Thermodynamic parameters for binding of some halogenated inhibitors of human protein kinase CK2
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Abstract

The interaction of human CK2α with a series of tetrabromobenzotriazole (TBBt) and tetrabromobenzimidazole (TBBz) analogues, in which one of the bromine atoms proximal to the triazole/imidazole ring is replaced by a methyl group, was studied by biochemical (IC50) and biophysical methods, both theoretical (molecular modeling) and experimental (thermal stability of protein-ligand complex monitored by DSC and fluorescence). Two newly synthesized tri-bromo derivatives display inhibitory activity comparable to that of the reference compounds, TBBt and TBBz, respectively. DSC analysis of the stability of protein-ligand complexes shows that the heat of ligand binding (Hbind) is driven by intermolecular electrostatic interactions involving the triazole/imidazole ring, as indicated by a strong correlation between Hbind and ligand pKa. Screening based on fluorescence-monitored thermal unfolding of protein-ligand complexes, gave comparable results, clearly identifying ligands that most strongly bind to the protein. Overall results, additionally supported by molecular modeling, confirm that a balance of hydrophobic and electrostatic interactions contribute predominantly, relative to possible intermolecular halogen bonding, in binding of the ligands to the CK2α ATP-binding site. 
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INTRODUCTION
Protein kinase CK2 (casein kinase 2) is a kinase of widespread interest because of its role in control of numerous cellular functions. It is a constitutively active Ser/Thr protein kinase, also known to phosphorylate some Tyr residues. It is distributed ubiquitously in eukaryotic organisms, regulating hundreds of independent cellular processes - more than 300 protein substrates have been identified [1]. CK2 is involved, amongst others, in various signaling pathways, e.g. homeostasis maintenance and apoptosis [2], and there is a strong correlation between malignancy and an abnormally high activity of CK2 in cancer cells [3]. Hence, CK2 has become a therapeutic target for inhibitors directed to cancer treatment 
 ADDIN EN.CITE 

[4, 5]
. An increasing number of high-resolution structures of CK2-ligand complexes helps in in-silico development of new CK2 inhibitors [6]. Large part of them are highly halogenated, and the recent studies demonstrated that halogen bonding, i.e. intermolecular interaction between ligand halogen atom(s) and protein electro-donating groups (e.g. karbonyl oxygens) may drive protein-ligand interactions 
 ADDIN EN.CITE 

[7-14]
. The role of halogenated ligands in biological systems, has been extensively reviewed, amongst others, by Auffinger et al. [15], Voth & Ho [12], Parisini et al. [11], Grant & Lunney [16], Lu et al. [10], Rendine et al. [17] and Poznanski & Shugar 
 ADDIN EN.CITE 
[7, 18]
. However the thermodynamic contribution of halogen bonding to protein-ligand interactions seems to be debatable 
 ADDIN EN.CITE 
[18-20]
.

One of the first reported low-mass ATP-competitive inhibitors is 4,5,6,7-tetrabromo-1H-benzotriazole (TBBt, Scheme 1), which, when tested against a panel of more than 80 other kinases displayed reasonably good selectivity for CK2 and its catalytic domain CK2α 
 ADDIN EN.CITE 

[4, 5]
. Subsequently, the closely related 4,5,6,7-tetrabromo-1H-benzimidazole (TBBz, Scheme 1) was also found to be a CK2α inhibitor. Both target the ATP-binding site 
 ADDIN EN.CITE 
[21, 22]
, albeit their orientation within the pocket are visibly different (see supplementary Figure S1). More potent inhibitors have since been reported, many of them designed as TBBt and TBBz analogues 
 ADDIN EN.CITE 
[23, 24]
. Rational drug design is aided by a knowledge of the thermodynamics parameters that characterize interaction of ligands with a target protein. We have found that a balance of hydrophobic and electrostatic interactions, with eventual possible contribution of halogen bonding, drive inhibitory activity of benzotriazoles halogenated on the benzene ring 
 ADDIN EN.CITE 
[25, 26]
. 
Herein, we analyze the activity and affinity of TBBt, TBBz, and two rationally selected methyl derivatives of each, in which the bromine atom at C(4) is replaced by a methyl group (Scheme 1). The inhibitory activities are compared with the thermodynamic parameters describing protein-ligand interactions, obtained by a DSC and fluorescence-monitored thermal unfolding. Two other derivatives, 5-bromo-4-methyl-Bt and 5-bromo-4-methyl-Bz, were studied as reference compounds that are structurally closely related, but differ substantially in their physico-chemical properties (size, hydrophobicity, pKa). 
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Scheme 1. Structures of tested inhibitors.


