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The catalytically competent Co(II)-loaded form of the chlorothalonil dehalogenase from Pseudomonas sp. CTN-3 (Chd, EC 3.8.1.2) was characterized by kinetic and spectroscopic methods. Maximum chlorothalonil (TPN; 2,4,5,6-tetrachloroisophtalonitrile) dehalogenase activity was observed in the presence of one Co(II) ion per monomer with kcat and Km values of 12 ± 3 s−1 and 130 ± 10 μM, respectively, providing a catalytic efficiency (kcat/Km) of ∼9.2 × 104 M−1s−1. The dissociation constant (Kd) for Co(II) was determined to be 0.29 µM, and UV-Vis spectroscopy indicated the active site Co(II) ion resides in a penta-coordinate environment. EPR spectra of Co1-Chd contain at least three distinct signals, an MS = ± 1/2 signal with a ∼94 G 59Co hyperfine pattern centered at g1’ ≅ 6.7, a broader MS = ± 1/2 signal with g1’ ≅ 5.7, an MS = ± 3/2 signal with tentatively estimated parameters of g1’ ≅ 10.5 (gz = 2.75), A1(59Co) ≅ 110 G, and a high-field broad resonance at g3’ ≅ 1.8. Four substrate-analog inhibitors with IC50 values ranging from 110 μM to 19 mM were also identified and characterized. Upon the addition of each of the substrate-like inhibitors to Co1-Chd, changes in the EPR spectrum were observed that, in all cases, were simpler than that of Co1-Chd in the absence of inhibitors and could be simulated as either a single species or a mixture of two. Simulation of these data indicate that the corresponding EPR signals are each due to a ground state MS = 1/2 Kramers’ doublet and are consistent with pentacoordinate Co(II) with a relatively constrained coordination sphere. These data suggest that the nitrile moiety of TPN may not directly coordinate to the active site metal ion, providing new insight into the catalytic mechanism for Chd.
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INTRODUCTION
Chlorothalonil (TPN; 2,4,5,6-tetrachloroisophthalonitrile) is one of the most commonly used fungicides in the US with more than five million kilograms sprayed on crops and fruits each year (Caux et al., 1996; Sakkas et al., 2002; Carlo-Rojas et al., 2004; Mozzachio et al., 2008). TPN has low solubility in water (100 mg L−1) but is strongly absorbed in soil, particularly soil with high organic matter such as those found in aquatic environments. TPN is highly toxic to fish and aquatic species as well as birds and invertebrates. It is quite resistant to hydrolysis between pH 5 to 7, with a half-life of 30–60 days, and it can remain in soil for over a year (Kwon and Armbrust, 2006). As such, TPN is emerging as a major environmental issue (Vickers et al., 1985; Sims et al., 1991; Wang et al., 2010). TPN is also a human skin and eye irritant that can cause severe gastrointestinal issues. Animal studies involving mice have shown that TPN can cause kidney cancer, so it has been classified by the U.S. Environmental Protection Agency (EPA) as a probable human carcinogen (Mozzachio et al., 2008). Given the widespread use of TPN and its human toxicity, its biodegradation and environmental clean-up has become a topic of significant importance (Viciu et al., 2001).
The chlorothalonil dehalogenase from Pseudomonas sp.
CTN-3 (Chd, EC 3.8.1.2) is a Zn(II)-dependent hydrolytic dehalogenase that selectively substitutes an aromatic chlorine with an aromatic alcohol (yielding 4-hydroxytrichloro-isophthalonitrile, 4-dOH-TPN, from TPN) (Figure 1) (Wang et al., 2010). Several bacterial strains harbor Chd genes that exhibit remarkable sequence identity (>95%) (Liang et al., 2011; Ren et al., 2011; Yue et al., 2015; Yang et al., 2019). Chd was recently structurally characterized (PDB: 6UXU at 1.96 Å) revealing an αββα-sandwich fold that is commonly observed in the β-lactamase superfamily (Catlin et al., 2020). Chd is a “head-to-tail” homodimer, formed between two α-helices from each monomer with a Zn(II) ion at the dimer interface that likely functions as a structural site. The catalytic mononuclear Zn(II) center in Chd resides in a slightly distorted trigonal bipyramid (TBP) geometry with His117, His257, Asp116, Asn216, and a water/hydroxide as ligands (Figure 1B). The X-ray crystal structure of Chd, in combination with kinetic data allowed us to propose a catalytic mechanism for Chd (Figure 2A) (Catlin et al., 2020). However, several aspects of this proposed mechanism are unknown.
