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Abstract

:

Glutaredoxins (GRXs) are a class of enzymes used in the reduction of protein thiols and the removal of reactive oxygen species. The CPYC active site of GRX is a plausible metal binding site, but was previously theorized not to bind metals due to its cis-proline configuration. We have shown that not only do several transition metals bind to the CPYC active site of the Brucella melitensis GRX but also report a model of a dimeric GRX in the presence of silver. This metal complex has also been characterized using enzymology, mass spectrometry, size exclusion chromatography, and molecular modeling. Metalation of GRX unwinds the end of the helix displaying the CPYC active site to accommodate dimerization in a way that is similar to iron sulfur cluster binding in related homologs and may imply that metal binding is a more common occurrence in this class of oxidoreductases than previously appreciated.
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1. Introduction


Glutaredoxins (GRXs) are proteins that utilize dithiol reduction for maintenance of the intracellular redox state [1]. GRX’s redox centers consist of either a dithiol active site (CPYC) or a monothiol active site (CGFS) with the former typically associated with oxidoreductase reactions and the latter principally associated with iron sulfur cluster formation/maturation [1,2,3,4]. GRXs have also been shown to have a role in metal detoxification [5,6] and have been implicated in several indirect and direct interactions with metals [7,8,9]. One such way that GRX interacts with metal ions is through the redox control of cysteines on chaperones and other metalloproteins, regulating the binding of metals such as copper [10]. ATOX1 is a copper chaperone for ATP7a and ATP7b, reliant on GRX for the reduction of thiols in the CXXC copper binding site [11]. The interaction of ATP7a and ATP7b with GRX remains dependent on the concentration of copper [12] and knockdown of GRX1 in drosophila disrupts copper homeostasis [13]. The thiols in these proteins are required for both redox maintenance and metal binding. Interestingly, most metallochaperones have similar active sites, with the general CXXC motif found throughout many proteins. This begs the question why do metal ions prefer the configuration of the CXXC motif in metallochaperones, as opposed to the CPYC site in GRX and other thioredoxin fold proteins? One hypothesis for this specificity that had been proposed is that the proline in the GRX active site prevents metal binding and/or the dimerization required for metal transfer [14]. However, more recent research has indicated that copper ions can bind within GRX’s active site unhindered by these prolines [15,16]. Instead, other metallochaperones, such as ATOX1, with a higher metal affinity, outcompete GRX for metal cations [15]. In addition, some proline-containing active site GRXs have been shown to form complexes to iron–sulfur clusters [17,18,19,20] suggesting that the notion that CPYC GRXs are always associated with redox chemistry while CGFS GRXs are always associated with metal atom/cluster transfer is an oversimplification [21]. This research suggests a potential for CPYC motifs to coordinate a variety of metal atoms, contrary to this well-defined “role” classification. This ability of CPYC sites to bind metal atoms could be a target for several metal-based drugs in use, supporting their overlapping alteration of redox systems.



One class of metal-based therapeutics, with possible antioxidant properties, employs silver ions as a treatment for infections. Silver salts have traditionally been utilized as antimicrobials, with a resurgence in modern medicine for preventing infection during the treatment of severe burn [22]. Recent research has worked towards adapting silver(I) for the treatment of drug resistant bacterial infection [23,24,25,26,27], and the treatment of cancers [28,29,30,31]. While the exact mechanism for silver(I) ion’s effectiveness as an antimicrobial is not fully understood, multiple studies point to its ability to increase reactive oxygen species (ROS) [32,33,34,35]. Silver ions have also been shown to target small molecules containing thiol [36]. In addition, silver was implicated in the upregulation of expression of the GRX1 gene [37]. As GRXs are integral proteins in the processing of intracellular ROS and contain the CPYC site, we suggest that silver can directly target GRX proteins during this silver-mediated ROS amplification process.




