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Abstract

:

The reactive adenosine derivative, adenosine 5′-O-[S-(4-hydroxy-2,3-dioxobutyl)]-thiophosphate (AMPS-HDB), contains a dicarbonyl group linked to the purine nucleotide at a position equivalent to the pyrophosphate region of NAD+. AMPS-HDB was used as a chemical label towards Candida boidinii formate dehydrogenase (CbFDH). AMPS-HDB reacts covalently with CbFDH, leading to complete inactivation of the enzyme activity. The inactivation kinetics of CbFDH fit the Kitz and Wilson model for time-dependent, irreversible inhibition (KD = 0.66 ± 0.15 mM, first order maximum rate constant k3 = 0.198 ± 0.06 min−1). NAD+ and NADH protects CbFDH from inactivation by AMPS-HDB, showing the specificity of the reaction. Molecular modelling studies revealed Arg174 as a candidate residue able to be modified by the dicarbonyl group of AMPS-HDB. Arg174 is a strictly conserved residue among FDHs and is located at the Rossmann fold, the common mononucleotide-binding motif of dehydrogenases. Arg174 was replaced by Asn, using site-directed mutagenesis. The mutant enzyme CbFDHArg174Asn was showed to be resistant to inactivation by AMPS-HDB, confirming that the guanidinium group of Arg174 is the target for AMPS-HDB. The CbFDHArg174Asn mutant enzyme exhibited substantial reduced affinity for NAD+ and lower thermostability. The results of the study underline the pivotal and multifunctional role of Arg174 in catalysis, coenzyme binding and structural stability of CbFDH.
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1. Introduction


NAD+-dependent formate dehydrogenase (FDH, EC 1.2.1.2) catalyzes the reversible conversion of formate anion to carbon dioxide and two electrons [1,2,3]. FDHs, based on their structural features and cofactor requirements are classified into two groups [4]: the NAD+-independent and the NAD+-dependent. NAD+-independent FDHs contain at the active site oxygen-labile compounds (e.g., tungsten, molybdenum, iron-sulfur clusters, selenocysteine). They are sensitive enzymes and therefore, NAD+-independent FDHs appear to have limited suitability in bicatalysis and other biotechnological applications. On the other hand, NAD+-dependent FDHs are stable enzymes and have been exploited in several applications [5,6,7]. For instance, a wide range of FDHs have found successful applications in the development of efficient NAD(H) regeneration systems [6,8,9,10,11], as well as CO2-reduction systems [7,12,13,14,15,16].



Reducing the atmospheric CO2 level and the biological CO2 fixation is of paramount importance to combat global warming and fossil-fuel shortages [17]. The reduction of CO2 using FDHs is considered very attractive since it allows the production of valuable chemicals, such as formic acid and methanol [9,15,18]. Other uses of FDHs include application in analytical biochemistry for the determination of formic acid in biological and clinical samples [19,20] and use as antidote against methanol poisoning cases [21,22]. Therefore, the study of the structure and functional properties of FDHs is of both academic and practical interests.



The Rossmann fold (or mononucleotide-binding motif) is one of the most common and widely distributed super-secondary structure of many enzymes that recognize NAD(H), NADP(H) and related cofactors [23,24]. The Rossmann fold is formed by two α-helices and three β-strands in the alternating pattern βαβαβ. The pyrophosphate binding region of the Rossmann fold is positioned at the N-terminus of the first α-helix, formed by conserved Gly residues. This glycine-rich phosphate-binding loop contains three Gly residues arranged as GXGXXG, where X: is any amino acid residue [23,24].



The identification of specific binding sites and reactive residues in proteins is a useful strategy in protein biochemistry [25,26,27]. Chemical modification, molecular modelling and affinity labelling are powerful methods for investigating the structural role, the reactivity and chemistry of specific residues [28,29,30,31,32]. Modification of arginine residues using dicarbonyl compounds is a common method to identify functional or reactive arginine residues in proteins [33,34,35]. Several dicarbonyl compounds have been utilized and the most effective ones are phenylglyoxal, 2,3-butanedione and cyclohexanedione. Since these compounds do not provide specificity and are able to react with all the solvent exposed Arg residues, the chemical labelling approach using such dicarbonyl compounds is very challenging [33,34,35,36]. For example, previously published work showed that 2,3-butanedione is able to react with 12 Arg residues in bacterial FDH, although the primary target of 2,3-butanedione is the active-site Arg residue [37].