[image: Figure 1]FIGURE 1 | (A) Hydrolysis of TPN to 4-OH-TPN and chloride by Chd. (B) Chd active site with Zn(II) bonds shown as gray sticks and hydrogen bonds shown as black dashed lines (PDB: 6UXU). Key distances are shown in angstroms and the two alternate conformations of His114 are labeled as His114a and His114b.
[image: Figure 2]FIGURE 2 | Proposed catalytic mechanisms for TPN hydrolysis by Chd: (A) direct coordination of TPN and (B) TPN binding near the Zn(II) active site.
One major mechanistic question involves whether the substrate, TPN, binds directly to the active site metal ion or simply binds near the metal ion in the active site. To date, no X-ray structure exists with Chd bound by either a substrate or an inhibitor. However, substrate docking was recently utilized to examine possible substrate binding poses (Catlin et al., 2020). The best pose suggested a binding interaction between the nitrogen atom of a cyano group of TPN and the active site Zn ion (∼2.3 Å), along with an energetically favorable π- π interaction between the TPN aromatic ring and that of an active site residue, Trp227. This pose pre-organizes a possible transition state of TPN hydrolysis by placing the ortho carbon of TPN within ∼3.0 Å of the O atom of the bound water/hydroxide. In an effort to gain insight into the substrate binding step of the catalytic mechanism of Chd, several aromatic compounds were tested as inhibitors of Chd (Figure 3). Each of these compounds were found to inhibit Chd activity with IC50 values ranging from 110 μM to 19 mM. Utilizing the catalytically competent Co(II)-substituted form of Chd (Chen et al., 2016), EPR spectra were obtained in the absence and presence of each newly identified Chd inhibitor. The combination of these data with the previously reported kinetic (Yang et al., 2019) and X-ray crystallographic (Catlin et al., 2020) data, provides new insight into the substrate binding step of the Chd catalytic mechanism.
[image: Figure 3]FIGURE 3 | Structures of the four Chd inhibitors examined.
MATERIALS AND METHODS
Materials
4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), sodium chloride, PD-Minitrap G10 desalting column, potassium bromide, potassium sodium tartrate, chlorothalonil, Chelex 100 resin, Slide-A-Lyzer dialysis cassettes, benzonitrile, ethylenediaminetetraacetic acid (EDTA), isopropyl-β-D-1- thiogalactopyranoside (IPTG), kanamycin, imidazole, Coomassie protein assay reagent, Amicon Ultra-15 centrifugal filters, glycerol, tris(2-carboxyethyl)phosphine (TCEP), tetrachlorophthalonitrile (TCPN), tetrachloroterephthalonitrile (TCTPN), acrylonitrile (ACN), benzonitrile (BN), and BL21(DE3) competent Escherichia coli cells were purchased from commercial sources, and reagents were of the highest quality available. TEV protease (EC 3.4.22.44) was obtained via previously published methods (Tropea et al., 2009).
Expression and purification of Chd
A 15 residue N-terminally-truncated form of Chd was expressed and purified as previously described (Catlin et al., 2020). The purified enzyme exhibited a single band on 12% SDS-PAGE, consistent with its calculated Mr of 36,107 Da. Chd protein concentrations were determined via the Bradford assay. The rate of TPN dehalogenation by Chd was determined by continuously monitoring the formation of 4-OH-TPN at 345 nm (Δε345 = 3.5 mM−1 cm−1) as previously reported (Kwon and Armbrust, 2006). Chd exhibited a kcat of 24 ± 2 s−1 and a Km value of 110 ± 30 µM in 50 mM HEPES buffer, pH 7.0, at 25°C. IC50 values were determined for BN, TCPN, TCTPN, and ACN. Initial rates were determined at a minimum of five inhibitor concentrations, providing a standard deviation of ±10%, and a dose-response curve yielded the IC50 value where the maximum inhibitor concentration was at least 2X the IC50 value.
Cobalt-substituted Chd
Apo-Chd was obtained by anaerobic incubation of as-purified Chd, for 24 h at 4°C, in buffer containing ∼15 mM 1,10-phenanthroline and 40 mM EDTA. The metal chelators were removed via a PD-Minitrap G10 desalting column followed by dialysis for 16 h with Chelex-100 treated 50 mM HEPES at pH 7.0. The resulting enzyme exhibited no detectable activity, and inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis indicated <0.05 eq Zn per mole of Chd. Titration of Chd with Co(II) was carried out by incubation of Chd, for 30 min at 25°C, with 2–10 μL of 8–32 mM Co(II)aq (99.999% CoCl2, Strem Chemicals, Newburyport, MA, United States) to 200 μM apo-Chd, and was monitored spectrophotometrically between 400 and 650 nm and the rate of hydrolysis of TPN (0.25 mM) was measured as a function of [Co(II)] (D'Souza et al., 2000).