2. Materials and Methods


2.1. Protein Expression and Purification


The plasmid containing the sequence for Brucella melitensis GRX was obtained from the Seattle Structural Genomics Center and a C70S mutation was introduced using Quick Change II site directed mutagenesis kit (Agilent, Santa Clara, CA, USA). The plasmid containing the B. melitensis GRX C70S mutation was transformed in to BL21(DE3) E. coli cells and grown in M9 minimal media supplemented with 15N ammonium chloride for chemical shift perturbation experiments or 15N ammonium chloride and 13C glucose for structural studies. Cells were grown at 37 °C until an OD600 of 0.5 at which point the temperature was reduced to 18 °C, cells were induced with 1 mM isopropylthio-β-galactoside (IPTG), and grown for 18 h overnight. Cells were harvested via centrifugation, lysed via French press, and purified using a two-step His-Trap affinity purification with a buffer consisting of 20 mM Tris pH 8, 200 mM NaCl, 2 mM dithiothreitol (DTT), and 20 mM imidazole and an identical elution buffer with 400 mM imidazole. The 6x-His tag was removed using human rhinovirus (HRV 3C protease prior to a second His-Trap column to separate the tag and protein. The purified protein was exchanged into 50 mM MES buffer pH 6.5 with 2 mM DTT and concentrated to 2 mL under nitrogen gas using a stirred cell. At this point, the protein was treated with 50 mM tris(2-carboxyethyl)phosphine (TCEP) and incubated a 4 °C for 1 h then diluted to 10 mL with degassed 50 mM MES pH 6.5 and buffer exchanged in a stirred cell under nitrogen gas until the concentration of TCEP was estimated to be less than 0.01 mM. Previous samples prepared via dialysis in an argon-filled glove-bag behaved identically to those from the stirred cell so that latter method was used subsequently.




2.2. Chemical Shift Perturbation Studies


Experiments were performed on 15N labeled C70S mutant of GRX using a 15N HSQC to monitor shift changes associated with metal ions. The following metal salts and compounds were used: silver hydroxybutyrate, copper(II) chloride, copper(I) chloride, zinc(II) acetate, nickel(II) sulfate, and cobalt(II) chloride. The nickel(II), cobalt(II), and mercury(II) chemical shift perturbation (CSP) studies were performed using 0.67 mM protein on a 500 MHz Agilent spectrometer equipped with a broadband HCX probe. The copper(I), copper(II), zinc(II), and silver(I) titration experiments were performed with 1 mM protein on a 750 MHz Agilent INOVA spectrometer equipped with a triple axis cryogenic probe. Normalized chemical shifts for the silver(I) titrated sample were calculated using the following equation:     Δ  δ 2  H N + 0.100 × Δ  δ 2    N  .



Glutathione CSP studies were performed with 1 mM 15N GRX C70S premetalated to a ratio of 0.5 to 1 metal to protein. The protein was titrated with GSH up to 3.5 mM in the case of the copper metalated sample and up to 16 mM GSH for the silver metalated sample. A reference CSP of GSH with 1 mM apo protein was collected up to a concentration of 5 mM GSH. All experiments were performed on a 750 MHz Agilent Inova spectrometer equipped with a cryogenic probe.




2.3. Size Exclusion Chromatography


A 20 mL superose-12 column was calibrated with a LMW Calibration Kit (GE) in the presence of 50 mM MES pH 6.5. GRX samples were subjected to various conditions, either reduced with an excess of TCEP, 0.5 molar equivalents of silver to protein, or reduced with excess TCEP and buffer exchanged under inert gas (NMR sample preparation).




2.4. Determination of τc


Rotational correlation times (τc) were calculated from the T1 and T2 relaxation rates of the silver(I) metalated and apo protein. Experiments were measured on a 0.67 mM protein. For T1, the relaxation values were varied from 0 to 1900 ms and, for T2, the delay was varied from 10 to 110 ms. All experiments were collected on 750 MHz Agilent Inova spectrometer equipped with a cryogenic probe. Data were analyzed in CcpNMR.




2.5. Protein NMR Data Collection and Resonance Assignment


Protein assignments were performed using the standard methodology [38]. All data were collected on a 750 MHz Agilent INOVA equipped with a triple axis cryogenic probe. The following experiments were collected for sequential assignments: HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH. Side-chains were assigned using the HCCH-TOCSY, HBHACONH, 15N, and 13C NOESY-HSQC. NMR data were processed in NMRpipe [39] and analyzed via CcpNMR version 2 [40].




2.6. Structure Calculations


NOE cross peaks obtained from a 15N NOESY-HSQC and 13C NOESY-HSQC in 95% H2O to D2O mix (mix = 150 and 100 ms respectively). Dihedral angle restraints derived from 1Hα, 15N, 13C, and 13Cβ assignments using DANGLE [41] were used in structure calculation, except for those residues that contained two islands in the Ramachandran plot and those in the CPYC active site. Structure calculation and automated NOE assignment were performed using CYANA [42,43]. A final ensemble of 20 structures was analyzed and deposited into the PDB [44].




