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Abstract

Iron(II)- and 2-(oxo)-glutarate-dependent (Fe/2OG) oxygenases catalyze a diverse array of 

oxidation reactions via a common iron(IV)-oxo (ferryl) intermediate. Although the intermediate 

has been characterized spectroscopically, its short lifetime has precluded crystallograhic 

characterization. In solution, the ferryl was first observed directly in the archetypal Fe/2OG 

hydroxylase, taurine:2OG dioxygenase (TauD). Here, we substitute the iron cofactor of TauD with 

the stable vanadium(IV)-oxo (vanadyl) ion to obtain crystal structures mimicking the key ferryl 

complex. Intriguingly, whereas the structure of the TauD·(VIV-oxo)·succinate·taurine complex 

exhibits the expected orientation of the V≡O bond—trans to the His255 ligand and toward the C

−H bond to be cleaved, in what has been termed the in-line configuration—the TauD·(VIV-oxo) 

binary complex is best modeled with its oxo ligand trans to Asp101. This off-line-like 

configuration is similar to one recently posited as a means to avoid hydroxylation in Fe/2OG 

enzymes that direct other outcomes, though neither has been visualized in an Fe/2OG structure to 

date. Whereas an off-line (trans to the proximal His) or off-line-like (trans to the carboxylate 

ligand) ferryl is unlikely to be important in the hydroxylation reaction of TauD, the observation 

that the ferryl may deviate from an in-line orientation in the absence of the primary substrate may 

explain the enzyme’s mysterious self-hydroxylation behavior, should the oxo ligand lie trans to 

His99. This finding reinforces the potential for analogous functional off-line oxo configurations in 

halogenases, desaturases, and/or cyclases.
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Functionalization of chemically inert carbon centers is a key step in the biosynthesis of 

many natural products.1,2 To catalyze these challenging transformations, nature has evolved 

a variety of enzymatic strategies for activating very strong C−H bonds. Iron(II)- and 2-(oxo)-

glutarate-dependent (Fe/2OG) oxygenases harness the power of molecular oxygen for this 

purpose. Members of the ubiquitous Fe/2OG superfamily share a common mechanistic 

pathway, in which reaction of a mononuclear FeII cofactor with O2 yields an FeIV -oxo 

(ferryl) intermediate upon decarboxylation of 2OG to succinate (Figure 1).3,4 Abstraction of 
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a substrate hydrogen atom by the ferryl complex most commonly results in hydroxylation 

via oxygen rebound; however, desaturation, cyclization, stereo-inversion, and halogenation 

reactions have also been documented.5 Recent work with Fe/2OG-dependent halogenases 

suggests that the location of the ferryl oxo ligand, and its orientation relative to the C−H 

bond to be activated, may play a key role in suppressing hydroxylation for those enzymes 

that effect such alternative outcomes.6,7

Although visualization of the ferryl intermediate is limited by its short-lived nature,11 metal 

ion substitution with the vanadyl ion (VIV-oxo) was recently shown to yield a complex that 

structurally resembles the reactive species in Fe/2OG enzymes.12 Martinie et al. 

demonstrated that incorporation of vanadyl into taurine:2OG dioxygenase (TauD) closely 

mimics the active site geometry associated with its ferryl complex. Moreover, vanadyl 

substitution of the Fe/2OG-dependent halogenase, SyrB2, induces global conformational 

effects analogous to those detected in the native enzyme-substrate complex upon formation 

of the ferryl intermediate. Determination of the structure of the Fe/2OG-dependent 

hydroxylase, VioC, in complex with vanadyl, succinate, and its native substrate, L-Arg, 

provided further evidence of the utility of this approach.13 A computationally derived model 

of the ferryl state obtained by geometry optimization following replacement of vanadium by 

iron accurately predicted the experimentally observed Mössbauer parameters of the ferryl 

intermediate, suggesting that vanadyl faithfully mimics its structure. Additional structures of 

Fe/2OG enzymes containing this stable metal oxycation could provide insight into the active 

site geometries that tailor reactivity and facilitate catalysis. However, its application as a 

ferryl mimic has not been demonstrated in the structural characterization of substrate-bound 

systems other than VioC. A structure of the herbicide-degrading Fe/2OG-dependent enzyme 

arylalkanoate dioxygenase, AAD-1, was recently determined with vanadyl and succinate 

bound, but the complex lacks the hydroxylation substrate, limiting insight into its 

mechanism.14 Herein, we report the first crystallographic model for the metal-oxo complex 

of TauD, historically the most well-characterized member of the Fe/2OG superfamily, via 

cocrystallization with vanadyl, succinate, and its substrate taurine (2-aminoethanesulfonate). 