Spectroscopic measurements
Electronic absorption spectra were recorded on a Shimadzu UV-2450 spectrophotometer equipped with a TCC-240A temperature-controlled cell holder. All solutions were degassed prior to performing an experiment.
Samples for EPR titration of Co(II) were prepared by direct addition of 0.5–3.0 eq Co(II) per monomer Chd to a solution of apo-Chd in a 1.5 mL microcentrifuge tube, with immediate subsequent mixing by multiple inversions of the closed tube, and incubation for 30 min at 25°C. EPR samples of Chd with substrate-like inhibitors were prepared by direct addition of an aliquot of the substrate-like inhibitor (1–5 eq.) to a solution of Chd previously incubated with 1 eq Co(II) and the sample again mixed and incubated for 10 min. Each sample was then clarified by centrifugation for 30 s at 2,200 × g (Fischer Mini Centrifuge), and the supernatant was transferred to an EPR tube and immediately frozen in liquid nitrogen.
Experimental (∂χ″/∂B) EPR spectra were recorded at 9.468 GHz, 12 K, 2 mW microwave power, and 12 G (1.2 mT) magnetic field modulation, using instrumentation described in earlier work (Karunagala Pathiranage et al., 2021). Second derivative (∂2χ″/∂B2) EPR spectra were generated by pseudomodulation (Hyde et al., 1990) of the experimental spectra with a 22 G pseudomodulation amplitude (Xenon, Bruker). EPR simulations were carried out using EasySpin (Stoll and Schweiger, 2006). Where only a single Kramers’ doublet is observed in the spectrum for an S > 1/2 system, a unique solution to the phenomenological EPR parameters g’1, g’2, and g’3 in terms of spin Hamiltonian parameters is not possible for a rhombic g tensor (Bennett et al., 2010) and an axial g tensor is, instead, assumed with gx = gy (= g⊥) ≠ gz (= g||). For S = 3/2 Co(II) in proteins and enzymes, the magnitude of the axial zero field splitting (ZFS), |D|, is typically much greater than the Zeeman interaction and the spectrum at low temperatures (i.e., when kT << Δ, where Δ = 2D[1 + 3(E/D)2]1/2 and E is the rhombic ZFS term) therefore exhibits a signal only from the ground state Kramers’ doublet and is otherwise insensitive to |D|. Values of 1 × 106 MHz (33 cm−1; for S = 3/2 signal) and 2 × 106 MHz (66 cm−1; for S = 3) were assumed here, corresponding to interdoublet splittings, Δ, of ≥66 cm−1 and ≥132 cm−1, respectively, and excited state population temperatures of ≥92 and ≥184 K. The salient spin Hamiltonian parameters are then g|| and g⊥; E/D; the sign of D, which is indicative of the signal-exhibiting ground state Kramers’ doublet (MS = ± 1/2 or ± 3/2); and any 59Co I = 7/2 hyperfine interaction (hfi). The hfi was calculated in frequency (energy equivalent) terms, which is related to the phenomenological hyperfine splitting (hfs) in field terms by A (MHz) = g(μB/h) × A (G) and, therefore, knowledge of the g tensor is required to interconvert these values. Where simulations indicated the presence of more than one chemical species, the relative contributions to the total spin densities were obtained by double integration of the simulations of the contributory signals. Supplementary information includes all parameters used (Supplementary Tables S1–S6) to simulate all EPR spectra reported in the manuscript for the inhibited complexes using EasySpin.
RESULTS AND DISCUSSION
Cobalt(II) binding to Chd
Apo-Chd was prepared by adding a 15 mM 1,10-Phenanthroline/40 mM EDTA solution to as-purified Chd under anaerobic conditions for ∼24 h followed by desalting via column chromatography and dialysis against 50 mM HEPES, pH 7.0 (Chen et al., 2016). Chd containing 1 eq. of Co(II) per monomer (Co1-Chd) exhibited a kcat of 12 ± 3 s−1 and a Km value of 130 ± 10 µM with TPN as the substrate providing a catalytic efficiency (kcat/Km) of ∼9.2 × 104 M−1s−1. Compared to the Zn(II) bound Chd enzyme, which exhibited a kcat value of 24 s−1, a Km value of 110 μM, and kcat/Km ∼2.2 × 105 M−1s−1 (Yang et al., 2019), the Co(II) form of Chd exhibits a 2-fold decrease in kcat, in line with typical Zn(II) enzymes substituted with Co(II).