2.7. Molecular Modeling of Ag Dimerized GRX


A dimer model of the PDB coordinates of the final output from CYANA were created by aligning a duplicate for each of the twenty calculated structures onto the Fe2S2 induced dimer of E. coli glutaredoxin (PDB 2WCI) using the MUSTANG algorithm [45]. This model was chosen due to the combination high-quality template (1.9 Å crystal structure) and because it had the highest sequence identity to the B. meletensis Grx. Initial dimer docking studies using AutoDock [46] for 50 predictions on 5 rotamer ensembles was unable to generate a single conformation with a positive binding energy; thus, the PDB dimer of 2WCI was used as an initial template. Following removal of the template structure (PDB: 2WCI), distances of the catalytic cysteines in the respective monomers of the dimer model, i.e., 16C in both, within the dimer interface were calculated; selecting the model with a 5 Å distance is optimal for Ag insertion. A Zn ion was added into the active site and a spring of 2.5 Å was added between each sulfur of 16C to the Zn. Energy minimizations were then performed on the dimer with pH of 7.4, water at 0.997 g/mL, and NaCl mass fraction of 0.9% using the AMBER03 [47] force field. Molecular dynamics (MD) simulations were then performed on the Zn (2.5 Å linked) dimer or on a single monomer of GRX for 10 nanoseconds each. The Zn was replaced with a silver atom (Van der Waals radius of 172 pm) for imaging.




2.8. Mass Spectrometry


The protein used for ESI-MS was reduced in a similar manner as those for NMR experiments, with the substitution of 50 mM ammonium acetate (pH 5.1) in place of the 50 mM MES. Samples were titrated with either zero or 0.5 equivalents of silver, at a concentration of 15 pmol/µL (15 uM). The samples were analyzed on a 5600+ TripleToF Mass Spectrometer (AB SCIEX, Framingham, MA, USA) in positive mode. Parameters were optimized to achieve maximum sensitivity. A ToF MS scan was selected to survey scan for the mass range of 800–4000 Da, with an accumulation time of 250 ms for precursor ion acquisition. The ion source nebulizer gas (GS1) used was set at 18 psi, heater gas (GS2) was 18 psi, and the curtain gas (CUR) was 20 psi. The monomer and dimer reconstruction was processed with relative intensity via the Bio Tool Kit plugin in PeakView® (Ab Sciex).




2.9. HEDS Assay


Silver mediated inhibition of GRX activity was monitored using the bis(2-hydroxyethyl) disulfide (HEDS) assay originally proposed by Nagai and Black in 1968 [48]. The HEDS protocol followed here was adapted from Zaffagnini, et al. with the notable elimination of EDTA as a reaction component to avoid chelation of silver cations [49]. A reaction mixture containing 0.7 mM HEDS, 1 mM reduced GSH, 0.1 mg/mL BSA, 6 µg/mL GSH reductase, and 0.2 mM NADPH was assembled in 100 mM HEPES, pH 7.9. To this, silver cations were added to sample concentrations using a 50 mM silver acetate stock solution in water. The reaction mixture was separated into a sample and reference cuvette and after a 3-min incubation GRX was added to the sample cuvette with an equal amount of buffer to the reference cuvette. Activity was monitored by the GSH reductase catalyzed oxidation of NADPH at 340 nm using a Shimadzu UV-1800 spectrophotometer. Isolated GRX activity was observed from the change in absorbance at 340 nm in the sample cuvette versus the reference cuvette as a subtraction from the baseline NADPH oxidation rate in the reference cuvette. GRX activity was calculated from the first 30 s of each reaction and activity was expressed as mM of NADPH oxidized/min. Three replicates were collected for each condition and error bars were generated from the standard error.





3. Results


3.1. NMR Data Indicate That Multiple Metals Can Bind to the CPYC Active Site


The CPYC active site of GRX is similar to the CXXC metal binding motif of other metalloproteins, thus it was tested if various metals could bind to the CPYC active site. Chemical shift perturbation (CSP) studies with various transition metals (Table 1 and Supplemental Figure S1) indicate that silver(I), copper(I), copper(II), and mercury(II) ions all bound to the active site of the protein. All of the metals bind to GRX through slow exchange kinetics implying that they are relatively stable long-lived complexes. Interestingly, the CSP experiments show that many of these metals bind with stoichiometries around 0.5:1 (metal to protein). Closer analysis of titrations involving silver ions binding to GRX show major chemical shift changes occurring at the residues in the CPYC active site and adjacent to the site (Figure 1). The largest chemical shift changes occur at 13R, 18Y, and 19C, indicating that these resonances must undergo a large rearrangement to accommodate the binding of a metal ion.