MATERIAL AND METHODS
Chemistry. All reagents and solvents used were commercially available (Aldrich, Avantor, Chempur, Merck), and used without further purification. Melting points (uncorrected) were determined in open capillary tubes, using a Büchi apparatus B504. UV absorption spectra were recorded on a Specord 200 (AnalitykJena) or Cary 50 Bio instruments. Purity of all compounds was checked by thin-layer chromatography (TLC) on 0.2 mm Merck silica gel 60 F254 plates. Mass spectrometry was performed with a Micromass ESI Q-TOF spectrometer. 1H and 13C NMR spectra were recorded in DMSO-d6 on Varian 500 or Bruker 300 instruments. Spectra were analyzed with the aid of the MestRe-C program [27]. Chemical shifts are relative to tetramethylsilane (Me4Si, δ=0). The values of pKa for dissociation of the triazole proton were determined spectroscopically by analysis of pH-dependence of UV spectra in the range of 230-350 nm, assuming 2-state equilibrium between neutral and anionic forms (see [28] for details). 
4,5,6,7-Tetrabromo-1H-benzotriazole (TBBt) and 4,5,6,7-tetrabromo-1H-benzimidazole (TBBz) were synthesized according to previously described procedures 
 ADDIN EN.CITE 
[29, 30]
. Compounds with methyl group in C(4) position and bromine atom in C(5) position or bromine atoms in positions C(5), C(6) and C(7) were synthesized from commercially available 2-bromo-6-nitrotoluene, which was, in first step, selectively nitrated with urea nitrate [31] in sulfuric acid at 2(C [32]. The reduction of obtained dinitro compound with tin (II) chloride in HCl [33] gave 2-bromo-5,6-diaminotoluene dihydrochloride. This compound was reacted with sodium nitrite to obtain 5-bromo-4-methyl-1H-benzotriazole (BrMeBt). The reaction of 2-bromo-5,6-diaminotoluene dihydrochloride with formic acid in 4 M HCl in reflux allowed to obtain 5-bromo-4-methyl-1H-benzimidazole (BrMeBz). Bromination 
 ADDIN EN.CITE 
[29, 30]
 of BrMeBt and BrMeBz resulted respectively 4,5,6-tribromo-7-methyl-1H-benzotriazole (Br3MeBt) and 4,5,6-tribromo-7-methyl-1H-benzimidazole (Br3MeBz). All synthetic procedures are described in Supplementary materials. 

CK2α phosphorylation assay - IC50 determination. CK2α was expressed and purified according to our published procedure [34]. An isotopic assay was used to determine CK2α activity using a synthetic peptide substrate (RRRDDDSDDD) from Biaffin GmbH & Co KG, Germany (see Supplementary for details). Experiments were carried out at 30(C for 20 minutes in the presence of the increasing concentrations of inhibitors. Radioactivity was quantified using a QuantaSmartTM scintillation counter. 
Differential scanning calorimetry (DSC). Measurements were carried on a Nano DSC differential scanning calorimeter (TA Instruments) equipped with a cell of 300 μL volume. A pressure of 3 atm was applied to prevent vaporization upon heating. Protein thermal denaturation was monitored by the heat effect accompanying changes in heat capacity. The temperature was varied in the range 20-80ºC (1ºC/min). Protein concentrations were 0.4-0.6 mg/mL. Appropriate ligand solutions were used to obtain 1:1 ligand to protein concentration ratios. The final DMSO concentration in all protein samples was 2% (v:v). 