The intrinsic dissociation constant (Kd) for Co(II) binding to Chd was determined by titrating 0.25 µM apo-Chd at pH 7.0 in 50 mM HEPES buffer at 25°C with Co(II)aq and monitoring the catalytic activity as a function of [Co(II)], as previously described (Yang et al., 2019). Briefly, Kd, and the number of binding sites, p, were determined by fitting these titration data to Eq. 1 (D'Souza et al., 2000), where r, the binding function, is defined by the fractionation saturation fa and number of binding sites (Eq. 2) (Winzor and Sawyer, 1995). In Eq. 1, Cs is the concentration of free Co(II).
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Cs was calculated from the total concentration of zinc added to the reaction (CTS) by Eq. 3 (Watterson et al., 2008), where CA is the total molar concentration of enzyme (0.25 µM).
[image: image]
These data are plotted as r vs. [Co(II)] (Figure 4). The best fits indicated a single Co(II) binding site per monomer (p = 0.91 ± 0.01), with an intrinsic Kd value of 0.29 µM. This is comparable to Zn(II) binding to Chd, where a single Zn(II) bound per monomer (p = 1.03) with an intrinsic Kd value of 0.17 µM (Yang et al., 2019). Attempts to fit these data with a cooperative model were inconclusive as the resulting goodness-of-fit did not improve compared to the non-cooperative model. As previously reported, removal of the structural Zn(II) site ligands had no apparent effect on Chd activity (Catlin et al., 2020), so these data reflect only the binding to the Chd active site. Occupation of the structural site would affect the calculation in as far as it would affect the value of CS but additional data indicated that, under the experimental conditions employed, the structural site is not occupied but that Chd exists in solution primarily as a dimer (Catlin et al., 2020). In particular, inductively coupled atomic emission spectroscopy (ICP-AES) data obtained on Chd after the addition of either 4 eq of Zn(II) or Co(II) to Chd followed by dialysis for 24 h indicated that ∼0.9 eq of Zn(II) and ∼1.0 eq. Co(II), respectively, were tightly bound per Chd monomer. No other first-row transition metal ions were detected via ICP-MS (<10 ppb).
[image: Figure 4]FIGURE 4 | Plot of Binding Function, r vs. the concentration of free Co(II) ions (Cs) in solution for Co(II) titration into apo-Chd at 25°C in Chelex-100 treated 50 mM HEPES buffer, pH 7.0.
Chd inhibitor kinetic studies
Inhibition data for the compounds in Figure 3 are summarized in Table 1. TCPN and TCTPN are structurally similar to TPN, with ortho and para-CN groups, respectively, rather than meta-CN groups in TPN (Figure 1). These two substrate-analog inhibitors exhibited IC50 values of 0.11 ± 0.01 mM and 0.15 ± 0.02 mM, respectively. Surprisingly, Chd was found to be capable of hydrolyzing TCPN, albeit very slowly, with a kcat value of 0.50 ± 0.02 s−1. The fact that both of these compounds inhibit Chd activity, but TCPN can be slowly hydrolyzed indicates the importance of the nitrile position in catalysis and also establishes them as likely substrate-analog inhibitors. On the other hand, simple nitriles such as acrylonitrile (ACN) and benzonitrile (BN) are weak inhibitors of Chd with IC50 values in the region of 19 mM for both. It should also be noted that Chd activity was unaffected by the presence of 2 M NaCl or NaBr, suggesting that halide anions do not bind to the active site Zn(II) ion. The stronger interaction between Chd and TCPN and TCTPN vs. BN and ACN is likely due to the energetically favorable π—π interaction with Trp227, based on docking studies of TPN into the hydrophobic channel of Chd, which also placed a CN nitrogen atom within bonding distance to the active site Zn(II) (∼2.3 A) (Catlin et al., 2020).
TABLE 1 | IC50 values of the substrate analog Chd inhibitors examined.