The reactive adenosine derivative adenosine 5′-O-[S-(4-hydroxy-2,3-dioxobutyl)]-thiophosphate (AMPS-HDB), contains a dicarbonyl group linked to the purine nucleotide at a position such that it can structurally mimics the pyrophosphate region of NAD+ (Figure 1). AMPS-HDB is expected to bind to nucleotide binding enzymes and function as a chemical label for nucleotide sites [38]. Similar analogues have been used as affinity labels for other enzymes [32,38].



The FDH from the methylotrophic yeast Candida boidinii (CbFDH) has been used as a model formate dehydrogenase in enzymology [1,3,4,5]. Furthermore, detailed studies of CbFDH are justified by the considerable biotechnological potential of this enzyme. For example, protein engineering studies of CbFDH, aiming to alter its coenzyme specificity (NADP+ vs NAD+) is of practical importance for the development of an efficient enzyme useful in NADP+ regeneration systems [5]. To this end, the characterization of coenzyme binding residues can guide rational redesign approaches.



In the present work, chemical modification, site-directed mutagenesis and biocomputing analysis were employed to provide new knowledge on the structure and function of CbFDH. The approach is expected to be useful to extent the range of available methodologies and in complementing the information obtained through X-ray crystallography and other biophysical methods.




2. Results and Discussion


2.1. Structural Context


Analysis of the crystal structure of CbFDH (PDB code 5DN9) revealed the presence of the conserved pyrophosphate-binding site at the Rossmann fold [23,24]. This site forms a loop, composed by three conserved Gly residues arranged in the patterns GXGXXG (Figure 2A). In all FDHs, the first amino acid residue after the second Gly residue is an arginine residue (Arg174 according to CbFDH numbering, Figure 2A). The plausible function of Arg174 is its participation in electrostatic binding and orientation of the pyrophosphate group of the coenzyme to the NAD(H) site. This residue is exposed to the solvent and is accessible for chemical modification, allowing the investigation of its reactivity and contribution to coenzyme binding and catalysis by chemical means. Arg174 (Figure 2B,C) is involved in a wide range of interactions with neighbour residues and establishes direct interaction with the pyrophosphate group of NAD+ with distance 2.94 Å. The exact interaction pattern of Arg174 is shown in Figure 2B. Arg174 also undergoes large structural rearrangement upon NAD+ binding (Figure 2D). In particular, its side chain is moved 2 Å towards coenzyme, contributing to the induced fit adaptation that is operated by CbFDH [1,6].



The reactive adenosine derivative, AMPS-HDB (Figure 1) possesses a dicarbonyl group at the 5′-position of ribose, equivalent to the pyrophosphate region of NAD+ [39]. Since the reactive dicarbonyl group is located adjacent to the 5′-position, AMPS-HDB is expected to react with Arg residues at the pyrophosphate region (e.g., Arg174) of the adenine nucleotide-binding site of CbFDH.




2.2. Kinetics of Reaction of AMPS-HDB with CbFDH


Incubation of CbFDH with 0.3 mM AMPS-HDB at 25 °C and pH 8.0 resulted in time-dependent loss of enzymatic activity (Figure 3). In contrast, the control enzyme, incubated in the absence of AMPS-HDB, under identical conditions, displayed no loss of enzyme activity. The plot of residual activity versus incubation time was linear as shown in Figure 3, indicating a pseudo-first order kinetics with a rate constant 0.059 min−1.



CbFDH was incubated with 0.05–0.5 mM of AMPS-HDB as described above, to determine the rate of inactivation at different AMPS-HDB concentrations. The dependence of the observed rate of inactivation on AMPS-HDB concentration is depicted in Figure 4. The hyperbolic dependence that was found is typical for a reaction that obeys pseudo-first order saturation kinetics [34,40,41]. This is consisted with the formation of a reversible enzyme:AMPS-HDB complex (Michaelis binary complex), prior to covalent modification of the enzyme.