Both copper(I) and copper(II) had a different CSP shift pattern than that observed for silver(I), therefore, copper binding was further investigated at the CPYC active site. Copper ions are known to bind many proteins [50,51,52,53,54,55,56,57] and commonly coordinate the CXXC motif in proteins such as ATOX1 [58] and the fourth domain of the Menkes disease-associated protein [46]. Similar amino acids experienced shifts in both copper-metalated spectra, but the key residues that experienced the greatest chemical shifts were 13R, 16C, 18Y, and 19C. These, however, did not shift as extensively compared to the silver(I) titrated spectrum. The smaller shifting patterns in the copper metalated spectrums (Figure 2a) are likely a result of the smaller ionic radii of copper(I) and copper(II) in comparison to that of silver(I) (91 pm and 87 pm for Cu(I) and Cu(II) respectively and 129 pm for Ag(I)). The smaller ionic radii would require less movement of the protein to accommodate the size of the metal ion. CSP experiments for both copper(I) and copper(II) also has nearly identical spectra (Figure 2b) with only minimal line broadening in the copper (II) titrated spectrum. This is indicative of the reduction of copper(II) to copper(I) by the cysteine in GRX, although future cyclic voltammetry studies would be required to confirm this assertion. Thiols, like those found in GRX and glutathione (GSH), are effective reducing agents and GSH is known to reduce copper(II) to copper(I) [59]; what residual CSP and line broadening is present may be from residual copper(II).




3.2. Cysteine Chemical Shifts Reveal Cysteine Bound to Silver


Chemical shifts of the alpha carbon (Cα) and beta carbon (Cβ) of cysteines are diagnostic of their chemical states, particularly their oxidation, and metal ion binding states. The values of the expected chemical shifts for cysteines participating in disulfide bonds can range from roughly 54–58 ppm for Cα and 38–43 ppm for Cβ, depending on the secondary structure of the molecule [60]. Reduced thiols have Cα and Cβ chemical shifts of 56–62 ppm and 26–29 ppm, respectively (also dependent on the secondary structure). Cysteines bound to metals are known to exhibit shifts similar to those observed with reduced cysteines for Cα and Cβ. Zinc binding produces chemical shifts corresponding to 59.27 ± 2.12 ppm and 30.89 ± 1.01 ppm for the Cα and Cβ respectively [61]. The previously reported NMR structure of the apo GRX from Brucella melitensis [62] was compared with that of the silver-metalated form (determined here), revealing differences in the cysteine’s chemical shifts between the two structures (Supplemental Table S1). Both C16 and C19 have Cβ shifts around 31 ppm, which is expected for the metal-liganded form of the protein. These values are consistent with other structures of proteins determined via NMR spectroscopy with CXXC metal binding motifs [54].




3.3. The NMR Structure of Silver Metalated GRX Requires Remodeling of the CPYC Active Site to Accommodate the Metal Ion


We determined the structure of a C70S mutant of the Brucella melitensis GRX bound to silver with a backbone RMSD of 0.6 Å (Table 2). The GRX for Brucella melitensis contains one cysteine (C70) that occurs outside the active site. Thus, the residue was mutated to prevent nonspecific metal interaction and/or protein aggregation during removal of chemical reductants from sample buffers. As suspected from the CSP experiments, the binding site for silver occurs in the CPYC active site. Silver metalated GRX maintains the thioredoxin like fold (Figure 3a) with a few differences from the apo structure. Structural alignment between the apo protein and the silver metalated form (Figure 3b) reveals that the structures differ on average by 1.6 Å among Cα atoms over all residues. Helix 1 in the structure experiences significant unwinding to further open the CPYC active site that normally sits at the top of the helix. This unwinding opens up the loop region between the first β-strand and the first helix, corresponding to the residues with the largest chemical shift changes observed in the CSP experiments. Helix 2 is angled diagonally across the β-sheet in the silver-liganded structure, whereas, in the non-metalated protein this helix is generally perpendicular to the axis of the β-sheet. These large structural differences also cause other slight modifications in additional regions of the metalated protein.



The silver-metalated GRX additionally contains a uniquely oriented cysteine (16C), in the CPYC active site, with the side-chain pointing outward into the solvent. This outward orientation of the first cysteine is also present in other GRXs involved in coordinating iron–sulfur clusters (Fe2S2) (Figure 3c) [7,8,63,64,65]. These GRXs coordinate an iron–sulfur cluster liganded between two cysteine side-chains, forming a dimer.




