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Abstract

The assignment of biochemical functions to hypothetical proteins is challenged by functional 

diversification within many protein structural superfamilies. This diversification, which is 

particularly common for metalloenzymes, renders functional annotations that are founded solely 

on sequence and domain similarities unreliable and often erroneous. Definitive biochemical 

characterization to delineate functional sub-groups within these superfamilies will aid in 

improving bioinformatic approaches for functional annotation. We describe here the structural and 

functional characterization of two non-heme-iron oxygenases, TmpA and TmpB, which are 

encoded by a genomically clustered pair of genes found in more than 350 species of bacteria. 

TmpA and TmpB are functional homologues of a pair of enzymes (PhnY and PhnZ) that degrade 
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2-aminoethylphosphonate but instead act on its naturally occurring, quaternary ammonium 

analogue, 2-(trimethylammonio)ethylphosphonate (TMAEP). TmpA, an iron(II)- and 2-

(oxo)glutarate-dependent oxygenase misannotated as a γ-butyrobetaine (γbb) hydroxylase, shows 

no activity toward γbb but efficiently hydroxylates TMAEP. The product, (R)-1-hydroxy-2-

(trimethylammonio)ethylphosphonate [(R)-OH-TMAEP], then serves as the substrate for the 

second enzyme, TmpB. By contrast to its purported phosphohydrolytic activity, TmpB is an HD-

domain oxygenase that uses a mixed-valent diiron cofactor to enact oxidative cleavage of the C–P 

bond of its substrate, yielding glycine betaine and phosphate. The high specificities of TmpA and 

TmpB for their N-trimethylated substrates suggests that they have evolved specifically to degrade 

TMAEP, which was not previously known to be subject to microbial catabolism. This study thus 

adds to the growing list of known pathways through which microbes break down 

organophosphonates to harvest phosphorus, carbon, and nitrogen in nutrient-limited niches.
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INTRODUCTION

Members of a given metalloenzyme superfamily share a conserved protein architecture and 

characteristic type of metallocofactor. Even with conservation of both protein and cofactor 

structures, superfamily members can promote fundamentally different reaction types, 

transform structurally dissimilar substrates, or both.1–4 This functional diversification limits 

the utility of domain conservation and sequence similarity for de novo prediction of 

metalloenzyme activity.5–7 This problem is not unique to metalloenzymes; an estimated 98% 

of all gene ontology annotations are algorithmically generated and not subsequently curated,
8–10 leading to misannotations that are propagated and amplified as the number of fully 

sequenced genomes rapidly grows. However, given the established roles of metalloenzymes 

in central life processes, misannotation of these proteins, in particular, could be hindering 

discovery of novel functions with important biomedical or environmental implications.

Functional diversification of a single metalloprotein superfamily is exemplified by the 

iron(II)- and 2-(oxo)glutarate-dependent (Fe/2OG) oxygenases,2 with ~ 100,000 members 

classified by the InterPro database (IPR005123, v.71.0). Fe/2OG oxygenases share a β-

sandwich, cupin structural fold11 and a largely conserved sequence motif, HxD/Ex(40–160)H, 

that contributes the protein ligands coordinating the characteristic mononuclear non-heme 
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Fe(II) cofactor.12,13 Fe/2OG enzymes couple reduction of dioxygen to the oxidative 

decarboxylation of 2OG to succinate and CO2. This reaction generates an Fe(IV)-oxo 

(ferryl) intermediate,14 which, in most cases, extracts two electrons from the primary 

substrate to balance the complete four-electron reduction of O2. Whereas hydroxylation is 

the most common outcome, halogenation, desaturation, and cyclization reactions also occur 

according to the same functional logic and within this single, conserved protein architecture.
15 Prediction of the reaction that a newly discovered member will catalyze is further 

complicated by the broad substrate scope of the superfamily, which varies from simple small 

molecules to complex natural products to even large macromolecules, including proteins and 

nucleic acids. Even high-resolution structures generally do not reveal the substrate of a given 

Fe/2OG oxygenase, owing to the conformational disorder of substrate-interacting loop 

regions often seen in the absence of the primary substrate.11

HD-domain proteins comprise another large and sparsely characterized superfamily of 

metalloenzymes,4 with ~ 160,000 members in the InterPro database (IPR006674, v.71.0). 

