final concentration) until OD at 600 nm was 0.6 AU at 37 °C. Then, 0.5 mM isopropyl-β-d-thiogalactoside (Sigma-Aldrich, St. Louis, MO, USA) was added to induce protein expression (overnight at 20 °C with shaking). The culture was centrifuged, and the pellet resuspended in 40 mL of 50 mM Hepes, 500 mM NaCl, 5 mM Imidazole, 5% glycerol pH 7.5 (Binding buffer) containing 0.5 mM Tris(2-carboxyethyl) phosphine and a cocktail of ethylenediaminetetraacetic acid (EDTA)-free protease inhibitors (Sigma-Aldrich). The cells were sonicated on ice in a Vibracell 75,115 sonicator (SONICS, Newtown, CT, USA) (3 s boots and 9 s pause), and the lysate was centrifuged. The soluble fraction was applied to a Ni-NTA (Ni2+-nitriltriacetate) affinity column (GE Healthcare, Chicago, IL, USA) pre-equilibrated with the Binding buffer. Weakly bounded contaminants were washed from the column with the Binding buffer and elution of the recombinant protein was carried out with 250 mM imidazole in the Binding buffer. The protein was then concentrated to a final volume of 2.5 mL (Amicon concentrator Ultra-15, Millipore, Burlington, MA, USA), and the imidazole was removed by a PD-10 prepacked column (GE Healthcare). Cleavage of the hexahistidine tag was carried out by overnight incubation at 4 °C with a His-tag tobacco etch virus (TEV) protease. After cleavage, the incubation mixture containing the cleaved protein, the TEV protease, and the His-tag was applied to a Ni-NTA affinity column pre-equilibrated with the Binding buffer. The flow-through containing the protein without the His-tag was collected.



Protein concentration was determined at 280 nm using a molar absorptivity of 44,810 M−1·cm−1, referred to a 41.477 kDa molecular mass. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was performed to check the protein purity (pre-casted NuPage 4–12% Bis-Tris polyacrylamide gels, Thermo Fisher, Waltham, MA, USA). To assess the presence of the phosphorylated (P-ERK2) and non-phosphorylated (NP-ERK2) form of the protein, western blot analyses were performed on the wild-type and the variants. The presence of the two forms was confirmed by immunodetection with the monoclonal antibody raised against the doubly phosphorylated-ERK2 (anti-Phospho-ERK1/ERK2-Thr185, Tyr187- Thermo Fisher Cat. 44–680 G-) and with the antibody anti-ERK1/ERK2 (Thermo Fisher Cat. 44–654 G), respectively (Supplementary Figure S1).



For the activation of the ERK2, we used the plasmid pGEX-KG-MEKR4F (the active mutant of MEK1 kindly sent from Professor M. Cobb from Southwestern University, TX, USA) for the co-expression of the wild-type and the mutants. The ERK2 wild-type and variants were expressed as N-terminally His-tagged proteins in E. coli cells BL21(DE3)-pLysS under appropriate conditions. The proteins were expressed and purified, as described above.




2.3. Spectroscopic Measurements


Intrinsic fluorescence emission spectra (300 to 450 nm) were recorded at 20 °C in an LS50B spectrofluorometer (Perkin-Elmer, Waltham, MA,, USA), at a 100–130 μg/mL protein concentration, in 20 mM Tris/HCl, pH 7.5, 0.1 M NaCl, 200 μM DTT, in a 1.0 cm pathlength quartz cuvette.



Circular dichroism (CD) spectra in the far-UV region (190–250 nm) were recorded at a 100–130 μg/mL protein concentration (0.13 AU at 280 nm) in 20 mM Tris/HCl, pH 7.5, 0.1 M NaCl, 200 μM DTT, in a 0.1 cm pathlength quartz cuvette. Near-UV (240–420 nm) CD spectra were monitored at a protein concentration ranging over 1.0–1.3 mg/mL (1.3 AU at 280 nm) in 20 mM Tris/HCl pH 7.5, 0.1M NaCl, 1.0 mM DTT, in a 1.0 cm pathlength quartz cuvette. CD measurements were monitored in a Jasco-815 spectropolarimeter (Jasco, Easton, MD, USA), and the results were expressed as [Θ], the mean residue ellipticity, assuming a mean residue molecular mass of 110.




2.4. GdmCl-Induced Equilibrium Unfolding


The ERK2 wild-type and variants (75.0 μg/mL final concentration) were incubated at increasing GdmCl concentrations (0−8 M), at 4 °C, in 20 mM Tris/HCl, pH 7.5, 0.1 M NaCl, and 0.2 mM DTT. Equilibrium was reached after 30 min, then intrinsic fluorescence emission and far-UV CD spectra (0.2-cm cuvette) were recorded at 10 °C. The reversibility of the unfolding was tested by unfolding the ERK2 wild-type and variants (0.75 mg/mL final concentration) in 8.0 M GdmCl, at 10 °C, in 20 mM Tris/HCl, pH 7.5, 2 mM DTT, and 0.1 M NaCl. After 5 min, refolding was started by a 10-fold dilution of the unfolding mixture at 4 °C into solutions containing decreasing GdmCl concentrations. Equilibrium unfolding experiments were carried out in triplicate.




2.5. Thermal Denaturation Experiments


The ERK2 wild-type and mutants (100–130 μg/mL) were heated in a 0.1 cm quartz cuvette, from 20 °C to 90 °C, in 20 mM Tris/HCl, pH 7.5, 0.2 mM DTT, and 0.1 M NaCl. A Jasco programmable Peltier element yielded a heating rate of 1 degree × min−1. The dichroic activity at 222 nm and the photomultiplier were continuously monitored as described in [30]. For all thermal scans, solvent contribution at increasing temperatures was considered. Melting temperatures (Tm) were obtained from the first derivative of the ellipticity at 222 nm, with respect to temperature [31]. All thermal transition studies were carried out in triplicate.




2.6. Enzyme Activity Assay and Kinetic Studies


The biochemical activity of the purified P-ERK2 wild-type and mutants was measured by monitoring the incorporation of phosphate into a peptide substrate. We used a fluorescence-based assay for rapid and sensitive detection of serine/threonine and tyrosine kinase activities, also known as the Chelation-Enhanced Fluorescence (ChEF) method. This method takes advantage of a synthetic α-amino acid with a side chain bearing an 8-hydroxyquinoline derivative (sulfonamido-oxine, Sox), which, upon coordination to Mg2+, gives information on the phosphorylation state of the proximal serine, threonine, or tyrosine residues in peptide- and protein-based kinase substrates. In the absence of phosphorylation, the Sox affinity for Mg2+ is low; upon phosphorylation, the introduced phosphate group increases the affinity of Sox fot Mg2+ and the fluorescence is turned on [32]. The P-ERK2 wild-type and variants activity was determined at 30 °C with the PhosphoSensR Peptide AQT0490 (AssayQuant Technologies Inc., Marlboro, MA, USA) as a substrate. The standard reaction mixture contained 50 mM Hepes pH 7.5, 10 mM MgCl2, 0.1 M DTT, 0.012% Brij-35, 1% glycerol, 0.2 mg/mL BSA, 5.0 mM MgATP, and AQT0490 ranging from 0.069 µM to 40 µM in a final volume of 0.4 mL. The reaction was started by adding different amounts of the P-ERK2 wild-type or variants, ranging from 0.008 μg to 24 μg, with a dilution obtained in 20 mM Hepes, pH 7.5, 0.01% Brij-35, 0.1 mM EGTA, 5% glycerol, 1 mM DTT, and 1 mg/mL BSA. The final enzyme concentration was 0.5 nM for D321E, 5 nM for wild-type, D321N, D321V and E322K, 10 nM for D321A and 2000 nM for D321G. The increase in the fluorescence intensity at 490 nm (excitation wavelength at 360 nm), related to the production of AQT0490 peptide phosphorylation by P-ERK2 activity, was monitored continuously for 5 min in an LS50B spectrofluorometer (Perkin-Elmer). Kinetic data were analyzed using GraphPad Prism 7.03 (La Jolla, CA, USA). Results are the mean of three experiments from different enzyme preparations.