TauD is responsible for the microbial catabolism of taurine initiated by hydroxylation of 

C1.15 The structures reported here are consistent with the metal-oxo orientation observed 

crystallographically in VioC and also provide new insights into enigmatic self-hydroxylating 

behavior detected biochemically in TauD and related enzymes.

RESULTS AND DISCUSSION

Crystals of Escherichia coli TauD grown in the presence of vanadyl, taurine, and the 

coproduct succinate yielded a 1.73 Å resolution structure containing two molecules in the 

asymmetric unit. As in previous structures, the enzyme forms a homotetramer.9,10,15 Here, 

each molecule is a member of an independent oligomer, in which the constituent monomers 

are related by crystallographic symmetry. Whereas density consistent with vanadyl is clearly 

visible in both molecules, taurine and succinate are present only in chain B (Figure 2 and 

Figure S1A,B). The active site of chain A is instead populated by seven ordered water 

molecules and an adventitious acetate ion, originating from the precipitant solution. This 

acetate ion forms a salt bridge with the conserved active site side chain, Arg266, analogous 

to that formed by the C5 carboxylate of 2OG in the reactant complex. The water molecules, 
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by contrast, are found both directly coordinated to vanadium and occupying the taurine 

binding pocket. Intriguingly, this water-stabilized H-bonding network is not only unique 

among determined structures of TauD, but also remarkably consistent with calorimetric 

studies that suggest the ordering of approximately 6.3 ± 2.3 water molecules upon FeII 

binding.16 We identify eight possible solvent binding locations, including the position held 

by the vanadyl-oxo in this model (Figure 2A).

Chains A and B overlay well with previously determined structures of the substrate-free 

[chain D of Protein Data Bank (PDB) entries 1OTJ and 1OS7] and substrate-bound (PDB 

entries 1GY9 and 1GQW, as well as chains A−C of entries 1OTJ and 1OS7) enzyme, 

respectively, having root-mean-square deviations (rmsds) of the peptide backbone of <0.33 

Å over 224 Cα atoms.8,10 Conformational heterogeneity observed upon alignment of the 

monomers is confined to the N-terminal lid-loop region and reflects changes previously 

associated with taurine binding (Figure S1C).10 Moreover, the network of H-bonding 

interactions with the taurine amine and sulfonate moieties is the same as in the reactant 

complex (PDB entry 1OS7, chains A−C).10 The succinate binding mode, however, is of 

particular interest as no structure of TauD in complex with its coproduct has been reported, 

and computationally derived models have been unable to reach a consensus regarding its 

binding mode.17 In the vanadyl complex, succinate is best modeled as a bidentate ligand, 

resulting in a distorted six-coordinate geometry with vanadium−ligand distances ranging 

from 2.06 to 2.17 Å. This observation contrasts with the more asymmetric succinate 

coordination environment described for VioC, in which the two V−O interactions are best 

modeled at 2.15 and 2.34 Å. The latter value is outside the range of typical metal−O ligand 

bond distances.13 Comparison of the vanadyl-substituted structures of the two enzymes 

reveals surprising heterogeneity in the coordination geometry given their similar reactivity. 

Nevertheless, the observed asymmetric bidentate binding mode in the TauD vanadyl 

structure is consistent with Mössbauer and density functional theory studies of the ferryl 

intermediate in this system, as well as recent X-ray absorption spectroscopic studies (Figure 

S2A).12,17 All observations are consistent with a six-coordinate distorted octahedral 

complex.

A bidentate succinate ligand further obligates the oxo ligand of vanadyl to the in-line site, 

trans to the distal His of the conserved HXD/E…H facial-triad metal-binding motif (Figure 

2B).18 Such an orientation situates the oxo ligand proximal to the target carbon, in 

preparation for the hydroxylation reaction. Although the stereoselectivity of TauD has yet to 

be conclusively determined, the pro-R hydrogen of C1 is directed downward in the vanadyl 

complex, poised for abstraction by the nearby oxo species, in agreement with other 

substrate-bound TauD reactant complex structures.8,10 The associated C···O distance in 

TauD is approximately 2.8 Å, noticeably shorter than that determined for VioC (~3.1 Å) 

(Figure S2B),13 perhaps enabled by downward rotation of the acidic metal-coordinating 

residue (Asp101) and second-sphere electrostatic interaction between Arg270 and the 

negatively charged substrate (Figure 2B). Despite elongation of the V−oxo bond due to 

photoreduction of the metal center, the C1−H···VIV−oxo distances and angles in crystallo 
show good agreement with hyperfine sublevel correlation (HYSCORE) and X-ray 

absorption fine structure (EXAFS) models of the TauD·(VIV-oxo)·taurine·succinate complex 

(Figure 3).12 The outer-sphere active site residues deviate minimally from their positions in 
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the reactant complex (Figure 2C). However, Arg270, a dynamic residue implicated in 

stabilization of the in-line oxo in vanadyl-VioC structures,13,19 becomes ordered upon 

taurine binding (Figure 2A,B).