[image: Table 1]Spectroscopic studies on Co(II)-substituted Chd
Electronic absorption spectra were obtained from buffered solutions of Chd at varying concentrations at which the dimer form predominated. The Co(II)-substituted Chd enzyme containing one eq. of Co(II) per monomer (Co1-Chd), exhibited a broad absorption band with a maximum at 535 nm (ε535 = ∼95 M−1 cm−1) along with shoulders at 500 nm (ε500 = ∼70 M−1 cm−1) and 580 nm (ε580 = ∼30 M−1 cm−1) (Figure 5). These data suggest that the Co(II) ions in Co1-Chd reside in pentacoordinate environments (Bennett et al., 2010), consistent with X-ray crystallographic data for Chd, which indicates a pentacoordinate, mononuclear Zn(II) active site (Catlin et al., 2020).
[image: Figure 5]FIGURE 5 | UV-Vis absorption spectra of a 1 mM sample of Chd in the presence of one equivalent of Co(II) per monomer at 25°C in Chelex-100 treated 50 mM HEPES buffer, pH 7.0.
The EPR spectrum obtained for as-prepared Co1-Chd at pH 7.0 in 50 mM HEPES buffer is shown in Figure 6 (top trace, top panel). The lowest field region of the spectrum, from 550 to 1,300 G (this “g1'-region” of an S = 3/2, MS = ± 1/2 spectrum is due to the gy resonance whereas for MS = ± 3/2 it is due to gz) is characterized by a 59Co hyperfine splitting (hfs) pattern with A1 ≅ 94 G (a tentative estimate for the corresponding hyperfine (hfi) value was ∼300 MHz), centered around g1’ ≅ 6.7, where the effective g-values g1,2,3’ = (h/μB)νB1,2,3, i.e., the apparent g-values of the lowest-field, middle, and highest-field resonances of a signal derived from the resonant fields (in contrast to gx,y,z, the principal values of the g tensor in the S = 3/2 spin Hamiltonian). The shape of the overall signal in this region, however, strongly suggests the presence of an additional underlying EPR absorption, with g’ around 5.7 that is devoid of resolved 59Co hfs. Close examination of the ∂2χ″/∂B2 spectrum (top trace, bottom panel) suggests yet another overlapping hfi pattern that is responsible for features at 750 and 860 G that are distinct from the 94 G hfs pattern, and for the “lumpy” absorption in the 300–600 G region; a tentative estimate for g’ for this signal is ∼10.5, which would indicate MS = ± 3/2 and a high gz value of ∼2.75. The g2'-region of the spectrum, from 1,405 to 2,405 G, contains multiple features. Spectral simulations proved unable to unambiguously assign features in the g2’ region to corresponding features in the g1’ region and sets of principal g’-values and, therefore, g and E/D, could not be reliably estimated for individual signals. The highest field g3'-region of the spectrum exhibited one clear feature at 2,760 G and two additional broad resonances at 3,230 and 3,790 G. These observations taken together indicate that the EPR spectrum of Co1-Chd contains at least three distinct signals, an MS = ± 1/2 signal with a ∼94 G 59Co hfs pattern centered at g1’ ≅ 6.7, a broader MS = ± 1/2 signal with g1’ ≅ 5.7, and an MS = ± 3/2 signal with tentatively estimated parameters of g1’ ≅ 10.5 (gz = 2.75), A1(59Co) ≅ 110 G, and a high-field broad resonance at g3’ ≅ 1.8.
[image: Figure 6]FIGURE 6 | EPR spectroscopy of as-prepared (Co1-Chd) and upon addition of the inhibitors BN, TCPN, TCTPN, and ACN. The top panel shows the first-derivative spectra and the bottom panel shows an expanded region of the derived second-derivative spectra. In each panel, the top trace is the experimental data from naked (Co1-Chd) and, beneath that, are the data for the inhibited signals. For each of the inhibited signal, a computer simulation is shown directly beneath the experimental data. The individual signals used for the simulations are shown in Figure 8, and the EPR parameters and proportions are given in Table 2. Experimental data were recorded at 12 K, 2 mW microwave power, 9.45 GHz.