3.4. Biochemical Characterization of the Metalated Form Indicates the Protein Is a Dimer


The NMR CSP experiments indicated that a 0.5:1 (metal to protein) ratio was needed, suggesting that each monomer within a potential GRX dimer shares this metal atom. Analytical size exclusion chromatography (SEC) experiments were used to differentiate between the oligomeric states of the metalated and apo protein. SEC (Figure 4) shows that the apo, TCEP treated, and metalated (silver) protein all have nearly identical retention times, eluting at the same volume with slight differences in the elution times of high molecular weight aggregates. Based on the calibration of the column with molecular weight standards, the molecular weights of 20.95, 22.18, and 22.57 kDa correspond to the apo protein, silver metalated protein, and TCEP treated protein respectively. These values are near the expected molecular weights for the dimer (19.6 kDa). Only the excessively TCEP treated form contained later eluting shoulder that could be assigned to the monomer elution time (~10 kDa). Commonly, SEC can correlate to molecular weight, under the assumption that the protein is acting as a true sphere [66]. Based on these observations, one can infer that the protein not only exists as a dimer at high protein concentrations, both in the presence of silver and without, but also a non-spherical shape, such as that of a prolate spheroid, contributing to the slightly faster than expected elution times for the dimer. These results are similar to SEC studies or other GRX dimers [67].




3.5. The Silver Metalated Form of the Protein Experiences an Increase in Flexibility


The rotational correlation time (τc) can be used to estimate the relative molecular weight of spherical proteins [68]. Based on τc values previously reported, a spherical monomer of GRX with a molecular weight of 9.8 kDa should have a predicted τc value of 5.9 ns, with a spherical dimer τc value of approximately 11.92 ns. The τc calculated for the apo and silver metalated form of the protein were determined to be 5.89 ± 0.68 ns and 6.01 ± 0.88 ns respectively. These values are expected for a monomer in this particular experiment, contrasting the chromatography data and CSP studies. However, a closer examination of the protein dynamics reveals that several specific regions of the protein become more dynamic when metalated with silver. Residues 41T, 55N, and 56T are more flexible in the metalated form of the protein (Figure 5). Two of the residues (55N and 56T) are located in the second helix directly adjacent to the active site, inducing increased flexibility at the metal binding region of the protein. This flexibility and possible interdomain rotation and loop flexibility along with the expected prolate spheroidal shape of the dimer may reconcile the apparent discrepancy between the SEC and τc measurements.




3.6. Mass-Spectrometry Reveals That the Protein Forms Metal-Mediated Dimers


GRX proteins have been implicated in forming dimers at the high concentrations used in NMR studies [69]. Our stoichiometry during NMR monitored metal titration experiments indicated that the protein was dimerized during the addition of metal ions. Electrospray ionization–mass spectrometry (ESI–MS) is a soft ionization technique that can be used to probe intact metal binding and protein dimerization, as it uses low concentrations of protein. Such low concentrations will, ideally, push the equilibrium of dimerization towards the monomer allowing for an easier observation of the effect of metal ions on the protein’s oligomeric state. The deconvoluted ESI–MS of GRX showed a monomeric mass of 10,047.5 kDa, with the addition of 0.5 equivalents of silver this mass shifted to 10,154.7 kDa (Figure 6). The difference fits the mass of one silver atom, clearly displaying metal binding. In addition to the monomeric peak, the deconvolution of the metalated GRX provides evidence of a single silver mediated dimer. One of the peaks matches a dimer mass with no silver (20,092.3), while the more intense peak matches a dimer mass with one silver bound (20,209.4). Deconvolution can be prone to creating artifacts; however, a study of the protein charge states also provides evidence of a silver mediated dimer (Supplemental Figure S2). The APO monomeric species has a charge distribution with intense peaks ranging from +10 to +4, and while the addition of silver significantly suppressed the signal intensity, the metalated monomer retains a less intense distribution of +9 to +5. The charge states +15 and +13 are also visible, which are unique to only the dimer and only are present in the metalated protein. It should be noted that the metalated monomeric peaks ranging from +11 to +5 possibly contain additional overlap of charge states +18, +16, +14, +12, and +10 from the dimer. Although electrospray conditions can result in largely unfolded species, and dimer dissociation, the addition of silver to GRX produced peaks consistent with both a silver-bound monomer and silver mediated dimer.