The namesake domain of the superfamily has a characteristic HxaHDxbD sequence motif, 

which contributes the ligands for a single divalent metal ion. At the time this superfamily 

was first recognized, all members with known functions were hydrolases acting on 

phosphate esters or anhydrides,16–19 leading to the automatic annotation of members 

discovered subsequently as putative phosphohydrolases.4 However, more recent biochemical 

studies on several HD-domain proteins have expanded the range of known metallocofactor 

types and catalytic activities associated with the superfamily. Most notably, two HD-domain 

proteins – myo-inositol oxygenase (MIOX) and (R)-1-hydroxy-2-aminoethylphosphonate 

oxygenase (PhnZ) – were shown to activate dioxygen for carbon-carbon and carbon-

phosphorus bond-cleavage reactions, respectively.20–22 These enzymes harbor histidine- and 

carboxylate-coordinated diiron cofactors, which function in the mixed-valent Fe2(II/III) 

oxidation state to activate the primary substrate and dioxygen for four-electron oxidation 

reactions.20,21,23 The capacity of an HD-domain protein to bind two metals in the active site 

can be inferred from the observation of two additional, conserved histidine residues (which 

serve as metal ligands) in the primary structure between the aspartate residues of the 

canonical domain (HxaHDxbHxcHxdD).21,24,25 The dinuclear nature of the metallocofactor 

in a given HD-domain protein can thus be predicted from sequence, but this recognition is of 

limited value in assigning a specific activity, because a subset of proteins harboring 

dinuclear cofactors use them to promote the type of hydrolytic reaction for which the 

enzyme family was initially known.26–28 In other words, the metal nuclearity of the cofactor 

does not, by itself, serve to distinguish the two major functional subclasses, 

phosphohydrolases and oxygenases. These recent discoveries of diversity in both cofactor 

structure and catalytic activity invalidate the still persistent practice of automatic annotation 

of newly discovered HD-domain proteins as phosphohydrolases.

The functional diversity within structural superfamilies, exemplified by these two cases, 

necessitates additional experimental and bioinformatic evaluation to supplement sequence- 

and domain-based annotations in order to improve functional predictions (of both the 

substrate and reaction type) for hypothetical metalloenzymes.29–32 In bacteria, genomic 

context can be a valuable tool for deducing the identities of enzyme substrates and/or 
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products.33–36 The enzymes of a given metabolic pathway are frequently encoded by genes 

in a single operon or cluster,37 allowing one to infer that the product of one enzyme will 

serve as the substrate for another when the corresponding genes have such synteny. A 

relevant example is the recently discovered pathway for degradation of the most abundant 

environmental organophosphonate compound, 2-aminoethylphosphonate (2-AEP). Two 

syntenic genes encode the enzymes PhnY and PhnZ, which enable many marine bacteria to 

catabolize this compound.22 PhnY is an Fe/2OG oxygenase that hydroxylates C1 of 2-AEP 

to generate (R)-1-hydroxy-2-aminoethylphosphonate [(R)-OH-AEP].22 This product serves 

as the substrate for PhnZ, an HD-domain diiron oxygenase, which cleaves the C–P bond to 

yield the final degradation products, phosphate and glycine.21,22,24

In this work, we identified a similar two-gene operon that encodes an Fe/2OG oxygenase 

and an HD-domain protein in the genomes of > 350 bacteria. In almost all cases, the Fe/2OG 

oxygenase, which we herein designate TmpA, had been annotated as a γ-butyrobetaine 

hydroxylase (BBOX). BBOXs catalyze hydroxylation of C3 of γ-butyrobetaine (γbb) to 

yield L-carnitine in the last step of its biosynthesis in eukaryotes38 and in the first step of 

bacterial γbb degradation for carbon and nitrogen assimilation.39,40 The HD-domain 

protein, herein designated TmpB, was largely annotated as a phosphohydrolase. However, 

the moderate sequence similarity of TmpB to the HD-domain oxygenase PhnZ (~ 30% 

identity), including conservation of the extended HxaHDxbHxcHxdD dimetal sequence 

motif, and its analogous genomic synteny with an Fe/2OG oxygenase led us to suspect that 

TmpB might actually be a new HD-domain mixed-valent diiron oxygenase (HD-MVDO). 