An EPR titration of apo-Chd with Co(II)aq is presented in Figure 7 and the spectra are shown normalized in intensity for the amount of added Co(II). EPR spectra of Chd to which Co(II) was added up to 2 eq are indistinguishable within the observed signal-to-noise. These data do not provide a binding constant for Co(II) to Chd but are consistent with Co(II) binding in a cooperative fashion to the two active sites of a Chd dimer until they are saturated. It should be noted that while the 59Co hfs pattern, which is typical for Co-substituted metallohydrolases (Bennett et al., 2010), is not easily discernible in the experimental ∂χ″/∂B spectra with 0.5 and 1 eq. Co(II), the pattern is very clear in the ∂2χ″/∂B2 spectra and the normalized intensities of the hyperfine lines do not change appreciably with added Co(II). The most noticeable Co-dependent change in the experimental ∂χ″/∂B spectra was a diminution, or broadening, of the g3’ feature at 3,230 G with successively higher amounts of Co(II). Additionally, there was a Co-dependent diminution of a sharp derivative-shaped feature in the ∂2χ″/∂B2 spectra at 1,170 G. This latter feature most markedly diminished upon the addition of a third eq. of Co(II). Also, the resolution of the g2’ region was noticeably reduced with 3 eq of Co(II) compared to the other spectra.
[image: Figure 7]FIGURE 7 | EPR titration of apo-Chd with Co(II). The top panel shows the first-derivative experimental spectra, and the bottom panel shows an expanded region of the second-derivative spectra. Experimental data were recorded at 12 K, 2 mW microwave power, 9.45 GHz.
The relationship between the observed EPR features and the structural aspects of Co(II)-bound to Chd was explored by examining the X-ray crystal structure of Chd (Figure 1B), which suggests two possible unique binding modalities for pentacoordinate Co(II) in the catalytic site (Catlin et al., 2020). His114, which was suggested to be the catalytic base (Catlin et al., 2020), can adopt two distinct conformations, one in which the Nδ1 atom forms a hydrogen bond with the Zn(II)-bound water molecule and the other where it is rotated perpendicular to the imidazole ring, likely resulting in the loss of hydrogen bonding interactions with the coordinated water/hydroxide oxygen atom. It seems logical that these two structural conformations of the pentacoordinate Co(II) ions are responsible for the two distinct S = 3/2, MS = 1/2 EPR signals. The conformation in which Nδ1 hydrogen bonds to the Co(II)-bound water/hydroxide would be expected to provide higher resolution of 59Co hyperfine structure than the rotated conformation in which the hydrogen bonding connection to the protein lattice is diminished or absent (Bennett et al., 2010). An alternative explanation for the observation of two distinct MS = 1/2 EPR signals is water vs. hydroxyl coordination. However, given the clear evidence from the structural model for two H114 conformations, that is the favored explanation. The presence of a third, MS = 3/2 signal is most simply explained as being due to Co(II) in the tetrahedral structural zinc site, although only one equivalent of Co(II) was found per monomer, so it is quite possible that the structural site is at least partially occupied at the enzyme concentrations used. Nevertheless, a third conformation of the catalytic Co(II) in addition to the two His114 conformations, perhaps due to alternative protonation states, cannot be ruled out.
It should be noted that in some cases, centrifugation of EPR samples resulted in a visible precipitate, indicating aggregation of the protein. Even where no precipitate was visible to the naked eye, some precipitation could not be ruled out. Consequently, the final amount of Chd in the sample is unclear. Furthermore, the fate of the Co(II) bound by Chd that precipitated is unknown, i.e., whether it remained bound to the precipitated Chd or was released into solution. No attempt, therefore, was made to quantify the EPR signals in terms of absolute [Co(II)]. However, Co(II)aq. EPR signals in a wide range of buffers have not been hitherto observed to exhibit EPR spectra with 59Co (I = 7/2) hfs that is resolved at the X-band frequency. Therefore, any signals exhibiting 59Co hfs do not arise from uncomplexed Co(II)aq and must be due to Co(II)-bound to Chd in the absence of other Co-binding entities (Bennett et al., 2010).
EPR studies of inhibitor bound Co(II)-substituted Chd
EPR spectra obtained for Co1-Chd in the presence of each inhibitor studied (Figure 3), at pH 7.0 in 50 mM HEPES buffer are shown in Figure 6. Upon the addition of each of the substrate-like inhibitors BN, TCPN, TCTPN or ACN to Co1-Chd, changes in the EPR spectrum were observed that, in most cases, were characteristic of the specific inhibitor employed. In each case, the spectra were simpler than that of Co1-Chd in the absence of inhibitors and could be simulated as either a single signal or a mixture of two. The spin Hamiltonian parameters for the simulated signal, and their relative contributions where two species were required, are given in Table 2 with the individual simulated signals presented in Figure 8.