2.7. Temperature Dependence of P-ERK2 Activity


The activity assay mixture (0.4 mL final volume), containing 50 mM Hepes pH 7.5, 10 mM MgCl2, 0.1 M DTT, 0.012% Brij-35, 1% glycerol, 0.2 mg/mL BSA, 5.0 mM MgATP, and 1 µM AQT0490 (see Section 2.6), was incubated at an increasing temperature in a thermostated cuvette. The substrate peptide concentrations used for the wild-type and variants was chosen according to the Km values measured for each enzyme: 0.1 μM for P-D321G, and 0.5 μM for wild-type and for the other variants. The reaction was started by adding, under stirring, 2 μL of pure enzyme (kept at 10 °C) to 0.4 mL of the assay mixture equilibrated at the desired temperature (10, 15, 20, 25, 30, 35, 37, 40, 42, and 45 °C). The final enzyme concentration ranged over 0.5 nM–1400 nM. The solution was mixed in the thermostated cuvette, and the fluorescence intensity was measured at 490 nm by continuous monitoring over 5 min. Non-linear fitting to the Arrhenius equation (GraphPadPrism 7.03) of the changes of enzyme activity, as a function of temperature, was performed to obtain the activation energies (Ea) for the catalytic reaction


k = Ae-Ea/RT



(1)




where k (s−1) is the rate constant at temperature T (K), A is a reaction-specific quantity, R the gas constant (1.987 cal·mol−1·K−1), and Ea is the activation energy of the reaction.




2.8. Data Analysis


The GdmCl-induced changes in intrinsic fluorescence emission spectra were quantified as the intensity-averaged emission wavelength,    λ ¯   , Ref. [33] calculated according to


   λ ¯  =  ∑  ( I i   / λ i  ) /   ∑  ( I i   )  



(2)




where λi and Ii are the emission wavelength and its corresponding fluorescence intensity at that wavelength, respectively.    λ ¯    is an integral measurement, negligibly influenced by the noise, which reflects changes in the shape and position of the emission spectrum. GdmCl-induced equilibrium unfolding transitions monitored by far-UV CD ellipticity or intrinsic fluorescence changes were analyzed by fitting baseline and transition region data to a two-state linear extrapolation model [34], according to


ΔGunfolding = ΔGH2O + m[GdmCl] − RT ln (Kunfolding)



(3)




where ΔGunfolding is the unfolding free-energy change for a certain GdmCl concentration, ΔGH2O is the unfolding free-energy change in the absence of GdmCl, m is a slope term that quantifies the change in Kunfolding per unit concentration of GdmCl, R is the gas constant, T is the temperature, and Kunfolding is the equilibrium constant for unfolding. The model expresses the signal as a function of GdmCl concentration:


   y i  =    y N  +  s N    [ X ]  i  +    y U  +  s U    [ X ]  i    * exp     − Δ G      H 2  O   − m   [ X ]  i    / R T     1 + exp       − Δ  G   H 2  O   − m   [ X ]  i      R T        



(4)




where yi is the observed signal, yU and yN are the baseline intercepts for unfolded and native protein, sU and sN are the baseline slopes for the unfolded and native protein, [X]i is the GdmCl concentration after the ith addition, ΔGH2O is the extrapolated unfolding free energy change in the absence of denaturant, and m is the slope of a ΔGunfolding versus [X] plot. Data were globally fitted with the m values shared between the data sets; all other parameters were not constrained. The denaturant concentration at the midpoint of the transition, [GdmCl]0.5, according to Equation (3), is calculated as:


    [ GdmCl ]  0.5  = Δ G      H 2  O   / m  



(5)







GraphPad Prism 7.03 was used to fit all unfolding transition data.



Far-UV CD spectra recorded at an increasing GdmCl concentration were analyzed by a singular value decomposition algorithm (SVD) using the software MATLAB (Math-Works, South Natick, MA, USA) to remove the high frequency noise and the low frequency random errors, and to determine the number of independent components in any given set of spectra, as described in [31].



The equilibrium denaturation followed, for some ERK2 variants, a different profile, due to the formation of an intermediate at low denaturant concentration. In these cases, the changes in [Θ]222 or in the intrinsic fluorescence induced by increasing GdmCl concentrations were fitted to the following equation, assuming a three-state model:


         F =    F N  + exp    m  I - N     [ GdmCl ] −   D 50   I - N     R T     ·    F I  +  F U  exp    m  U - I     [ GdmCl ] −   D 50   U - I     R T         1 + exp    m  I - N     [ GdmCl ] −   D 50   I - N     R T     ·   1 + exp    m  U - I     [ GdmCl ] −   D 50   U - I     R T            



(6)




where F is λ (Equation (1)), or [Θ]222, m is a constant that corresponds to the increase in solvent-accessible surface area between the two states of the transition; D50I-N and mI-N are the midpoint and m-value for the transition between N and I, respectively, and D50U-I and mU-I are the midpoint and m-value for the transition between I and U, respectively [35]. The    λ ¯   , or the [Θ]222, of the intermediate state (I), FI, is constant, whereas that of the folded state (N) and of the unfolded state (U), FN and FU, respectively, have a linear dependence on GdmCl concentration:


FN = aN + bN[GdmCl]



(7)






FU = aU + bU[GdmCl]



(8)




where and and aU are the baseline intercepts for N and U, and bN and bU are the baseline slopes for N and U, respectively. All unfolding transition data were fitted using GraphPad Prism 7.03.




2.9. Differential Scanning Fluorimetry (DSF)


The ERK2 wild-type and mutants (2 µM) in 10 mM Hepes, pH 7.5 and 0.5 M NaCl, were mixed with 12 µM inhibitors and SyPRO Orange (1:1000 dilution). After 10 min at room temperature, the increase in the fluorescence signal upon the temperature-dependent unfolding of ERK2 proteins was measured with an Mx3005p real-time PCR machine (Stratagene, San Diego, CA, USA). The ∆Tm shifts were calculated, as described, in [36]. The compounds that have been used were: AZD0364 (Item No. 29827), KO-947 (Item No. 29213), SCH772984 (Item No. 19166), GDC-0994 (Item No. 21107), LY3214996 (Item No. 27936), Ulixertinib (Item No. 18298), FR180204 (Item No. 15544), Magnolin (Item No. 25123) and VX-11e (Item No. 19932), purchased from Cayman.




2.10. Isothermal Titration Calorimetry (ITC)


Calorimetric titration experiments were carried out on VP-ITC (MicroCal) at 30 °C. The buffer used for the ERK2 wild-type and E322K was 20 mM Hepes, pH 7.5, 0.15 M NaCl, and 0.5 mM TCEP. Titration was performed by injecting the proteins (170 μM) into a reaction cell containing the inhibitor GDC 0994 (20 μM). For the measurements of both peptides, a one-time 4 µL was injected, followed by 22 injections of 8 µL with a spacing of 200 s. For the experiment with the peptide pepMEK2 and KIM of DUSP6, the ERK2 D321N (non-phosphorylated and phosphorylated) was in a 20 mM Hepes buffer, pH 7.5, 0.15 M NaCl, and 0.5 mM TCEP. For the measurements, the peptides were diluted using the same buffer to a final concentration of 500 μM. The ERK2 variant was diluted to a final concentration of 90–145 µM. The measurements were performed using an “Affinity ITC” (TA-Instruments, New Castle, DE, USA) in reversed mode, with a stir rate of 75 rpm at 30 °C. The protein was placed in the cell and the respective peptide in the syringe. For blank measurements, we used the peptides titrated in the cell containing the buffer. For the measurements of both peptides, a one time 0.5 µL was injected, followed by 44 injections of 2 µL with a spacing of 240 s. The peptides were purchased from GenScript. The sequences of pepMEK2 and the Kinase Interaction Motif (KIM) of DUSP6 peptides are MLARRKPVLPALTINP and GIMLRRLQKGNLPVRAL, respectively. They were solubilized in 5% DMSO and then diluted in buffer according to the concentrations needed for the experiment. The data were analyzed using the NanoAnalyze Data Analysis software (version 3.10.0; TA-Instruments). The corrected data were fitted to a single binding site model using a nonlinear least-square minimization algorithm, and the binding parameters, including reaction enthalpy changes (ΔH), reaction enthalpy changes (TΔS), equilibrium dissociation constants (KD) and stoichiometry (n), were calculated. Integrated heat of the titrations, after correction for the heat of dilution, were analyzed using the Origin program.