3.7. Gadolinium Reveals Dimerization Interface


Paramagnetic agents like gadolinium diethylenetriamine penta-acetic acid (Gd-DTPA) can be used to identify non-surface exposed atoms in the protein, because they do not experience any broadening effects from the paramagnetic reagent [70]. This makes Gd-DTPA an ideal tool for probing the contacts between two protein interfaces [71,72]. When the silver-metalated form of the protein was treated with Gd-DTPA, the resonances that were protected from the broadening effect clustered along the CPYC active site (Figure 7a,c). These same resonances in the apo protein were also protected from Gd-DTPA broadening effects (Figure 7b,d). These similarities between the apo and metalated protein indicate that the protein takes advantage of a natural dimerization interface and forms a dimer in both the apo and silver metalated forms of the protein at the concentrations used for NMR experiments.




3.8. Molecular Dynamics Indicates Possible Dimer Structure


The combined set of biophysical and bioanalytical data indicates that GRX is a dimer in the presence of silver ions. The model of the dimer (Figure 8c) indicates that the metalated form of the protein is an elongated structure with the two monomers binding to the ion through the side-chain of 16C. MUSTANG alignment between the silver metalated dimer model and that of E. coli Fe2S2 GRX reveals a difference of 2.1 Å between the structures over the Cα atoms with a 27.83% sequence homology. The major structural differences between the two proteins occur at the active site and at the second helix in the silver metalated GRX (helix 3 in the E. coli Fe2S2 GRX) (Figure 8b). At the active site in the silver metalated form of the protein, the helix is unwound and creates a larger turn prior to the helix that is not observed in the crystal structure of the E. coli Fe2S2 GRX. In the second helix (3rd helix in the Fe2S2 GRX), the silver metalated structure helix is rotated by 45°. This similarity between the dimeric Fe2S2 containing GRXs and silver metalated GRX strongly supports the data, suggesting that GRX forms a dimer around a silver atom that is branched through the first cysteine in the active site.



The MDs simulations also indicate differences between the monomer and dimeric form of the protein where the CPYC site is less flexible in the dimer but other regions of the protein namely along helix two are more flexible in the dimer (Figure 9). This corroborates the relaxation experiments on the apo and metalated proteins showing differences in specific amino acid flexibility between the two forms. Models of the monomer and the dimer show that the CPYC active site is less flexible in the dimer structure, which explains the decrease in τc at residue 16C and the increases around the residues in the second helix. This also correlates well with the predicted structure, as the metalation interface would be more rigid than that of a monomer.




3.9. Glutathione Cannot Completely Out-Compete Metal Ions out of the Active Site


Glutathione (GSH) is a natural ligand for GRX and binds in the CPYC active site where several metals have been presented to bind. CSP studies of the metalated form of both the copper and silver titrated protein show that GSH addition induces chemical shift changes in the spectrum (Figure 10a,b) and are indicative of fast exchange between GSH bound and unbound forms relative to the chemical shift timescale. However, these chemical shift changes do not return the protein spectrum to that of the apo spectrum or that of the spectrum of the GSH bound protein (Supplemental Figure S3), indicating that the GSH is not removing the metal ion from the active site, or binding in its place. Therefore, while GSH does have an impact on the metalated form of the protein it is likely unable to compete with the metal ion bound in the active site for the 16C thiolate.




3.10. Enzymology Supports Silver-Mediated Dimer Inactivation


The enzymatic rate of GRX was observed using the bis(2-hydroxyethyl) disulfide (HEDS) assay, a classical experiment that measures deglutathionylation activity by monitoring oxidation of NADPH at 340 nm in a reaction that couples GRX and glutathione reductase. During a preincubation phase, GSH and HEDS spontaneously react to form a heterodisulfide. When GRX is introduced, it catalyzes deglutathionylation of the disulfide producing oxidized GSH. As quickly as it is made, oxidized GSH is in turn reduced by glutathione reductase, which consumes NADPH in a redox reaction. Activity plotted as a function of GRX concentration produces an activity trend that plateaus as the maximum concentration tested is approached (Figure 11a). While the trend line plotted through the first few apo points predicts the expected activity, curves that depict this type of activity for GRX concentrations above 1 µM have been previously described in HEDS assays [73]. The statistical reduction in activity upon the addition of silver even at the highest concentrations of GRX in our protocol confirms the HEDS assay as an acceptable system to monitor dimerization despite a concentration dependence of the activity on GRX itself that is not well understood.