The Arg270 side chain likely stabilizes the in-line metal-oxo configuration via H-bonding to 

O3 of succinate. Detailed analysis of its geometry, however, suggests that the conserved 

second-sphere residue does not directly H-bond with the oxo ligand even though it is located 

at a suitable distance.13,20 Rather, its interactions with the taurine sulfonate moiety and 

2OG/succinate likely indirectly influence the Fe−O geometry through steric crowding and 

ionic bonding (Figure 2B). This phenomenon was also observed in structures of the 

hydroxylase VioC with vanadyl bound (Figure 2D)13,19 and contrasts with models of 

Fe/2OG halogenase ferryl complexes, in which an off-line geometry stabilized by direct H-

bonding interactions has been proposed.6,7 Such donation of H-bonds to the oxo ligand in 

reactive FeIV=O intermediates of model complexes has been shown to increase the activation 

barrier to H atom transfer reactivity.21 This distinction may partly explain observed 

differences in the rates of H atom abstraction in the reactions of hydroxylases and 

halogenases. However, the most significant factor is likely the increased distance between 

the oxo ligand and substrate HAT target, with H-bonding playing a more indirect role in 

stabilizing the off-line ferryl configuration that gives rise to this scenario.22 Nevertheless, 

crystallographic application of the vanadyl probe thus provides new opportunities to directly 

visualize subtle second-sphere interactions that may influence ferryl reactivity.

Taken together, the structural models of hydroxylases TauD and VioC complexed with 

vanadyl provide strong support for previous mechanistic proposals suggesting oxygen 

rebound to the substrate radical after H atom abstraction by an in-line oxo species. In both 

cases, this active site geometry is stabilized, in part, by interactions with second-sphere 

residues. Fewer conformational changes are observed in the TauD ferryl mimic relative to 

the reactant complex than in the corresponding VioC complexes. However, rearrangement of 

a conserved active site arginine is equally critical for orientation of the target carbon 

proximal to the reactive intermediate at distances compatible with H atom transfer (Figure 

2D and Figure S2B). While attempts to visualize the true ferryl species in VioC resulted in 

detection of a peroxysuccinate precursor, the limited reorganization of active site residues 

required to generate the TauD·(VIV-oxo)·taurine·succinate complex suggests a lower barrier 

to ferryl formation in this archetypal hydroxylase. Perhaps future experiments to trap the 

ferryl intermediate in TauD by crystallographic methods would be more successful as a 

consequence.

Quite unexpectedly, chains A and B of this TauD structure do not share the same vanadyl-

oxo orientation. The oxygen adduct is instead coplanar with the metal ion and the first two 

residues in the facial-triad in the substrate/product-free monomer (Figure 2A). The position 

of the oxo ligand was determined by modeling waters at all relevant sites around the 

vanadium ion and relaxing their restraints. Upon refinement, one of the equatorial waters 

settles a very short distance (~1.82 Å) from the metal, inconsistent with a simple aqua 

ligand. We assign this position as the nominal vanadyl oxo ligand, with an increased V−O 

distance due to photoreduction. In contrast, the ligands in the other two coordination 

positions refine to distances more typical of water ligands (2.04−2.12 Å). This model 
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resembles an off-line metal-oxo; however, instead of being trans to the proximal His, the oxo 

ligand occupies an unorthodox position trans to Asp101. Upon generation of the true ferryl 

intermediate, the initial 2OG coordination mode necessitates occupancy of this position by 

succinate. It follows that a true off-line species, should it occur in TauD, can be located only 

trans to the proximal His99.