2.11. Crystallization, Data Collection and Structural Determination


For crystallization experiments, a sitting-drop vapor diffusion method at 20 °C was used. The P-ERK2 variant, D321N, was a buffer exchanged into 20 mM Hepes, pH 7.5, 0.15 M NaCl, 0.5 mM TCEP, and concentrated up to 9 mg/mL. The variant was incubated with 1 mM AZD0364 (Cayman Item No. 29827) and crystallized using the reservoir solutions containing 1.6 M MgSO4 and 0.1 M MES, pH 6.0. D321N crystals were small needle clusters, and after 1 week were harvested. Diffraction data were collected at SLS X06SA. Data were processed with XDS [37], and scaled with aimless [38]. All structures were initially solved by molecular replacement using PHASER [39]. Manual model rebuilding was performed using COOT [40] and the structures were refined using REFMAC5 [41]. The final models were verified with MOLPROBITY [42].




2.12. Western Blot


Precast 4–12% polyacrylamide gels, after the electrophoretic run, were briefly rinsed with a 1× NuPAGE Transfer Buffer (Thermo Fisher), NuPAGE Antioxidant (Invitrogen), and 10% methanol [vol/vol]). Protein bands were then transferred to Hi-Bond N+ membranes (Cytiva) using a XCell II Blot Module (Thermo Fisher) at a constant voltage setting of 30 V 250 mA for 60 min. The membranes, after blotting, were washed three times with a Tris-buffered saline (TBS) with 0.1% Tween® 20 detergent (TBST) and blocked with TBST and 5% Bovine Serum Albumin (BSA, Sigma Aldrich). The membranes, after blocking, were washed once with TBS-T, and twice with TBS before the incubation with the primary Antibody 44–680 G anti-Phospho-ERK1/ERK2 (T185, T187) (Thermo Fisher, Catalog# 44–680 G) monoclonal antibody raised against the doubly phosphorylated-ERK2. The 1:5000 diluted primary antibody incubation was carried out overnight at 25 °C. The membranes, with the bound primary antibody, were incubated with an anti-Rabbit IgG (Thermo Fisher, Catalog# 32460) and diluted 1:5.000 in TBS for 60 min at 25 °C, and then washed three times in TBST. Labeled protein bands were detected using a chemiluminescent system, according to the supplier protocol (Amersham). The same western blot membranes were used to re-probe with the antibody raised against the non-phosphorilated form of the ERK2 Antibody anti ERK1/ERK2 (Thermo Fisher, Catalog# 44–654 G) after the application of the following stripping protocol: the blots were incubated in a 0.1 M Glycine-HCl buffer pH 3.0 for 30 min at 25 °C with agitation, then were washed once with distilled water and twice with a TBS buffer before proceeding with the blocking solution (TBST + BSA 5%) for 60 min at 25 °C. The membranes proceeded to the next round of immunodetection with the anti ERK1/ERK2 antibody following the previously described protocol.





3. Results and Discussion


To study the consequences of a single amino acid substitution on an extracellular signal-regulated kinase 2 (ERK2) common docking site (CD-site), we characterized six missense ERK2 mutations found in cancer tissues (D321A, D321E, D321G, D321N, D321V and E322K) and reported in COSMIC database [24] (Supplementary Table S1). The two hotspot variants, D321N and E322K—found with a higher frequency in cancer tissues—caused an increase in ERK2 cellular activity and evaded inactivation by dephosphorylation [26]. The ERK2 activity is regulated by the phosphorylation of T185 and Y187 by mitogen-activated protein kinase 1 and 2 (MEK1 and MEK2) (Figure 1B and Figure 2).



All the variants’ object of this study were obtained as recombinant proteins using site-directed mutagenesis and resulted as soluble pure proteins in the non-phosphorylated-ERK2 (NP-ERK2) and phosphorylated-ERK2 (P-ERK2) conformations (see Materials and Methods). The biophysical characterization was carried out on both NP-ERK2 and P-ERK2 wild-types and variants. Phosphorylation was checked by western blot analysis (Supplementary Figure S1).



The conformation in the solution of NP-ERK2 and P-ERK2 wild-types and mutants was analyzed by circular dichroism (CD) and fluorescence spectroscopy. The near-UV CD spectra of the NP-ERK2 and P-ERK2 wild-type showed a positive spectral contribution at around 290 nm, typical of tryptophan residues, with fine structure features at 260–275 nm (Figure 3A). The two spectra showed similar contributions in the tryptophan region, while in the region between 250 and 280 nm, the contributions of phenylalanine and tyrosine residues were less pronounced for the P-ERK2, suggesting a conformational change in the protein upon phosphorylation.



The fluorescence spectra of the NP- and P-ERK2 wild-types (Figure 3B) showed the same maximum emission wavelength at around 339 nm, with differences in the relative fluorescence emission intensity, which is slightly increased in the case of the phosphorylated form. Far-UV CD spectra of the NP-ERK2 and P-ERK2 wild-types showed a zero intercept at around 200 nm and 2 minima at around 208 and 222 nm, suggesting an alpha helical major contribution, slightly influenced by β sheets elements (Figure 3C).



The spectra of NP-ERK2 variants in the near-UV CD region were similar to that of the NP-ERK2 wild-type, except for D321G (Figure 4A). In particular, the near-UV CD spectrum of D321G lacks the contribution of the tryptophan residue and a complete inversion of the dichroic activity was observed in the region between 260 and 275 nm. Interestingly, the substitution of D321 with the small and more flexible glycine perturbs the network of ionic interactions between D321 and R135 and may alter the ERK2 tertiary arrangement. The near-UV CD spectra of most P-ERK2 variants (Figure 4B) were comparable, but not identical, with that of the P-ERK2 wild-type, with two notable exceptions: P-ERK2 D321G, which showed a near-UV CD spectrum like that of NP-ERK2 D321G; and P-ERK2 E322K, whose near-UV CD spectrum did not show a well-defined contribution in the 260–275 nm region. Amongst the other P-ERK2 mutants, only the P-D321V spectrum in the near-UV CD region was like that of the P-ERK2 wild-type. These results, taken together, indicate that, upon phosphorylation, changes occur in the tertiary arrangements of the proteins and that the residues in the CD-site may be involved in these interactions.



The fluorescence spectra of the P-ERK2 D321E variant was centered at 343 nm, and it was significantly different from that of the wild-type (Figure 4D), suggesting changes in the tryptophan environment. For the NP-ERK2 variants, only D321N showed a slight increase in the relative fluorescence intensity (Figure 4C); no significant differences were detected for all the other variants.



The analysis of far-UV CD spectra revealed that the secondary structure of the NP-ERK2 variants was similar to that of the wild-type (Supplementary Figure S2A), hence the effect of the single amino acid substitution was mainly localized to the structural environment of the mutated residue. The exception was the NP-ERK2 D321G, which showed a difference in the intensity and in the minima around 208 and 222 nm, in comparison with that of the wild-type, supporting the observation that aspartate-to-glycine substitution at residue 321 significantly affects the ERK2 native structure. The far-UV CD spectra of the P-ERK2 wild-type and variants were similar, with a divergence in the intensities of the signals, suggesting a different secondary structure rearrangement of the mutants upon phosphorylation (Supplementary Figure S2B).



Far-UV CD is an excellent method to study the impact of the point mutation on the secondary structure, and the ratio between molar ellipticity at 222 and at 208 nm ([Θ]222/[Θ]208) is very sensitive to structural changes. This parameter, useful to distinguish between coiled coil helices (>1.0) and non-interacting helices (0.8–0.9), may give information about interhelical contacts present in a helix bundle and coiled coil structures [43]. The [Θ]222/[Θ]208 for the wild-type is 0.8 and ranges from 0.76 for NP-D321N to 0.98 for NP-D321G. This variation suggests that the single amino acid substitutions in the CD-site can alter interhelical interactions in the solution (Supplementary Table S2).