At middlepoint temperature (Tm), ΔGunf(Tm)=0, so ΔSunf(Tm) = ΔHunf(Tm)/Tm, where ΔHunf(Tm) is the apparent heat of transition at Tm, deduced directly from DSC thermogram (ΔHcal). All these thermodynamic parameters were further extrapolated to 25 ºC according to the following formulas
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where change in heat capacity upon unfolding (ΔCp) was assumed temperature-independent, value of which was at Tm was estimated directly from heat flow thermograms as the difference between high- and low-temperature asymptotes at Tm. Finally, entropy, enthalpy and free energy for ligand binding were calculated as the difference between appropriate thermodynamic parameters estimated separately for free and ligand-bound protein.

Temperature-dependent fluorescence. Fluorescence data were collected on a Varian Cary Eclipse spectroﬂuorometer equipped with a constant-temperature cell holder, using 10-mm path-length cuvettes. Protein emission was monitored at 335 nm (excitation at 280 nm) at temperatures of 20 to 80ºC, with 1ºC/min heating rate. The protein was diluted to a final concentration of 0.3 μM with 25 mM Tris-HCl (pH 7.9), 0.6 M NaCl, 1mM DTT and 20% glycerol. All ligand solutions were initially prepared in dimethyl sulfoxide (DMSO). Appropriate amounts of ligand stock solutions were diluted with DMSO and added to the protein sample to obtain the required ligand concentration, with a final DMSO concentration of 2%. 
The simplest model for thermal unfolding of a protein assumes a two-state process driven by the equilibrium of the folded, F, and unfolded, U, protein forms. Thermodynamic parameters may be determined by fitting the appropriate model to the experimentally observed temperature-dependent intensity of protein fluorescence, IF(T). However, hCK2α unfolds irreversibly at elevated temperature, hence derived parameters may be highly biased. Consequently, the midpoint of the thermal denaturation, Tm, is the only thermodynamic parameter that can be accurately determined according to the simplified equation (1): 
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where p mimics the slope of I(T) at Tm, and IF(T) and IU(T) are quadratic approximates of the temperature-dependence of fluorescence intensities of the folded (F) and unfolded (U) states, respectively. Parameter p roughly estimates heat of unfolding, (ΔHunf).
Data analysis. All the numerical models were fitted to experimental data using the Marquardt algorithm [35] implemented in the GnuPlot program [36].

RESULTS
Phosphorylation assay - in vitro determination of inhibitory activity against hCK2α

The IC50 values for inhibition of hCK2α by TBBt, the two methyl-bromobenzotriazoles and their benzimidazole analogues are presented in Table 1. The representative dose-response curves are presented in Supplementary Figure S2. In agreement with literature data, TBBt was found a visibly better inhibitor than TBBz [30]. Replacement of the bromine proximal to the triazole/imidazole ring by a methyl group results in a moderate decrease of inhibitory activity. However, this effect is stronger for Br3MeBz (IC50 3-fold higher than that of TBBz) than for Br3MeBt (10% increase in IC50 relative to TBBt). 
Differential scanning calorimetry (DSC)

Thermal denaturation of hCK2α and six 1:1 ligand-protein complexes was monitored with the aid of differential scanning calorimetry (DSC). This technique enables direct measurement of heat capacity (Cp), and simultaneous detection of transition temperature(s) (Tm) and associated heat(s) of unfolding (ΔHcal). Both Tm and ΔHcal can be obtained directly from the corrected thermogram as the location of the maximum, and area under the heat-flow curve (see Figure 1), after correction for low- and high-temperature Cp asymptotes. And the difference between these asymptotes at Tm yields a rough approximation of ΔCp (i.e. ΔCp,unf). All the resulting thermodynamic parameters are collected in Table 2.