Therefore, the inactivation kinetics of CbFDH fit the Kitz and Wilson model for time-dependent, irreversible inhibition, according to the following Equation (1) [34,40,41,42,43]:


  E   +   A M P S − H D B    ↔   K D    E : A M P S − H D B  →   k 3    E   −   A M P S − H D B  



(1)




where: E is the free enzyme; E:AMPS-HDB is the Michaelis binary complex and E-AMPS-HDB is the covalent product. The steady-state rate equation can be described by the following Equation (2) [40]:


   k  o b s     =    k 3    A M P S − H D B   /    K D    +     A M P S − H D B      



(2)




where: kobs is the observed rate of inactivation (min−1) for each AMPS-HDB concentration; k3 is the maximum rate of inactivation (min−1), and KD is the apparent dissociation constant of the Michaelis binary complex. A least squares fit of the experimental data yields, KD 0.66 ± 0.15 mM and apparent maximum rate constants (k3) 0.198 ± 0.06 min−1 (Figure 4).



Extensive investigations have establish that the mechanism and the reactivity of the guanidino group of Arg residues with dicarbonyl compounds depend on the pKa of the guanidino group [36]. Although the guanidino group of arginine is very basic (pKa 12.5 in free arginine), it is the unprotonated free base that reacts with dicarbonyl compounds [35,36]. The modification of CbFDH by AMPS-HDB presumably proceeds through the pathway utilizing the unprotonated form of Arg174 (Scheme 1). CbFDH was inactivated in the presence of borate ions, borate ions contribute to the formation of a stabilized cyclic borate ester [35,36].



Since the reactivity of individual arginyl side-chains toward dicarbonyl compounds is primarily affected by the pKa value of the guanidinium group, we can assume that Arg174 has a slightly perturbed pKa. This is probably due to the strong positive electrostatic potential of the pyrophosphate-binding site as (Figure 2E). The strong positive electrostatic potential can affect the pKa of Arg174, enhancing its reactivity toward the AMPS-HDB. Certainly, the pKa of Arg174 can not be altered significantly to assume that it has lost its positive charge under the conditions employed in the present study.




2.3. Effect of Substrates on the Reaction of AMPS-HDB with CbFDH


The specificity of the reaction can be evaluated by the ability of native enzyme’s ligands (e.g., substrate, inhibitor) to influence (promote or inhibit) the rate of inactivation [34,44,45,46,47]. In the present work, the effect of the substrates, formate, NAD+ and NADH on the reaction of AMPS-HDB with CoFDH was investigated (Figure 5). In the absence of protecting ligands, CbFDH retained less than 4% activity after incubation with 0.1 mM AMPS-HDB for 20 min. However, in the presence of NAD+ and NADH the enzyme retained >80% of its initial activity (Figure 5A). These observations indicate that the nucleotides compete with AMPS-HDB in occupying the target site on CbFDH. In contrast to nucleotides, formate fails to protect CbFDH from inactivation, even at high concentration (50 mM, data not shown). This is probably due to the compulsory ordered Bi-Bi kinetic mechanism that is obeyed by the enzyme [1,6]. According to this mechanism, the enzyme binds formate after the formation of the binary enzyme:NAD+ complex. Therefore, enzyme:formate binary complex is not formed under the typical assay conditions.




2.4. Site-Directed Mutagenesis of Arg174 Mutant Enzyme


To provide further experimental evidence and establish the involvement of Arg174 in the reaction with AMPS-HDB, site-directed mutagenesis experiments were carried out. Arg174 was mutated to Asn, and the mutant enzyme was subjected to inactivation studies (Figure 5B). Asn is a polar amino acid with smaller side-chain, compared to Arg. The smaller size allows the correct local folding of the protein, avoiding large structural perturbations. We avoided the substitution of Arg174 with Lys, since the ε-amino group of Lys is able to react with carbonyl compounds through the formation of Schiff base.



The results showed that the mutant enzyme was completely resistant to inactivation by AMPS-HDB, compared to the wild-type enzyme. This experiment demonstrates that Arg174 reacts with is AMPS-HDB, as predicted by the preceding labelling and molecular modelling studies. Comparison of the circular dichroism (CD) spectra of native and mutated enzyme indicated the absence of any significant structural perturbation caused by the mutation (see Supplementary Figure S1). This observation rules out the possibility that the resistance to inactivation of the Arg174Asn mutant enzyme was due to conformational changes in the structure of the enzyme.