A missense mutation may lead to significant structural alterations that may change the stability of the protein and impair the protein function [44,45]. To provide insights into the effect of missense mutations on protein stability, we analyzed the thermal stability of the NP-ERK2 and P-ERK2 wild-types and variants by continuously monitoring the changes of the molar ellipticity at 222 nm in the temperature range between 20 °C and 90 °C (Figure 5 and Supplementary Figure S3). The irreversible thermal denaturation occurred in a transition apparently cooperative. The melting temperature (Tm), corresponding to the midpoint of the denaturation process, was calculated by plotting the first derivative of the molar ellipticity values as a function of temperature. The thermal transition of the NP-ERK2 wild-type (Tm = 55.0 °C) was less cooperative than that of the P-ERK2 (Tm = 56.0 °C) (Figure 5).



In general, upon phosphorylation, the melting temperature increases for the P-wild-type, P-D321A, P-D321E and P-D321G, and decreases for P-D321N, P-D321V, and P-E322K (Table 1).



Tm values were increased for the NP- and P-D321N (Table 1), whose Tm values were 4 and 2 degrees higher than that of the wild-type, respectively. For the NP-ERK2 D321V, the Tm value is 2 degrees higher than the NP-ERK2 wild-type, and in the case of the P-ERK2 D321V, the Tm value was about 3 degrees lower than that of the NP-ERK2 D321V, and slightly lower than the Tm of the P-ERK2 wild-type. The Tm values of the NP-ERK2 and P-ERK2 D321E, D321G, and E322K variants were lower than those of the wild-type: Tm values of the NP-E322K and P-E322K were 4 degrees and 6 degrees lower than that of the NP-ERK2 and P-ERK2 wild-type, respectively (Table 1). These results indicated that the negatively charged residues in the CD-site were involved in the stability of the native state and that a charge inversion in E322 may result in a dramatic thermal stability loss. Notably, E322 points to the internal region of the protein where it is involved in buried ionic interactions that may be disrupted by the substitution of the negatively charged glutamate with the positive lysine. Additionally, the residue D321, involved in a network of ionic interactions with R135, is critical for ERK2 stability since a substitution of the negatively charged aspartate with a positively charged residue—as in D321N—or with a neutral—as in D321A and D321V—or with the longer glutamate—as in D321E—affect the protein thermal stability. In D321G, the presence of a neutral, small, and flexible glycine that significantly alters the protein tertiary arrangement (Figure 4) brings about a decrease in its thermal stability (Table 1). The impact of mutation on the negatively charged residues in the CD-site, D321 and E322, on the ERK2 thermal stability was also observed in rat ERK2 variants, D321N and E322K, and points to the significant role of the CD-site as an energetic hot spot in this protein [26].



The thermodynamic stability of the ERK2 wild-type and mutants was analyzed at 10° C using GdmCl as a denaturant, by monitoring, in parallel, the changes in the intrinsic fluorescence and in the molar ellipticity at 222 nm. The changes in the intrinsic fluorescence upon increasing [GdmCl] were measured by calculating    λ ¯   , the intensity averaged emission wavelength (Equation (2)). The Supplementary Table S3 reports the thermodynamic parameters resulting from the analysis of the changes in the far-UV CD and in the intrinsic fluorescence caused by the increasing GdmCl concentration. The GdmCl induced unfolding transitions monitored by far-UV CD changes are coincident for most of the variants with those obtained from changes in intrinsic fluorescence. For some variants, the unfolding transition monitored by far-UV CD and/or by fluorescence was analyzed using a three-state model since an intermediate was detected at a low denaturant concentration (Supplementary Table S3). Notably, all the variants showed conformational stability that, in general, were very similar to that of the wild-type, with some notable differences as in the case of D321E, D321N, D321V, and E322K. In these variants, important changes occur upon phosphorylation in the thermodynamic parameters and a denaturation intermediate becomes populated. The presence of a denaturation intermediate could be regarded as a stabilization of the native state, because of the increased difference in the unfolding free energy between the native and the unfolded state. The general consideration about these results is that a single residue mutation in the CD-site reflects in important alterations in the global ERK2 thermodynamic stability. In the case of D321G, the denaturation intermediate is populated in the unphosphorylated form, and the stability of the phosphorylated form is comparable to that of the wild-type.



The effect of missense mutations on the kinetic properties of ERK2 was investigated by monitoring over time the increase in the fluorescence intensity induced by the incorporation of phosphate into a peptide substrate (PhosphoSensR Peptide AQT0490). The activity assay was performed at 30 °C at a fixed MgCl2 concentration.



Most of the P-ERK2 variants in the CD-site displayed a reduced catalytic efficiency (kcat/KM), analyzed using AQT0490 over the concentration range of 0.069 µM to 40 µM (Table 2). P-D321E and P-D321A displayed a 19- and 3-fold increase in the specific activity, respectively, not paralleled by a similar increase in their catalytic efficiency (kcat/Km), that is, a 1.5–fold decrease for P-D321A and only a 3.8-fold increase for P-D321E (Table 2). This result—that originates from the increase in Km values of about four-fold (Table 2) for both the variants—suggests a decrease in substrate binding. A significant decrease in the specific activity was observed for the variant P-D321G, as indicated by the low kcat/KM value and specific activity (Table 2). Notably, the tertiary arrangement of this variant is significantly altered (Figure 4) as a result of the substitution of D321 with the small and more flexible glycine that may perturb the network of ionic interactions between D321 and R135.



The P-ERK2 variants in the CD-site displayed an optimal temperature for catalysis (Tmax), higher than that of the wild-type, except for the variant P-D321V that showed a Tmax at 25 °C, suggesting that in physiological conditions, this variant may be completely inactive (Table 3 and Supplementary Figure S4). Notably, the variant with the highest specific activity, P-D321E, showed the lowest Ea value (5.24 kcal/mol) (Table 3), comparable to the activation energy value of P-D321N. The Ea values of all the other mutants are similar to that of the wild-type.



The ERK2 CD-site is in a region where the major changes between inactive (NP-ERK2) and active (P-ERK2) proteins are observed. In fact, when the CD-site binds to the activating and deactivating enzymes, solvent exposure of the activation loop occurs, thus suggesting a relation between the activation loop and the CD-site [46].



To correlate structural and stability studies, we focused on the effects of the variants in the binding with inhibitors, in particular the inhibitors that occupy part of the adenine binding pocket and form hydrogen bonds with the hinge region of the enzyme, known as type I inhibitors of ERK2 (Supplementary Table S4) [47,48,49,50,51,52,53,54]. The binding to the inhibitors was studied by Differential Scanning Fluorimetry (DSF) measurements that revealed, for all the variants, Tm values like that of the wild-type, with a small difference of 2–4 °C (Supplementary Table S5), suggesting that the missense mutations do not affect the binding to ERK2 inhibitors.



The hotspot mutation E322K is associated to an apparent increase in tumor resistance to inhibitors [26,30]. Isothermal titration calorimetry (ITC) assay was performed to quantify the effect of this mutation on the binding with a specific inhibitor, GDC-0994 [52]. ITC is a convenient and widely used approach to directly measure the amount of heat released or absorbed during association processes of biomolecules in solutions and to quantitatively estimate the interaction affinity between protein and its ligands. Titration of the ERK2 wild-type with the inhibitor GDC-0994 showed an affinity (KD) of about 3.8 nM—in the same order of magnitude of that of the variant E322K (KD = 7.9 nM). Thermodynamic measurements provide insight into the nature of the noncovalent forces responsible for binding; polar interactions tend to contribute favorably to the enthalpic component, whereas entropically favored interactions are often hydrophobic and are dominated by dehydration. The binding of the ERK2 wild-type and the inhibitor GDC-0994 revealed an enthalpy-driven interaction, driven by favorable polar interactions such as hydrogen-bonding. On the other hand, the interaction of ERK2 E322K and the inhibitor GDC-0994 displayed an entropy-driven interaction, mainly characterized by contribution of hydrophobic effects to binding.