An increased level of disorder of the Arg270 guanidino group observed in the absence of 

taurine would weaken the H-bonding interactions expected to stabilize succinate 

coordination (Figure 2), perhaps opening the coordination site trans to His99. The related 

alkylsulfatase, AtsK, provides precedent for such a monodentate succinate binding mode in 

the absence of primary substrate (Figure S3).23,24 We hypothesize that these features could 

allow an off-line ferryl to form unproductively in TauD under these circumstances. For 

example, uncoupled reactions occurring in the absence of a primary substrate have been 

shown to result in self-hydroxylation of TauD and other members of the superfamily (Figure 

S4).8,25–27 Modifications of Tyr73, as well as Trp128, Trp240, and Trp248, members of the 

putative Tyr and Trp electron transfer pathways proposed by Winkler and Gray,28 have all 

been observed; however, only Tyr modification is readily rationalized by an in-line oxo 

(Figure 4).8,26,29,30 Off-line orientation of the ferryl intermediate trans to His99, by contrast, 

would locate the oxo ligand at a suitable distance, approximately 4.0 Å from the benzene 

ring of Trp248, for self-hydroxylation of sites distal to an in-line oxo (Figure 4B). An off-

line oxo/hydroxo formed in the absence of taurine might also be relevant for one-electron 

chemistry to rescue uncoupled iron oxidation.

The unusual orientation of the vanadyl oxo ligand observed in chain A raises another 

interesting point, namely that the oxo ligand of the ferryl intermediate can potentially 

occupy three other coordination sites in certain Fe/2OG enzymes. In addition to the in-line 

orientation, there is also evidence suggesting productive use of open equatorial positions. 

Active site rearrangements precipitated by loss of CO2 from the 2OG cosubstrate, 

coordinated trans to the distal His, have been proposed to suppress hydroxylation in Fe/

2OG-dependent halogenases. It is also possible that additional rearrangements of halide, 

small molecule, or amino acid ligands could take place at intermediate stages of the reaction 

to open other positions for ferryl occupancy. These possibilities motivate continued efforts to 

trap and mimic intermediates in X-ray crystal structures, particularly in noncanonical 

Fe/2OG enzymes. The observation of an off-line-like structure in TauD forecasts the utility 

of the vanadyl probe in elucidating the mechanistic behavior of these nonhydroxylating 

systems.

CONCLUSION

In conclusion, we present further evidence supporting the use of vanadyl as a structural 

mimic for the Fe(II)/2OG-oxygenase ferryl intermediate, while providing new insight into 

the formation of the reactive species in TauD. Observation of an off-line-like oxo in the 

absence of substrate not only helps to rationalize observed self-hydroxylation behavior, but 

also lends further credence to proposals suggesting that such a configuration could occur in 

more catalytically relevant contexts in which the outcome is not simple hydroxylation.
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Figure 1. 
Proposed TauD mechanism. States of the catalytic cycle that are highlighted in gray have 

been characterized or mimicked in crystallo.3,8–10 The structure at the bottom right is 

presented herein with vanadyl substituted for the functional ferryl complex. We have chosen 

to depict succinate in a bidentate coordination mode throughout the cycle, on the basis of its 

observed binding mode in the vanadyl complex. It should be noted, however, that ligation of 

the coproduct could be dynamic in solution.
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Figure 2. 
Influence of substrate binding on the metal-oxo orientation in TauD. Active site structures 

are shown for chains (A) A and (B) B with corresponding 2F0 − Fc electron density maps 

contoured at 1.0σ around key residues and substrates. Density surrounding spheres (e.g., 

vanadyl) is contoured at 0.7σ for the sake of clarity. See Figure S1A,B for ligand omit maps. 

Minimal changes are observed between the vanadyl complex with taurine and succinate 

bound (gray) and (C) the reactant complex10 (turquoise, PDB entry 1OS7, chain A). 

However, ordering of Arg270 upon taurine binding appears to promote in-line oxo formation 

via H-bonding interactions similar to those observed in (D) the VioC·(VIVO)·L-

Arg·succinate structure13 (turquoise, PDB entry 6ALR). Sequence-independent alignments 

were performed over (C) 237 and (D) 116 Cα atoms and resulted in root-mean-square 

deviations of 0.26 and 3.21 Å, respectively.
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Figure 3. 
Comparison of crystallographic and spectroscopic models of the ferryl mimic. Key bond 

angles and distances derived from HYSCORE/EXAFS (black)12 are juxtaposed to those 

from the chain B active site (turquoise). Depicted hydrogens were added in standard 

geometries using phenix.reduce.
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Figure 4. 
Self-hydroxylation behavior in TauD is rationalized by both in-line and off-line 

configurations of the ferryl intermediate. (A) The phenolic OH of Tyr73 is positioned 

proximal to the in-line oxo. (B) Formation of an off-line species trans to His99 would locate 

the oxo within a suitable distance for modification of the putative Trp radical transfer 

pathway.28 (C) The Trp pathway is conserved among related Fe/2OG enzymes such as AtsK 

and TfdA. Residues that have been observed hydroxylated are colored red.8,30
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