2.5. Kinetics and Stability Analysis of the Wild-Type and Mutant Arg174Asn Enzymes


Kinetic analysis of the wild-type and mutant enzymes was achieved and the results are listed in Table 1. The results showed that the mutant Arg174Asn enzyme displays unchanged Km value for formate (3.1 ± 0.2 mM). On the other hand, the mutant enzyme shows higher Km value for NAD+ (1.27 ± 0.1 mM), compared to the wild type enzyme.



The dramatic increase (~32-fold) of Km value for NAD+ suggests a role of Arg174 as one of the main structural determinant affecting the affinity of CbFDH for coenzyme. Kinetic inhibition studies indicated that NADH and AMP are competitive inhibitors with respect to NAD+. As shown in Table 1, the Ki value of each compound is increased significant for the mutant enzyme, suggesting that the affinity of the enzyme for NADH and AMP has been perturbed. In addition, the reduction of kcat observed for the mutant enzyme presumably underline the pivotal role of Arg174 in the productive binding and correct orientation of coenzyme in the enzyme’s active site or in the transition state formation (activation energy).



To investigate the effect of single-point mutation on the activation energy of the catalytic reaction we studied the effect of temperature on Vmax. The fitting of experimental data to the Arrhenius equation showed a linear dependence for both the wild-type and mutant enzymes (Figure 6). The mutant enzyme exhibits higher activation energy (18.9 ± 1.1 kJ/mol), compared to the wild-type enzyme (15.5 ± 1.1 kJ/mol), confirming the contribution of Arg174 to the transition state formation of the catalytic reaction [48,49].



To assess whether the mutation of Arg174 had an effect on the structural stability of the CbFDH, thermal inactivation studies were performed (Figure 7). The results showed that the mutant enzyme displays lower Tm value (58.7 ± 0.6 °C), compared to the wild-type enzyme (62.2 ± 0.4 °C) (Figure 7A). In addition, study of the time course of thermal inactivation at 60 °C showed that the wild-type and mutant enzyme retain about 72 and 20% of their initial activity, respectively, after 50 min (Figure 7B). Arg174 plays a central role in the formation of the nucleotide-binding site and is involved in a large number of interactions (Figure 2B). Previously published works have established that Arg residues in proteins contribute significantly to protein stability through the formation of strong electrostatic interactions [44,45]. In particular, the guanidinium group of Arg enables the formation of electrostatic interactions in three possible directions, which allows the development of a larger number of electrostatic interactions [44,45,46,47]. The relative high pKa of the guanidinium group in Arg residues (~12.5) contributes to the formation of more stable and stronger electrostatic interactions, compared to that formed by Lys or His residues. Noteworthy, comparisons of the sequences of the thermophile-mesophile homologous protein pairs indicated that Arg is significantly more frequent in thermophilic proteins [50].





3. Materials and Methods


3.1. Materials


NAD+ (crystallised lithium salt, ca. 100%), NADH (disodium salt, grade II, 98%), ADP (disodium salt, 98%) and crystalline bovine serum albumin (fraction V) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Molecular biology reagents were obtained from Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA). The nucleotide analogue AMPS-HDB was synthesized as previously described by Vollmer et al., 1994 [38] for the 5′-O-[S-(4-bromo-2,3-dioxobutyl)]-thiophosphate. The replacement of the 4-bromo group by hydroxyl-group was achieved by incubation (5 h) in 0.03 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer, pH 7.0 at 25 °C as previously described [38]. The structure was verified by electrospray tandem mass spectrometry (ESI/MS/MS) as described in [51].




3.2. Methods


3.2.1. CbFDH Assays


Enzyme assays were performed at 25 °C according to a published method [5,52]. One unit of enzyme activity is defined as the amount that catalyses the conversion of 1 μmol of NAD+ to NADH and carbon dioxide per minute.




3.2.2. Determination of Protein Concentration


Protein concentration was determined by the Bradford method using crystalline bovine serum albumin (fraction V) as standard [53].




3.2.3. Expression and Purification of CbFDH


Recombinant CbFDH was cloned and expressed in E. coli BL21(DE3) and purified by affinity chromatography on Cibacron Blue 3GA affinity column, as reported previously [5].