Silver dependent reduction in activity at a constant GRX concentration can be easily observed from raw absorbance data (Figure 11b). The first 30 s these curves were used to calculate GRX activity as a function of mM of NADPH oxidized/min. The resulting trends with increasing silver result in sigmoidal activity curves (Figure 11c). The reciprocal values of these were used to produce Dixon plots showing an upward parabolic curve with slopes increasing along with silver concentration (Figure 11d). Dixon curves with parabolic trends have previously been described to explain enzyme inhibition with compounds interacting at multiple binding sites [74,75]. We propose that these trends also can describe inhibition in shared metal complexes: where one atom of silver can inhibit two molecules of GRX, an exponential increase in the rate of inhibition is expected. These results support our dimeric inhibition model, as it would not be possible to produce parabolic Dixon plots without an effective stoichiometric inhibition ratio greater than 1:1.





4. Discussion


Several studies have tied GRX function to the maintenance of the redox environment and its essential importance to copper chaperones [10,11,15]. The CPYC site of GRX is typically used in the reduction of disulfide bonds, but shares many similarities with the CXXC motif found in metal binding domains. Therefore, it is possible that the CPYC could also bind metals. It had been initially suggested that the proline in the CPYC active site prevents metal binding due to the limiting backbone torsion flexibility; flexibility that was presumed to be required for both cysteines to coordinate a metal ion within the monomer [14]. Past assumptions that limited backbone flexibility prevents co-ligation to the metal by the CPYC thiols is not entirely relevant, since GRX uses intermolecular coordination to the metal. The proline may indeed prevent simultaneous C16–C19 coordination to the metal, but it does not prevent intermolecular associations involving residue C16. Recent biochemical experiments have shown that hGRX can bind to Cu(I) but with a lower affinity than the other proteins within the cytosol [15]. In fact, of all the iron–sulfur coordinated GRXs whose structures have been elucidated, none of these proteins contains a proline in the active site. We have presented here the first structure of a GRX with its native CPYC active site bound to a metal ion, in this case silver(I). The binding to the CPYC active site shows that not only can silver bind to a protein, but it binds to a protein in a manner that has implications for the mechanism of action of silver ions as antimicrobials. The antimicrobial effects of silver have been attributed to many mechanisms ranging from an increase in ROS [28] to induction of morphology changes in the cell wall [76]. It is this interaction with ROS species that is of most interest in light of our results. GRX has been shown to interact with both ATP7a and ATP7b proteins [12], with ATP7b implicated in having a possible role in detoxifying silver ions in the lungs [77]. The intermolecular association of GRXs to form metal mediated dimers is provocatively similar to the proposed hand-off mechanism for ATOX1 with other proteins [78]. While there is no conclusive evidence that GRXs act as general metal cation chaperones, the structures reported here, along with the ATP7a and ATP7b association and the extensive work on iron–sulfur cluster transfer, support the notion that GRXs may transfer a variety of metals between proteins, and that disruption of those transfers by xenobiotic metals may lead to ROS accumulation. It is possible that our proposed mechanism for dimerization is unique to the GRX1 from Brucella melitensis. This protein was chosen for study due to its well-resolved NMR spectra; however, the NMR techniques for monitoring metal binding and the dimerization interface described herein could be applied to other GRXs.



The GSH competition studies with metalated GRXs provide further indication that metal ions could work to disrupt cell redox systems. Once metalated, GSH does not have the ability to out-compete the metal from the protein active site. This inability is a key indicator that metal binding to GRX can either deactivate the enzyme or severely disrupt its function. This downstream effect from perturbations to GRX has been observed in knockdown experiments with shRNA where silencing of GRX-1 not only increased the susceptibility of ROS but also perturbed other proteins in the antioxidant pool [79].