To better understand the effect of the D321N mutation on the interaction with the protein kinase MEK2 and the dual specificity phosphatase (DUSP6), we performed ITC titrations with the peptides PepMEK2 and the Kinase Interaction Motif (KIM) of DUSP6. PepMEK2 is a MAP Kinase ERK2 substrate docking peptide derived from MLARRKPVLPALTINP of the upstream activating kinase MEK2. The binding with the pepMEK2 of the ERK2 wild-type was analyzed and compared with that of the variant D321N. ITC data revealed an enthalpy-driven interaction of the NP-ERK2 wild-type with pepMEK2, with a Kd value of 23.7 µM. The titration profile of the pepMEK2 with the NP-ERK2 D321N displayed an entropy-driven interaction with a Kd value of 11.6 µM. These results indicate that the amino acid substitution in D321N perturbs the docking interaction in the CD-site.



The D321N variant shows an increased cellular activity in cells and evades inactivation catalyzed by phosphatases, such as DUSP6 [26]. DUSP6 plays a crucial tumor-suppressive role via pivotal negative-feedback regulation of the ERK2 in the MAPK signaling pathway [55,56]. The KIM peptide GIMLRRLQKGNLPVRAL of DUSP6 directly binds to the ERK2 CD-site. The ITC titration between the P-ERK2 wild-type and the KIM peptide DUSP6 showed a Kd of 14.4 µM (Figure 6). This analysis shows an enthalpy-driven interaction between hydrogen-bonding and van der Waals interactions. The P-ERK2 D321N showed no detectable binding heat with the KIM of DUSP6, suggesting that the loss of the aspartate negative charge in the asparagine variant prevents any binding interaction with KIM [26].



To provide a structural model for future inhibitor development, we crystallized the phosphorylated-ERK2 mutant D321N with AZD0364 (Cayman Item No. 29827) (Figure 7). Surprisingly, the activation segment was partially disordered, possibly caused by inhibitor binding.



Apart from this difference, the structure was highly conserved compared with the wild-type ERK2 (Figure 8).



Unanticipated was also the presence of the inhibitor that interacted not only with the ERK2 binding pocket for ATP, but also bound to the crystal interface (Figure 8). As this binding site is formed by crystal contacts, it is likely an artefact of protein crystallization.



The studies on purified ERK2 variants may contribute to understand the effect of missense mutations on protein function and structure [57]. The results drive to conclude that the effect of mutations in the CD-site is limited to local changes of tertiary structure, whereas the global fold of the ERK2 is not drastically affected, as well as the binding of inhibitors. Indeed, the local changes strongly reflect on the global properties of the ERK2 as the thermodynamic parameters or the activation energy values. Notably, the conformational stability of all the variants was comparable, but not identical, to that of the wild-type, indicating that a single residue mutation in the energetic hotspot of the CD-site brings about changes that globally reflect on the ERK2 stability. The changes in the enzyme activity observed for some of the ERK2 variants suggest a long-distance effect at the active site produced by the mutation in the CD-site that is located far away from the catalytic site. Mutations in the ERK2 CD-site residues, a region where the major changes between inactive (NP-ERK2) and active (P-ERK2) proteins are observed, may affect the transition between active and inactive conformations, as suggested by the absence of binding interaction of the P-ERK2 D321N with the KIM peptide of DUSP6.




4. Conclusions


The missense variants in the ERK2 common docking site (CD-site), a region involved in interactions with substrates and regulators, are considered statistically significant in cancer. Biophysical studies on these variants present in cancer tissues indicate that the ERK2 CD-site, that is far away from the catalytic site, plays a significant role in the energetics of the protein. In this site, the major changes between inactive (NP-ERK2) and active (P-ERK2) proteins are observed, thus amino acid substitutions in this region may affect the transition between the active and the inactive conformation and alter binding interactions with regulators, such as phosphatase DUSP6. The lack of control of the ERK2 activity by DUSP6 may keep the ERK2 signaling active, thus favoring oncogenic transformation. A single residue mutation in the CD-site brings about local changes that strongly reflect on the global properties of the ERK2, as the thermodynamic parameters or the activation energy values significantly changed in some of the mutants. The negatively charged residues in the CD-site are involved in the stabilization of the native state and a charge inversion or neutralization of residues D321 or E322 may result in a significant change in the ERK2 biophysical and biochemical properties. The differences observed in the catalytic parameters, as the reduced catalytic efficiency, may result from a different response to the control mechanism that regulates the transition from active- to inactive-conformation of the overall protein structure.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers15112938/s1, Figure S1: western blot analysis; Figure S2: FAR-UV CD spectra of ERK2 wild-type and variants; Figure S3: Thermal unfolding of non-phosphorylated-ERK2 (NP-ERK2) and phosphorylated ERK2 (P-ERK2) wild-type and variants in the CD-site; Figure S4: Effect of temperature on phosphorylated ERK2 (P-ERK2) activity wild-type and variants; Table S1: List and details of the analyzed ERK2 variants selected from COSMIC database; Table S2: Molar ellipticity ratio of non-phosphorylated-ERK2 (NP-ERK2) and phosphorylated ERK2 (P-ERK2) wild type and variants; Table S3: Thermodynamic parameters for GdmCl-induced unfolding equilibrium of nonphosphorylated-ERK2 (NP-ERK2) and phosphorylated ERK2 (P-ERK2) wild-type and variants measured by far-UV CD and fluorescence spectroscopy; Table S4: Selected inhibitors of ERK2; Table S5: Effect of the binding with inhibitors on melting temperature of ERK2 wild-type and variants.





Author Contributions


Conceptualization, R.C., V.C. and A.P.; methodology, all authors; validation, all authors; formal analysis, R.C., V.C., L.N. and M.P.; investigation, A.P., L.N., M.P. and A.C.; resources, R.C., V.C. and S.K.; writing—original draft preparation, L.N. and M.P.; writing—review and editing, R.C., V.C. and S.K.; visualization, R.C., V.C. and L.N.; supervision, R.C. and V.C.; project administration, R.C. and V.C.; funding acquisition, R.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the MIUR Progetti di Ricerca di Rilevante Interesse Nazionale (PRIN) 2017—n. 201744NR8S.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are in the article or in Supplementary Materials.




Acknowledgments


S.K. is grateful for the support by the Structural Genomics Consortium (SGC), a registered charity (no: 1097737) that receives funds from Bayer AG, Boehringer Ingelheim, Bristol Myers Squibb, Genentech, Genome Canada through Ontario Genomics Institute [OGI-196], EU/EFPIA/OICR/McGill/KTH/Diamond Innovative Medicines Initiative 2 Joint Undertaking [EUROPEN grant 875510], Janssen, Merck KGaA (aka EMD in Canada and USA), Pfizer, and Takeda. The authors thank staff at SLS for their support during crystallographic X-ray diffraction testing and data collection.




Conflicts of Interest


The authors declare no conflict of interest. The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Lu, H.; Zhou, Q.; He, J.; Jiang, Z.; Peng, C.; Tong, R.; Shi, J. Recent advances in the development of protein-protein interactions modulators: Mechanisms and clinical trials. Signal. Transduct. Target. Ther. 2020, 5, 213. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, D.P.; Matthews, J.M. Protein-protein interactions in human disease. Curr. Opin. Struct. Biol. 2005, 15, 441–446. [Google Scholar] [CrossRef] [PubMed]

	



Charov, K.; Burkart, M.D. Quantifying protein-protein interactions of the acyl carrier protein with solvatochromic probes. Methods Enzymol. 2020, 638, 321–340. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, C.P.; Pearson, T.C.; Adams, A.B.; Tso, P.; Shirasugi, N.; Strobert, E.; Anderson, D.; Cowan, S.; Price, K.; Naemura, J.; et al. Rational development of LEA29Y (belatacept), a high-affinity variant of CTLA4-Ig with potent immunosuppressive properties. Am. J. Transplant. 2005, 5, 443–453. [Google Scholar] [CrossRef]

	



Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [Google Scholar] [CrossRef]

	