3.2.4. Enzyme Inactivation and Inhibition Studies


Inactivation of the pure CbFDH (1 U) by AMPS-HDB was carried out in experimental incubations that contained AMPS-HDB (0–0.5 mΜ) added in 50 mM borate buffer, pH 8.0. Identical control incubations in the absence of AMPS-HDB were also carried out. Aliquots (10–100 μL) were withdrawn at given time intervals and assayed for CbFDH activity. Enzyme activity was plotted as log % of the initial (zero time) enzyme activity versus time in the experimental mixture. In protection studies, the control and experimental mixtures contained the same concentration of NAD+ (1 mM), NADH (1 mM), sodium formate (50 mM) and AMPS-HDB (0.1 mM). Inactivation rates were measured using the GraphPad Prism 5.0 software program. Inhibition studies with NADH (0.02–0.08) and AMP (2–10 mM) were conducted as described by Kato et al., 1979 [54], using NAD+ as a variable substrate (0.02 to 0.5 mM) in the presence of a saturation level of formate (50 mM).




3.2.5. Site-Directed Mutagenesis


Site-directed mutagenesis was performed according to the unique site elimination method [55] as described elsewhere [52]. The oligonucleotide primer sequences that was used for the construction of the Arg174Asn mutation were: 5′-GGTGCCGGTAA*T*ATTGGTTACAGA-3′.




3.2.6. Kinetic Analysis of Wild-Type and Mutant Enzymes


Steady-state kinetic measurements were performed in 0.1 M potassium phosphate buffer, pH 7.5 as described elsewhere [5,52]. All initial velocities were determined in triplicate. The kinetic parameters kcat and Km were calculated by non-linear regression analysis of experimental steady-state data using the GraphPad Prism 5.0 software program.




3.2.7. Effect of Temperature on Enzyme Activity


The dependence of the enzyme activity on temperature was measured at different temperatures (10–60 °C) and analysed by the Arrhenius plot [48,49,56].




3.2.8. Thermal Stability of the Wild-Type and Mutant Enzyme


Thermal inactivation of the wild-type and mutant Arg174Asn enzyme was monitored by activity measurements in 100 mM potassium phosphate buffer pH 7.4. Enzyme samples, were incubated (40 to 70 °C) for 20 min and following incubation, enzyme samples were assayed for residual FDH activity. The enzyme activity data were plotted as relative inactivation (%) versus temperature (°C). The Tm values (the temperature at which 50% of the initial enzyme activity is lost after heat treatment) were determined from such plots using the GraphPad Prism 5.0 software program. The time course of thermal inactivation of the wild-type and the mutant Arg174Asn was determined at 60 °C in 100 mM potassium phosphate buffer pH 7.4.