All complexes are much more stable (i.e. display higher Tm values) than free hCK2α, clearly indicating that all ligands preferably bind to the folded protein. And generally, the higher the Tm with a given ligand, the more efficient it is as an inhibitor. Albeit, small differences in the individual ΔCp(T) characterizing balance of protein-ligand and solvent-ligand interactions make the latter rule rather semiquantitative, as observed for BrMeBt and Br3MeBt, which display almost identical Tm, but visibly differs in IC50. 

Interestingly, heats of unfolding at Tm, as well as free energy of ligand binding extrapolated to 25 ºC, are strictly related to the number of halogen atoms attached to the benzene ring of the benzotriazole/benzimidazole derivatives. This effect should be assigned to modulation of electrostatic interactions, rather than to an eventual contribution of halogen bonds, as clearly shown by the strong correlation between both Hcal (and Hdiss) with pKa values for dissociation of the ligand imidazole/triazole proton (Figure 2, see Schemes 1, 2 for structures). It is worth noting that all benzotriazoles ionized at neutral pH display at ~50 ºC a higher heat of dissociation than their benzimidazole analogues. This points directly to effect of electrostatic interactions: all brominated benzotriazoles are much more polar than the corresponding benzimidazoles.

Fluorescence-monitored melting of 1:1 ligand:protein complexes

The models fitted to the data for thermal unfolding of hCK2α and its 1:1 complexes with the six ligands are presented in Figures 3A and 3B for benzotriazoles and benzimidazoles, respectively. A common trend of IF(T), observed for all six complexes at the high-temperature region (T > 55 °C), which is close to that observed for the free protein, clearly indicates that none of the ligands binds effectively to an unfolded form of hCK2α. Inspection of the values of the fitted parameters presented in Table 3 confirms that binding of four ligands (TBBt, TBBz, Br3MeBt and Br3MeBz) results in a significant increase of Tm, relative to the apo protein (see also Figure 3), so that the structure of hCK2 is stabilized when each of these ligands is bound. Binding of these ligands also results in significant quenching of tyrosine fluorescence, most putatively Tyr50 of hCK2α corresponding to the Tyr50 of maize CK2α, which is located within 10Å of a ligand in the crystal structures of maize CK2α with TBBt and TBBz (PDB entries 1j91 [22] and 2oxy [37], respectively (see Supplementary Figure S1). Binding of Br3MeBz results in a smaller shift of Tm, but, in contrast to TBBt, TBBz and Br3MeBt, its binding only slightly decreases tyrosine fluorescence of the protein folded state. This indicates that Br3MeBz may bind in a different orientation than TBBt and TBBz. Finally, virtually no stabilization is observed for BrMeBt and BrMeBz, confirming again that these two compounds are very weak CK2α inhibitors that do not efficiently bind at the 200 pM concentration used in the fluorescence assay.
DISCUSSION
Both calorimetry and fluorescence techiques identified the most active inhibitors, and properly order their activity within the series of either triazoles or imidazoles. It should be stressed that the binding of brominated benzotriazole/benzimidazole to hCK2α is driven by a balance of electrostatic and hydrophobic interactions. We have recently shown that among the ligands displaying similar electronic properties (i.e. close pKa for dissociation of the triazole/imidazole proton), those carying the larger number of halogens are. And for TBBt-derived ligands with the same number of bromines, that with the highest pKa is the strongest hCK2α inhibitor [38]. Indeed, a general correlation presented in Figure 4 validate the relation between pKa for dissociation of the triazole proton and inhibitory activity. The almost horizontal line follows the trend observed for compounds that carry the same number of Br atoms attached to C(5)/C(6), but differ by the number of Br atoms attached to C(4)/C(7). Bromination of both C(5) and C(6) carbons seems to be crucial for efficient interaction of halogenated benzotriazole derivatives with CK2α. In agreement with the foregoing, the inhibitory activity of Br3MeBt (IC50 = 0.60±0.13 μM, gray circle in Figure 4) is close to that of 4,5,6-Br3Bt (0.38 ± 0.02 μM), since both compounds are of comparable hydrophobicity and with almost identical pKa. In the case of the benzimidazole derivatives, replacement of a single bromine atom of TBBz by a methyl group also results in a decrease of hydrophobicity. However, contrary to halogenated benzotriazoles, an increase in pKa for halogenated benzimidazoles (10.3 vs 8.9) does not significantly change the protonation equilibrium at the physiological pH of 7.5 used in the enzymatic assay. Consequently, the loss in hydrophobicity cannot thus be compensated for by an increase of electrostatic interactions, and Br3MeBz is visibly less active than TBBz. The foregoing is also valid for methylated derivatives of monobrominated Bt and Bz. Thus, BrMeBt (IC50 = 17.1±1.3 μM) is even more active than its non-methylated analog, 5-BrBt (IC50 = 26±3 μM), the pKa of which is visibly lower (7.55 vs 7.72 for BrMeBt). And, finally, BrMeBz is virtually inactive.