Roberts, P.J.; Der, C.J. Targeting the Raf-MEK-ERK mitogen-activated protein kinase cascade for the treatment of cancer. Oncogene 2007, 26, 3291–3310. [Google Scholar] [CrossRef]

	



Sammons, R.M.; Perry, N.A.; Li, Y.; Cho, E.J.; Piserchio, A.; Zamora-Olivares, D.P.; Ghose, R.; Kaoud, T.S.; Debevec, G.; Bartholomeusz, C.; et al. A Novel Class of Common Docking Domain Inhibitors That Prevent ERK2 Activation and Substrate Phosphorylation. ACS Chem. Biol. 2019, 14, 1183–1194. [Google Scholar] [CrossRef]

	



Sheridan, D.L.; Kong, Y.; Parker, S.A.; Dalby, K.N.; Turk, B.E. Substrate discrimination among mitogen-activated protein kinases through distinct docking sequence motifs. J. Biol. Chem. 2008, 2831, 9511–19520. [Google Scholar] [CrossRef]

	



Fantz, D.A.; Jacobs, D.; Glossip, D.; Kornfeld, K. Docking sites on substrate proteins direct extracellular signal-regulated kinase to phosphorylate specific residues. J. Biol. Chem. 2001, 276, 27256–27265. [Google Scholar] [CrossRef]

	



Callaway, K.; Waas, W.F.; Rainey, M.A.; Ren, P.; Dalby, K.N. Phosphorylation of the transcription factor Ets-1 by ERK2: Rapid dissociation of ADP and phospho-Ets-1. Biochemistry 2010, 49, 3619–3630. [Google Scholar] [CrossRef]

	



Rainey, M.A.; Callaway, K.; Barnes, R.; Wilson, B.; Dalby, K.N. Proximity-induced catalysis by the protein kinase ERK2. J. Am. Chem. Soc. 2005, 127, 10494–10495. [Google Scholar] [CrossRef] [PubMed]

	



Ward, R.A.; Colclough, N.; Challinor, M.; Debreczeni, J.E.; Eckersley, K.; Fairley, G.; Feron, L.; Flemington, V.; Graham, M.A.; Greenwood, R.; et al. Structure-Guided Design of Highly Selective and Potent Covalent Inhibitors of ERK1/2. J. Med. Chem. 2015, 58, 4790–4801. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, Y.; Lee, T.; Latham, M.P.; Warner, L.R.; Tanimoto, A.; Pardi, A.; Ahn, N.G. Phosphorylation releases constraints to domain motion in ERK2. Proc. Natl. Acad. Sci. USA 2014, 111, 2506–2511. [Google Scholar] [CrossRef]

	



Peti, W.; Page, R. Molecular basis of MAP kinase regulation. Protein Sci. 2013, 22, 1698–1710. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y. Serine/threonine phosphatases: Mechanism through structure. Cell 2009, 139, 468–484. [Google Scholar] [CrossRef]

	



Tonks, N.K. Protein tyrosine phosphatases: From genes, to function, to disease. Nat. Rev. Mol. Cell. Biol. 2006, 7, 833–846. [Google Scholar] [CrossRef]

	



Pulido, R.; Lang, R. Dual Specificity Phosphatases: From Molecular Mechanisms to Biological Function. Int. J. Mol. Sci. 2019, 20, 4372. [Google Scholar] [CrossRef]

	



Davis, R.J. The mitogen-activated protein kinase signal transduction pathway. J. Biol. Chem. 1993, 268, 14553–14556. [Google Scholar] [CrossRef]

	



Seger, R.; Krebs, E.G. The MAPK signaling cascade. FASEB J. 1995, 9, 726–735. [Google Scholar] [CrossRef]

	



Misiura, M.; Kolomeisky, A.B. Kinetic network model to explain gain-of-function mutations in ERK2 enzyme. J. Chem. Phys. 2019, 150, 155101. [Google Scholar] [CrossRef]

	



Roskoski, R., Jr. ERK1/2 MAP kinases: Structure, function, and regulation. Pharmacol. Res. 2012, 66, 105–143. [Google Scholar] [CrossRef] [PubMed]

	



Piserchio, A.; Ramakrishan, V.; Wang, H.; Kaoud, T.S.; Arshava, B.; Dutta, K.; Dalby, K.N.; Ghose, R. Structural and Dynamic Features of F-recruitment Site Driven Substrate Phosphorylation by ERK2. Sci. Rep. 2015, 8, 11127. [Google Scholar] [CrossRef]

	



Tanoue, T.; Adachi, M.; Moriguchi, T.; Nishida, E. A conserved docking motif in MAP kinases common to substrates, activators and regulators. Nat. Cell. Biol. 2000, 2, 110–116. [Google Scholar] [CrossRef]

	



Tate, J.G.; Bamford, S.; Jubb, H.C.; Sondka, Z.; Beare, D.M.; Bindal, N.; Boutselakis, H.; Cole, C.G.; Creatore, C.; Dawson, E.; et al. COSMIC: The Catalogue Of Somatic Mutations In Cancer. Nucleic Acids Res. 2019, 47, D941–D947. [Google Scholar] [CrossRef]

	



Liu, Q.H.; Shi, M.L.; Sun, C.; Bai, J.; Zheng, J.N. Role of the ERK1/2 pathway in tumor chemoresistance and tumor therapy. Bioorg. Med. Chem. Lett. 2015, 25, 192–197. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, C.A., 4th; Cormier, K.W.; Keenan, S.E.; Earnest, S.; Stippec, S.; Wichaidit, C.; Juang, Y.C.; Wang, J.; Shvartsman, S.Y.; Goldsmith, E.J.; et al. Functional divergence caused by mutations in an energetic hotspot in ERK2. Proc. Natl. Acad. Sci. USA 2019, 116, 15514–15523. [Google Scholar] [CrossRef] [PubMed]

	



Tárrega, C.; Blanco-Aparicio, C.; Muñoz, J.J.; Pulido, R. Two clusters of residues at the docking groove of mitogen-activated protein kinases differentially mediate their functional interaction with the tyrosine phosphatases PTP-SL and STEP. J. Biol. Chem. 2002, 277, 2629–2636. [Google Scholar] [CrossRef]

	



Goetz, E.M.; Ghandi, M.; Treacy, D.J.; Wagle, N.; Garraway, L.A. ERK mutations confer resistance to mitogen-activated protein kinase pathway inhibitors. Cancer Res. 2014, 74, 7079–7089. [Google Scholar] [CrossRef]

	



Brenan, L.; Andreev, A.; Cohen, O.; Pantel, S.; Kamburov, A.; Cacchiarelli, D.; Persky, N.S.; Zhu, C.; Bagul, M.; Goetz, E.M.; et al. Phenotypic Characterization of a Comprehensive Set of MAPK1/ERK2 Missense Mutants. Cell Rep. 2016, 17, 1171–1183. [Google Scholar] [CrossRef]

	



Benjwal, S.; Verma, S.; Röhm, K.H.; Gursky, O. Monitoring protein aggregation during thermal unfolding in circular dichroism experiments. Protein Sci. 2006, 15, 635–639. [Google Scholar] [CrossRef]

	



Petrosino, M.; Lori, L.; Pasquo, A.; Lori, C.; Consalvi, V.; Minicozzi, V.; Morante, S.; Laghezza, A.; Giorgi, A.; Capelli, D.; et al. Single-Nucleotide Polymorphism of PPARγ, a Protein at the Crossroads of Physiological and Pathological Processes. Int. J. Mol. Sci. 2017, 18, 361. [Google Scholar] [CrossRef] [PubMed]

	



Shults, M.D.; Carrico-Moniz, D.; Imperiali, B. Optimal Sox-based fluorescent chemosensor design for serine/threonine protein kinases. Anal. Biochem. 2006, 352, 198–207. [Google Scholar] [CrossRef] [PubMed]

	



Royer, C.A.; Mann, C.J.; Matthews, C.R. Resolution of the fluorescence equilibrium unfolding profile of trp aporepressor using single tryptophan mutants. Protein Sci. 1993, 2, 1844–1852. [Google Scholar] [CrossRef] [PubMed]

	