In addition to the structure of the silver metalated form of the protein, we have shown here via CSP studies that several different metals can bind to the active site of GRX. While past studies have shown that GRX will bind to metals such as copper [15] or mercury [9], which we have confirmed as distinctly binding in the CPYC active site. Our titration data also indicates that the protein favors a dimer in the presence of silver(I), which is further supported by enzymology, SEC chromatography, and MD simulations, and that the structure adopted is similar to other GRX dimers containing an iron–sulfur cluster [7]. Future studies are required to determine if this dimerization is biologically relevant in cells but suggests new avenues for stimulating ROS-mediated antibiotics via metal-based or small molecule warheads that deplete the active GRX pool through dimerization.
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Figure 1. Chemical shift mapping of silver binding to GRX (a) HSQC of apo GRX (maroon) and 0.5 equivalents of silver (blue). (b) Normalized chemical shifts highlighted on the structure of silver metalated GRX (inset). Shifts > 1 ppm (red), 0.5 ppm (magenta), 0.25 (green), and 0.1 ppm (blue). 
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Figure 2. Chemical shift perturbation of copper ions (a) CSP of Cu(I) titrated GRX (red) reveals chemical shifts in the CPYC active site (red boxes). (b) Overlay of Cu(I) (green) and Cu(II) (red) shows nearly identical chemical shift perturbations upon ligand binding. 
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Figure 3. Structure of Ag-metalated GRX (a) ensemble structure of 20 calculated structures, (b) superposition of apo (green) and Ag-metalated protein (blue) based on an alignment of C-alphas. (c) Superposition of Ag-metalated (pink) and iron–sulfur cluster loaded structures (grey). 
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Figure 4. Size exclusion chromatography shows that the reduced apo protein (green), excess TCEP treated (red) and silver metalated protein (blue) elute at nearly identical retention volumes compatible with dimer formation. 
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Figure 5. Rotational correlation time of both the apo and silver metalated protein. Analysis of the apo protein (blue) and the silver metalated protein (gray). 
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Figure 6. Deconvoluted ESI–MS of apo protein (red) and silver metalated protein (blue). Peaks labeled from left to right correspond to masses matching the monomer, the monomer with one silver, the dimer, and the dimer with one silver. The Y-axis represents relative intensity of the observed ions. 
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Figure 7. Gd(III) relaxation of GRX shows possible dimer interface. (a) 15N-HSQC spectrum with select assignments shown 0.5 eq Ag metalated GRX (red), 0.5 eq Ag metalated GRX with 3 mM Gd-DTPA (blue); (b) solvent exposed residues protected from broadening mapped onto GRX (pink); (c) apoGRX (red) with 3 mM Gd-DTPA (green); (d) solvent exposed residues protected from broadening mapped onto the apo structure (teal) (PDB: 2KHP). 
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Figure 8. Comparison of global structure of dimeric GRX and their active sites. (a) The Fe-S GRX from E. coli (PDB: 2WCI); (b) overlay with Fe-S GRX from E. coli (PDB: 2WCI) (red) with silver metalated GRX (gray); (c) the model of the silver metalated dimer structure; 16C is shown in blue. 
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Figure 9. Amino acid movement (root mean squared fluctuation, RMSF) during MD simulations for the NMR generated model (monomer) relative to the modeled metalated dimer structure following 10 nanoseconds of MD. Data is shown as the movement of the monomer minus the dimer; amino acids with positive values have higher movement in the monomer while negative values have higher movement in the dimer. 
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Figure 10. Competitions Studies with GSH (a) Cu(I) metalated GRX (blue) with 3.5 eq GSH (red); (b) Ag(I) titrated GRX (blue), 16 mM GSH with 0.5 eq silver titrated GRX (pink). 
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Figure 11. GRX activity under varying enzyme and silver concentrations. (a) A range of GRX concentrations were measured in triplicate as apo protein and inhibited with two constant silver concentrations. The dashed line indicates theoretical apo rate. Calculated activity as NADPH consumed over time from the HEDS assay. (b) Raw absorbance data from silver inhibition with 1400 nM GRX. Plotting activity from these data (c) produces inhibition plots that show a sigmoidal trend as a function of increasing silver. (d) Dixon plots of the reciprocal activity give rise to parabolic trends that support dimer inactivation. 
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Table 1. Metals tested for GRX binding.
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	Metal
	Binds?
	Binding Residues
	Exchange





	Ag(I)
	Yes
	CPYC
	Slow



	Cu(I)
	Yes
	CPYC
	Slow



	Cu(II)
	Yes
	CPYC
	Slow



	Hg(II)
	Yes
	CPYC
	Slow



	Co(II)
	No
	N/A
	N/A



	Ni(II)
	No
	N/A
	N/A



	Zn(II)
	Possibly, precipitates
	N/A
	N/A
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Table 2. NMR Statistics.
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Restraints Statistics




	
Distances

	
1299




	
Short

	
685




	
Medium

	
258




	
Long

	
356




	
Dihedral

	
52




	
H-Bonds

	
104




	
Ensemble Convergence




	
Backbone RMSD

	
0.6 ± 0.16




	
Heavy Atom RMSD

	
1.04 ± 0.14




	
Ramachandran Plot Statistics




	
Most Favored %

	
79.6




	
Additionally Allowed %

	
18.9




	
Generously Allowed %

	
1.4




	
Disallowed %

	
0.0
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