TABLE 2 | EPR Parameters from Computer Simulations. All EasySpin parameters are provided in Supplementary Tables S1–S6 in the supporting information.
[image: Table 2][image: Figure 8]FIGURE 8 | EPR simulations of Co-substituted Chd signals. The simulations shown in Figure 6 were generated using combinations of the computed individual species shown here. The spin Hamiltonian parameters and proportions of each used to generate the simulations in Figure 6 are given in Table 2.
The observed EPR spectrum of Co1-Chd with BN present was observably different from that of the unbound enzyme and was characterized by a hfs pattern in the g1’ region that was unusual in that the number of lines was 10, rather than the expected 8, and the splitting itself ranged from ∼102 G on the low-field side of the pattern to ∼78 G on the high-field side. This is particularly evident in the ∂2χ″/∂B2 spectrum and clearly indicated the presence of more than one contributory signal to the spectrum. The spectrum was simulated assuming two signals with the dominant signal (∼88%; denoted BN-A in Figure 8; Table 2) exhibiting an only slightly axial g tensor with values around 2.6, a moderately rhombic ZFS of E/D ≅ 0.17, and 59Co hfi along gy (g1) corresponding to a hfs of 78 G (Table 2). The second, minor signal (∼12%; BN-B) exhibited a more markedly anisotropic g tensor and a significantly larger 59Co hfi than BN-A. The g|| and g⊥ values pertain to an MS = ± 1/2 ground state Kramers’ doublet but with an E/D value of 1/3, the theoretical maximum, suggesting that the sign of D is not well-determined and the corresponding solution in terms of an MS = ± 3/2 signal is equally valid.
The spectrum of Chd with TCPN was simulated as a single species, with spin Hamiltonian parameters very similar to those of BN-A. The EPR spectrum with TCTPN bound to Co1-Chd, as expected, is similar to that of TCPN and consisted of one rhombic MS = ± 1/2 signal (TCTPN-A) that was indeed simulated using the same parameters used for TCPN. However, there was also a very broad EPR absorption that extended out of zero field, suggestive of an integer spin signal (TCTPN-B), which was verified by parallel mode EPR. TCTPN-B was simulated as an S = 3 system, to model a ferromagnetically-coupled pair of S = 3/2 Co(II) ions, with g values around 2.6, an effective D = 66 cm-1, and a small but necessary rhombic component with E/D = 0.0164. These parameters by no means represent a unique solution but serve to illustrate that the TCTPN-B signal is at least consistent with a model for two exchange-coupled Co(II) ions. Quantification of integer-spin systems is fraught with uncertainty and multiple caveats so was not attempted, if for no other reason than the multiple experimental frequencies required were not available. Estimating the relative content of TCTPN-A relied on absolute quantitation based on the amount of total Co(II) assumed to be in the sample which, in turn, assumed no loss due to aggregation and precipitation. The calculated estimate of 50% represents a lower limit.
The EPR spectrum of Chd with ACN was modeled extremely well as a single species with moderate axial anisotropy of g, a moderate rhombic ZFS of E/D = 0.141, and a relatively small 59Co hfi of 250 MHz (∼70 G). There was an additional narrow signal in the spectrum with g = 2.055. Double integration of this signal compared with the overall spectrum indicated that the g = 2.055 signal accounted for <0.1% of the total spin density and, therefore, no attempt was made to further characterize the signal.
The EPR spectra obtained after the addition of the substrate-like inhibitors provides some noteworthy information about possible substrate-Chd interactions. First, and in contrast to the unbound enzyme, the observed EPR spectrum of Chd with each inhibitor indicated that either all or a large majority of the S = 3/2 active site Co(II) ions in the sample exist as a single chemical species. The lack of multiple similar, yet distinct, MS = 1/2 signals is presumed to be due to inhibition of the rotation of His114 Nδ1 by the presence of the inhibitor in the active site. Second, the corresponding EPR signals are all due to a ground state MS = 1/2 Kramers’ doublet and are consistent with pentacoordinate Co(II) with a relatively constrained coordination sphere; they exhibit moderately rhombic ZFS (E/D = 0.159 ± 0.012), g values of around 2.6 (g|| = 2.605 ± 0.019; g⊥ = 2.590 ± 0.064), and a resolved hfs pattern indicative of a modest 59Co hfi along the gy (g1’) axis (A = 278 ± 19 MHz). In contrast to the unbound enzyme, depending on the origin of the MS = 3/2 signal in the uninhibited enzyme (Co1-Chd), any evidence for Co(II) occupation of the structural tetrahedral site was lacking in all but one case. With BN, a minor component, BN-B, with E/D = 1/3, leaves open the possibility that this signal is due to occupation of the structural site in about 10% of the Chd population. Other assignments for this E/D = 1/3 signal can be imagined but would require some flexibility in the coordination of the catalytic Co(II) ions that is not observed with any of the other inhibitors.