Santoro, M.M.; Bolen, D.W. Unfolding free energy changes determined by the linear extrapolation method. 1. Unfolding of phenylmethanesulfonyl alpha-chymotrypsin using different denaturants. Biochemistry 1988, 27, 8063–8068. [Google Scholar] [CrossRef]

	



Rowling, P.J.; Cook, R.; Itzhaki, L.S. Toward classification of BRCA1 missense variants using a biophysical approach. J. Biol. Chem. 2010, 285, 20080–20087. [Google Scholar] [CrossRef] [PubMed]

	



Fedorov, O.; Niesen, F.H.; Knapp, S. Kinase inhibitor selectivity profiling using differential scanning fluorimetry. Methods Mol. Biol. 2012, 795, 109–118. [Google Scholar] [CrossRef]

	



Kabsch, W. XDS. Acta Cryst. 2010, D66, 125–132. [Google Scholar] [CrossRef]

	



Evans, P.R.; Murshudov, G.N. How good are my data and what is the resolution? Acta Crystallogr. D Biol. Crystallogr. 2013, 69 Pt 7, 1204–1214. [Google Scholar] [CrossRef]

	



McCoy, A.J. Acknowledging Errors: Advanced Molecular Replacement with Phaser. Methods Mol. Biol. 2017, 1607, 421–453. [Google Scholar] [CrossRef]

	



Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr. D Biol. Crystallogr. 2010, 66 Pt 4, 486–501. [Google Scholar] [CrossRef]

	



Murshudov, G.N.; Skubák, P.; Lebedev, A.A.; Pannu, N.S.; Steiner, R.A.; Nicholls, R.A.; Winn, M.D.; Long, F.; Vagin, A.A. REFMAC5 for the refinement of macromolecular crystal structures. Acta Crystallogr. D Biol. Crystallogr. 2011, 67, 355–367. [Google Scholar] [CrossRef] [PubMed]

	



Williams, C.J.; Headd, J.J.; Moriarty, N.W.; Prisant, M.G.; Videau, L.L.; Deis, L.N.; Verma, V.; Keedy, D.A.; Hintze, B.J.; Chen, V.B.; et al. MolProbity: More and better reference data for improved all-atom structure validation. Protein Sci. 2018, 27, 293–315. [Google Scholar] [CrossRef]

	



Choy, N.; Raussens, V.; Narayanaswami, V. Inter-molecular coiled-coil formation in human apolipoprotein E C-terminal domain. J. Mol. Biol. 2003, 334, 527–539. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, T.; Zhang, Y.; Macchiarulo, A.; Yang, Z.; Cellanetti, M.; Coto, E.; Xu, P.; Pellicciari, R.; Wang, L. Novel polymorphisms of nuclear receptor SHP associated with functional and structural changes. J. Biol. Chem. 2010, 285, 24871–24881. [Google Scholar] [CrossRef]

	



Ancien, F.; Pucci, F.; Godfroid, M.; Rooman, M. Prediction and interpretation of deleterious coding variants in terms of protein structural stability. Sci. Rep. 2018, 8, 4480. [Google Scholar] [CrossRef]

	



Zhou, T.; Sun, L.; Humphreys, J.; Goldsmith, E.J. Docking interactions induce exposure of activation loop in the MAP kinase ERK2. Structure 2006, 14, 1011–1019. [Google Scholar] [CrossRef] [PubMed]

	



Morris, E.J.; Jha, S.; Restaino, C.R.; Dayananth, P.; Zhu, H.; Cooper, A.; Carr, D.; Deng, Y.; Jin, W.; Black, S.; et al. Discovery of a novel ERK inhibitor with activity in models of acquired resistance to BRAF and MEK inhibitors. Cancer Discov. 2013, 3, 742–750. [Google Scholar] [CrossRef]

	



Ward, R.A.; Anderton, M.J.; Bethel, P.; Breed, J.; Cook, C.; Davies, E.J.; Dobson, A.; Dong, Z.; Fairley, G.; Farrington, P.; et al. Discovery of a Potent and Selective Oral Inhibitor of ERK1/2 (AZD0364) That Is Efficacious in Both Monotherapy and Combination Therapy in Models of Nonsmall Cell Lung Cancer (NSCLC). J. Med. Chem. 2019, 62, 11004–11018. [Google Scholar] [CrossRef]

	



Burrows, F.; Kessler, L.; Chen, J.; Gao, X.; Hansen, R.; Li, S.; Thach, C.; Darjania, L.; Yao, Y.; Wang, Y.; et al. Abstract 5168: KO-947, a potent ERK inhibitor with robust preclinical single agent activity in MAPK pathway dysregulated tumors. Cancer Res. 2017, 77, 5168. [Google Scholar] [CrossRef]

	



Bhagwat, S.V.; McMillen, W.T.; Cai, S.; Zhao, B.; Whitesell, M.; Shen, W.; Kindler, L.; Flack, R.S.; Wu, W.; Anderson, B.; et al. ERK Inhibitor LY3214996 Targets ERK Pathway-Driven Cancers: A Therapeutic Approach Toward Precision Medicine. Mol. Cancer Ther. 2020, 19, 325–336. [Google Scholar] [CrossRef]

	



Sreekanth, G.P.; Chuncharunee, A.; Sirimontaporn, A.; Panaampon, J.; Srisawat, C.; Morchang, A.; Malakar, S.; Thuwajit, P.; Kooptiwut, S.; Suttitheptumrong, A.; et al. Role of ERK1/2 signaling in dengue virus-induced liver injury. Virus Res. 2014, 188, 15–26. [Google Scholar] [CrossRef]

	



Varga, A.; Soria, J.C.; Hollebecque, A.; LoRusso, P.; Bendell, J.; Huang, S.A.; Wagle, M.C.; Okrah, K.; Liu, L.; Murray, E.; et al. A First-in-Human Phase I Study to Evaluate the ERK1/2 Inhibitor GDC-0994 in Patients with Advanced Solid Tumors. Clin. Cancer Res. 2020, 26, 1229–1236. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, R.J.; Infante, J.R.; Janku, F.; Wong, D.J.L.; Sosman, J.A.; Keedy, V.; Patel, M.R.; Shapiro, G.I.; Mier, J.W.; Tolcher, A.W.; et al. First-in-Class ERK1/2 Inhibitor Ulixertinib (BVD-523) in Patients with MAPK Mutant Advanced Solid Tumors: Results of a Phase I Dose-Escalation and Expansion Study. Cancer Discov. 2018, 8, 184–195. [Google Scholar] [CrossRef] [PubMed]

	



Xu, K.; Gao, Y.; Yang, L.; Liu, Y.; Wang, C. Magnolin exhibits anti-inflammatory effects on chondrocytes via the NF-κB pathway for attenuating anterior cruciate ligament transection-induced osteoarthritis. Connect. Tissue Res. 2021, 62, 475–484. [Google Scholar] [CrossRef]

	



Furukawa, T.; Sunamura, M.; Motoi, F.; Matsuno, S.; Horii, A. Potential tumor suppressive pathway involving DUSP6/MKP-3 in pancreatic cancer. Am. J. Pathol. 2003, 162, 1807–1815. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Kobayashi, S.; Borczuk, A.C.; Leidner, R.S.; Laframboise, T.; Levine, A.D.; Halmos, B. Dual specificity phosphatase 6 (DUSP6) is an ETS-regulated negative feedback mediator of oncogenic ERK signaling in lung cancer cells. Carcinogenesis 2010, 31, 577–586. [Google Scholar] [CrossRef]

	



Smorodinsky-Atias, K.; Soudah, N.; Engelberg, D. Mutations That Confer Drug-Resistance, Oncogenicity and Intrinsic Activity on the ERK MAP Kinases-Current State of the Art. Cells 2020, 9, 129. [Google Scholar] [CrossRef]








[image: Cancers 15 02938 g001 550] 