Overall, this confirms our finding that bromination at C(5) and C(6) of the benzene ring of benzotriazole is crucial for inhibitory activity, while substutuents at C(4) and C(7) can be further modified. Herein, we show that replacement of one “unfavorable” bromine atom, that at C(4), by a methyl group clearly enhances inhibitory activity (see circles in Figure 4). 


The eventual role of putative halogen bonding remains unanswered. Basing on X-ray structures of TBBz and TBBt with maize CK2α (see Supplementaqry Figure 1) one can expect that the replacement of one bromine atom by a methyl group should not interfere with halogen-bonding interactions of Br3MeBz with the protein via Br(5) and Br(6), contrary to Br3MeBt complex in which halogen bond between C(4)/C(7) of TBBt and either carbonyl oxygen or sidechain Nε or Arg47 might be disrupted. However, experimental data shows the opposite effect: binding, and activity as well, are much more decresed for Br3MeBz than for Br3MeBt. Moreover, the observed correlation between the DSC-derived enthalpies and ligand pKa strongly supports a predominance of direct hydrogen bonding/electrostatic interactions involving the triazole ring. 
Finally, it should be notted that in physiological conditions Br3MeBt is visibly less dissociated than TBBt, which may decrease the undesired side-effect of mitochondrial membrane depolarization observed for TBBt [24], which is anionic in physiological conditions. 
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 Figure 1. DSC thermograms of hCK2α (solid line) and its 1:1 complexes with halogenated benzotriazoles (A) and benzimidazoles (B). 

Figure 2. Correlation between DSC-derived heat of binding and pKa for dissociation of the ligand triazole/imidazole proton 

Figure 3. Temperature-dependence of fluorescence intensity. Data recorded for CK2α (white squares) and its complexes with three halogenated benzotriazoles (A) and their bezimidazole analogues (B). Solid lines represent models fitted according to Equation 1 
Figure 4. Schematic representation of the effects of bromination of the benzene ring of benzotriazole (Bt). Including interdependence of the pKa of the products with their IC50 for inhibition of protein kinase hCK2α. Black lines link products with the same number of bromine atoms, but substantially differing in pKa and IC50. Horizontal line marks the di- and tri-brominated derivatives with inhibitory activities comparable to that of TBBt. IC50 scale is relative to TBBt activity measured as the reference. 

Table 1. In vitro CK2a inhibition by halogenated benzotriazole and benzimidazole derivatives. 
Table 2. DSC-derived thermodynamic parameters obtained from thermal unfolding of CK2α and its 1:1 complexes. 

Table.3 Parameters of thermal unfolding of CK2α and its complexes - with three halogenated benzotriazoles and their benzimidazole analogues. I0 is the estimated fluorescence of the preotein at 20ºC, and Tm, ΔI(Tm ) and p represent the melting temperature, change in fluorescence upon thermal denaturation, and a rough estimate of the heat of unfolding, respectively (see Equations 1 and 2 )
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