4. Conclusions


In conclusion, we have presented a combination of protein chemistry and protein engineering studies to characterise an important amino acid residue of CbFDH that interacts with NAD+. AMPS-HDB is a dicarbonyl nucleotide analogue suitable for probing the reactivity and structural role of critical arginyl residues in nucleotide-binding enzymes. The interaction of AMPS-HDB with CbFDH consistent with the two-step Kitz-Wilson model. Site-directed mutagenesis established that Arg174 is the target residue of AMPS-HDB. Kinetics analysis showed that Arg174 plays critical role in coenzyme binding and contributes to enzyme’s structural stability. The results of the present work also illustrate that AMPS-HDB can be used for assessing the functional and structural role of a particular Arg residue, located at the pyrophosphate-binding region of the Rossmann fold, in other enzymes and proteins.
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Figure 1. The structure of the the reactive adenosine derivative, adenosine 5′-O-[S-(4-hydroxy-2,3-dioxobutyl)]-thiophosphate (AMPS-HDB) (A). The structure of the ADP part of NAD+ is also presented (B), for comparison. Where R: nicotinamide ribose part of NAD+. 
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Figure 2. Structural analysis. (A) Aminoacid sequence alignments of NAD+-binding region of plant, bacteria, fungi and yeasts FDHs. Abbreviations and National Center for Biotechnology Information (NCBI) accession codes are: FDH_Cb, CAA09466; FDH_Sc, NP_015033, FDH_Pan, P33677; FDH_Cal, XP_711169; FDH_Psp, P33160; FDH_Tsp, BAC92737; FDH_Ath, NP_196982; FDH_Stu, Q07511; FDH_Osa, NP_001057666; FDH_Qro, CAE12168; FDH_Hvu, Q9ZRI8; FDH_Aca, AAV67968; FDH_Ani, XP_664129; FDH_Mgr, AAW69358; FDH_Gze, XP_386303; FDH_Ncr, XP_961202. The alignments were created using Clustal O. The secondary structure of CbFDH (PDB code 2FSS) and numbering are shown above the alignment. The arrow below the alignments depicts Arg174. (B) Asteroid Plot of interactions of Arg174 in NAD+-free (i) (Protein Data Bank code: 5dna) and NAD+-bound (ii) (Protein Data Bank code: 5dn9) structures. The inner ring indicates first shell of immediate atomic contacts. The outer ring indicates second shell of extended atomic contacts. The size of the circle is proportional to the total number of contacts that each residue is involved in with any of the residues in the ring inward to it. The diagrams were created by Protein Contact Atlas [38]. (C) Diagram of the subunit of CbFDH with NAD+ bound to the active site. (D) Movement of Arg174 upon NAD binding. (i) The conformation of Arg174 in NAD+-bound structure (PDB code: 5dn9, colored grew). (ii) The conformation of Arg174 in NAD+-free structure (PDB code: 5dna, colored brown). Both structures (5dn9 and 5dna) were superimposed. (E) Coulombic surface coloring of the electrostatic potential in the NAD+ binding site. NAD+ is shown in stick representation and colored according to the atom type. 
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Figure 3. Inactivation of recombinant CbFDH by AMPS-HDB. Enzyme was incubated in the absence (♦) and in the presence of AMPS-HDB: 0.05 mM (•); 0.1 mM (■); 0.2 mM (▲); 0.3 mM (▼); 0.5 mM (◊); at pH 8.0 and 25 °C. At the times indicated, aliquots were withdrawn and assayed for enzymatic activity. 
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Figure 4. Dependence of the pseudo-first-order rate constant of inactivation (kobs) on the concentration of AMPS-HDB. CbFDH was incubated with various concentrations of AMPS-HDB (0–0.5 mM) and the pseudo-first-order rate constants for the inactivation reaction were calculated from the plots as illustrated in Figure 1. 
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Scheme 1. The reaction of an Arg residue with dicarbonyl compound in borate buffer. 
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Figure 5. The effects of nucleotides and mutation at position 174 on the inactivation of CbFDH by AMPS-HDB. (A) Time course of inactivation of CbFDH by AMPS-HDB (0.1 mΜ) at pH 8.0 and 25 °C, in the absence (●) or in the presence of NAD+ (■, 1 mM) or NADH (▲, 1 mM). (B) Inactivation of the mutant enzyme Arg174Asn by AMPS-HDB (0.1 mΜ) (■). At the times indicated, aliquots were withdrawn and assayed for enzymatic activity. 
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Figure 6. Effect of temperature on Vmax for the wild-type and the mutant Arg174Asn enzyme. The data were fitted to the Arrhenius equation for the wild-type, (●); and for the mutant (○) enzyme. 
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Figure 7. Effect of point mutation on thermal stability. (A). The residual activities of the wild-type enzyme (●) and the mutant enzyme Arg174Asn (■) were measured after heat treatment at various temperatures (°C). (B). Time course of thermal inactivation of the wild-type enzyme (●) and the mutant enzyme Arg174Asn (■) at 60 °C. At indicated times, enzyme samples were removed and assayed for residual FDH activity. 
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Table 1. Steady-state kinetic parameters for the wild-type and mutant Arg174Asn enzymes.
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	Enzyme
	Km, (μM)

(NAD+)
	Km, (mM)

(Formate)
	kcat

(% of the Wild-Type)
	Ki (mM)

(NADH)
	Ki (mM)

(AMP)





	Wild-type
	0.04 ± 0.003
	2.4 ± 0.1
	100
	0.03 ± 0.005
	1.6 ± 0.1



	Arg174Asn
	1.27 ± 0.1
	3.1 ± 0.2
	17.5
	1.1 ± 0.05
	9.2 ± 0.3
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