Finally, it would be remiss not to address the exhibition of an apparent integer-spin signal observed for TCTPN bound to Co1-Chd. The appearance of this signal is, frankly, baffling. The pentacoordinate catalytic Co(II) ions are deeply buried within the protein and, therefore, exchange coupling between another protein-bound Co(II) to a catalytic Co(II) ion is impossible. Two hypotheses are possible with the first involving an adventitious Co(II) ion, perhaps liberated from precipitated Chd upon TCTPN binding, being chaperoned into the active site by TCTPN itself. However, the catalytic pocket is only electrostatically negative around the active site metal ion while the substrate entry channel is lined with hydrophobic residues and is largely positive, therefore, not a good cation environment. The second is that, perhaps as a preliminary step to aggregation and precipitation, two dimers interact at the interface containing the structural Co(II) ion, which is close to the surface. Exchange coupling of a magnitude sufficient to be consistent with the TCTPN-B EPR signal would require a covalent bridging atom between the Co(II) ions and the para nitrile groups on TCTPN may facilitate this link, explaining the specificity of this signal for TCTPN. If either of these possibilities is correct, there is no evidence that either has any catalytic relevance or would significantly impact proposed environmental clean-up applications for Chd.
In conclusion, the combination of the kinetic and spectroscopic data presented herein coupled with the previously reported kinetic and X-ray crystal structure of Chd, provides additional insight into the catalytic mechanism of Chd (Figure 2B) (Yang et al., 2019; Catlin et al., 2020). The proposed first step in catalysis is likely recognition of TPN by the large hydrophobic channel that leads to the Zn(II) active site. Consistent with the observed IC50 values for TCPN and TCTPN, the substrate, TPN, is likely positioned by a π-π interaction with an active site Trp227 residue, that was also shown to be important for catalytic turnover (Wang et al., 2010). The next step in catalysis is likely the interaction of a CN nitrile nitrogen atom to the active site, either through direct, weak (∼2.3 Å bond distance based on substrate docking studies) (Yang et al., 2019; Catlin et al., 2020) coordination with the Zn(II) (Pathway A; Figure 2) or through hydrogen bond formation between the nitrogen atom of a TPN cyano group and the amide nitrogen of Asn216 (Pathway B; Figure 2). This hydrogen bonding interaction was also suggested as a possible pose based on substrate docking studies, which placed the ortho carbon of TPN within 3.1 Å of the O atom of the bound water/hydroxide (Yang et al., 2019; Catlin et al., 2020). Both of these TPN binding modes are consistent with the EPR data reported herein; however, the latter is somewhat favored as the inhibitor-bound cobalt(II)-substituted Chd EPR data indicate a five-coordinate site, which is inconsistent with CN binding directly to the active site as direct binding would likely necessitate expansion of the inner-coordination sphere to six. Moreover, direct coordination of the CN moiety to the active site divalent metal ion would result in electron delocalization from the chlorinated aromatic rings of TCPN and TCTPN, which would be expected to differ from that of the unchlorinated BN and, therefore, exhibit differences in EPR parameters, particularly the 59Co hfi. Either way, interaction of the substrate nitrile nitrogen within the active site, likely through hydrogen bond formation, has a two-fold impact. First, it removes electron density from the aromatic ring activating the ortho carbon for nucleophilic attack (Peat et al., 2015; Hu et al., 2019) and second, it activates the coordinated water/hydroxide for nucleophilic attack. Deprotonation of the metal-bound water molecule by His114, with assistance from the Zn(II) ligands Asp116 and Asn227, forms a nucleophilic hydroxide moiety, which is consistent with the postulated pKa of the zinc-bound water molecule (Sakurai et al., 1995). Once the zinc-bound hydroxide is formed, it can attack the activated ortho carbon of TPN, forming an η-1-μ-transition-state complex (Cosper et al., 2003). Kinetic isotope effect studies indicate that one proton is transferred in the transition-state, likely due to the breaking of a water O-H bond and the formation of a protonated His114 (Yang et al., 2019). Once the products are released, the Zn(II)-bound water molecule is replaced.
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