Figure 1. The ERK1/2 cascade and ERK2 structure. (A) ERK1/2 signaling cascade. The ERK kinases from the cytoplasm can be translocated into the nucleus and catalyze the phosphorylation of downstream targets upon activation. Mitogen-activated protein kinase 1 and 2 (MEK1 and MEK2) activate the ERK2 by phosphorylation of two residues, Thr185 and Tyr187. (B) Human ERK2 structure in complex with an inhibitor (pdb: 4zzn) [12]. Thr185 and Tyr187 residues, involved in the activation of ERK2, are evidenced in sticks; the inhibitor is not shown. 
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Figure 2. Model of the human non-phosphorylated-ERK2 (NP-ERK2) CD-site. The CD-site is the common docking site that contains residues that interact with protein substrates and is composed of two negatively charged residues, D318 and D321, depicted in sticks. In orange, the docking peptide derived from hematopoietic tyrosine phosphatase, a negative regulator of ERK2, sequence in a one letter code: RLQERRGSNVALMLDC. In the NP-ERK2 structure (pdb: 2gph), the docking peptide is involved in extensive electrostatic interactions with the CD-site. All the other relevant parts of the ERK2 structure are shown: in dark blue and in light green, the activation loop and the glycine-rich loop, respectively; in purple and in light blue, the helices alphaC and C-terminal, respectively; in the grey circle, the F-site. The T185 and Y187 at the active site are represented in sticks. 
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Figure 3. Spectral properties of the non-phosphorylated-ERK2 (NP-ERK2) and phosphorilated-ERK2 (P-ERK2) wild-types. (A) Near-UV CD spectra were recorded in a 1.0-cm quartz cuvette at 1.3 mg/mL protein concentration in 20 mM Tris-HCl, pH 7.5, containing 1.0 mM DTT and 0.1 M NaCl. (B) Intrinsic fluorescence emission spectra (295 nm excitation wavelength) were monitored at 130 µg/mL (0.08 AU 280 nm) in 20 mM Tris-HCl, pH 7.5, 0.1 M NaCl, and 0.2 mM DTT. (C) Far-UV CD spectra were monitored in a 0.1-cm quartz cuvette at 130–170 µg/mL in 20 mM Tris-HCl, pH 7.5, 0.2 M NaCl, and 0.2 mM DTT. The continuous lines are used for the NP-ERK2, the dashed lines are used for the P-ERK2. All spectra were recorded at 20 °C. 
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Figure 4. Spectral properties of the non-phosphorylated-ERK2 (NP-ERK2) and phosphorylated-ERK2 (P-ERK2) variants in the CD-site. Near-UV CD spectra of the NP-ERK2, continuous line (A), and of P-ERK2 variants, medium-dashed line (B), were monitored at 1.3 mg/mL protein concentration in 20 mM Tris-HCl pH 7.5, 1.0 mM DTT, and 0.1M NaCl, in a 1.0-cm quartz cuvette. Intrinsic fluorescence emission spectra of the NP-ERK2, continuous line (C), and of the P-ERK2 variants, dashed lines (D), were recorded at 130 μg/mL (0.08 AU 280 nm, 295 nm excitation wavelength), in 20 mM Tris-HCl, pH 7.5, 0.1 M NaCl, and 0.2 mM DTT. 
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Figure 5. Thermal unfolding of the non-phosphorylated-ERK2 (NP-wild-type) and phosphorylated-ERK2 (P-wild-type) wild-types. The ERK2 wild-type proteins (100–130 μg/mL), in 20 mM Tris-HCl, pH 7.5, 0.1 M NaCl, and 200 µM DTT, were heated from 20 °C to 90 °C. The molar ellipticity at 222 nm ([Θ]222) was monitored continuously every 0.5 °C and normalized. The first derivative of the thermal transition data is shown in the inset. 
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Figure 6. Effect of the binding with KIM peptide of DUSP6 on the amount of heat released or absorbed during association of the phosphorylated-ERK2 (P-ERK2) wild-type (A), and the P-ERK2 D321N variant (B). The measurements were performed using an “Affinity ITC” (TA-Instrument) with 500µM of peptide (KIM of DUSP6) in the syringe, and 93 µM of the P-ERK2 wild-type and 113 µM of the P-ERK2 D321N in the cell at 30 °C. The KD was 14.4 µΜ for the phosphorylated wild-type (A), no binding was measured for the phosphorylated D321N (B). 
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Figure 7. The human phosphorylated-ERK2 (P-ERK2) D321N (in red) bound to inhibitor AZD0364 (in cyan). In green, the activation loop that begins with the sequence DFG and ends with the sequence APE. The dotted line underlines the undefined region of the three TEY amino acids, important for the activation of ERK2. In cyan, the compound AZD0364 that binds in two opposite regions the mutant D321N. 
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Figure 8. Structural comparison of the human phosphorylated-ERK2 (P-ERK2) D321N bound to inhibitor AZD0364 (in cyan). Superposition of the human P-ERK2 D321N (in red), rat P-ERK2 wild-type (in yellow, pdb: 2erk), and rat NP-ERK2 D321N (in gray, pdb: 6ot6). The residues T185 and Y187, important for the activation of ERK2, are depicted in sticks. The dotted line underlines the undefined region of the three TEY amino acids involved in ERK2 activation. 
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Table 1. Melting temperatures for the phosphorylated-ERK2 (P-ERK2) and non-phosphorylated-ERK2 (NP-ERK2) wild-types and variants in the CD-site.
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Tm (°C)




	
ERK2

	
NP-ERK2

	
P-ERK2






	
wild-type

	
55.0

	
56.0




	
D321A

	
56.0

	
57.1




	
D321E

	
54.0

	
55.1




	
D321G

	
54.0

	
55.0




	
D321N

	
59.0

	
58.1




	
D321V

	
57.0

	
54.5




	
E322K

	
51.0

	
50.3








Tm values were obtained from the first derivative of the ellipticity at 222 nm at an increasing temperature.
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Table 2. Kinetic parameters of the phosphorylated-ERK2 (P-ERK2) wild-type and variants in the CD-site.
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	P-ERK2
	KM

(μM)
	kcat

(s−1)
	kcat/KM

(s−1·μM−1)
	Vmax

(μM·s−1)
	Specific Activity

(μM·s−1·μg−1)





	wild-type
	1.81 ± 0.29
	2.20
	1.215
	1.101 × 10−2
	1.218



	D321A
	7.42 ± 2.69
	5.93
	0.799
	5.925 × 10−2
	3.571



	D321E
	7.11 ±1.77
	32.96
	4.635
	1.648 × 10−2
	19.867



	D321G
	0.65 ± 0.12
	1.64 × 10−4
	2.523 × 10−3
	3.278 × 10−3
	0.001



	D321N
	2.95 ± 0.76
	1.26
	0.427
	6.307 × 10−3
	0.760



	D321V
	3.47 ± 0.55
	2.41
	0.694
	1.207 × 10−2
	1.455



	E322K
	4.70 ± 0.81
	1.64
	0.349
	8.223 × 10−3
	0.099







The catalytic activity of the P-ERK2 was assayed at 30 °C, with the substrate peptide AQT0490 (0.1 μM for P-D321G, and 0.5 μM for wild-type and for the other variants) in the presence of 5 mM MgATP (see Materials and Methods). The final enzyme concentration in the activity assay was 0.5 nM for P-D321E, 5 nM for wild-type, P-D321N, P-D321V and P-E322K, 10 nM for P-D321A, and 2000 nM for P-D321G. The ERK2 activity kinetic parameters were measured at 30 °C with at least 10 different AQT0490 concentrations. Data are the mean ± SE of the fit.
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Table 3. Temperature effect on kinase activity of the phosphorylated-ERK2 (P-ERK2) wild-type and mutants in the CD-site.
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	P-ERK2
	Tmax

(°C)
	Ea

(kcal/mol)





	wild-type
	30.0
	9.95 ± 0.41



	D321A
	35.0
	11.43 ± 1.40



	D321E
	40.0
	5.24 ± 0.39



	D321G
	35.0
	8.97 ± 0.50



	D321N
	35.0
	6.67 ± 0.49



	D321V
	25.0
	10.12 ± 1.49



	E322K
	40.0
	9.76 ± 1.58







Ea was determined in the temperature range between 10 °C and the optimal temperature (Equation (1)). Data are the mean ± SE of the fit.
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