By biochemical and structural analyses, we reassigned the functions of this pair of proteins 

encoded in the genome of the marine bacterium Leisingera caerulea (Lc).41,42 TmpA and 

TmpB catalyze the two steps of a previously unidentified pathway for degradation of the 

naturally occurring organophosphonate 2-(trimethylammonio)ethylphosphonate (TMAEP). 

TmpA hydroxylates TMAEP at C1, thereby providing the substrate for TmpB, which 

promotes the O2-dependent oxidative cleavage of the C–P bond to yield glycine betaine and 

phosphate. Biochemical and spectroscopic evidence demonstrate that TmpA and TmpB are 

highly specific for their N-trimethylated substrates and are thus unlikely to overlap 

functionally with the PhnY/Z pair that degrades the corresponding unmethylated compound. 

The X-ray crystal structures of TmpA and TmpB rationalize this selectivity, while also 

confirming their similarities to BBOX and PhnZ, respectively, which was anticipated from 

sequence similarity and led to their initial misannotation. The biochemical and structural 

characterization of these enzymes, together with their genomic context, can inform 

functional predictions for other uncharacterized Fe/2OG and HD-domain enzymes.

EXPERIMENTAL PROCEDURES

Materials.

All chemicals used for protein over-expression and purification were purchased from Sigma-

Aldrich (St. Louis, USA), unless stated otherwise.
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Preparation of Lc TmpA, Lc TmpB, and Ps BBOX.

Detailed procedures for over-expression and purification of the proteins are provided in the 

Supporting Information.

Preparation of PhnY and PhnZ.

Proteins were prepared as previously described.21

Construction of Sequence Similarity Networks.

We generated the sequence similarity network (SSN) using the Enzyme Function Initiative – 

Enzyme Similarity Tool (EFI-EST) web-based server43 and visualized it in Cytoscape (v 

3.2.1).44 We constructed a network of all sequences either (1) classified with the IPR003819 

(v 59.0) “TauD/TfdA-like” domain and a length of > 350 amino acids or (2) having an E-

value threshold < 1 × 10−10 in a Basic Local Alignment Search Tool (BLAST) query of the 

National Center for Biotechnology Information (NCBI) and the Joint Genome Institute – 

Integrated Microbial Genomes (JGI-IMG)45 databases with the Lc TmpA sequence. 

Sequences with > 90% identity were binned into single nodes, and an initial pairwise 

alignment score threshold of < 1 × 10−50 was selected for vertices (Figure S1). Further 

network analysis was performed by increasing the threshold stringency, as described in the 

Supporting Information (Figures S2 and S3; Figure 2).

Synthesis of DMAEP and TMAEP.

Procedures used to synthesize 2-(dimethylamino)-ethylphosphonate (DMAEP) and 2-

(trimethylammonio)ethylphosphonate (TMAEP) and characterization of the synthetic 

compounds are provided in the Supporting Information.

Enzymatic production of (R)-1-hydroxy-2-(trimethylammonio)ethylphosphonate [(R)-OH-
TMAEP].

The (R)-OH-TMAEP substrate for TmpB was prepared from TMAEP by enzymatic 

conversion catalyzed by TmpA. A reaction (0.1 L) containing 0.005 mM TmpA, 0.01 mM 

(NH4)2Fe(SO4)2, 3 mM 2OG and 3 mM TMAEP was prepared in 25 mM ammonium 

acetate buffer (pH 7.5) and was incubated at room temperature with constant stirring and 

flushing with air. The product was purified according to the procedure used for preparation 

of (R)-OH-AEP21 and was analyzed by NMR (Figure S4): 13C NMR (D2O) δ = 68.83 (d, J 
= 12.5 Hz), 64.76 (d, J = 145.0), and 62.39 ppm; 31P NMR (D2O) δ = 13.0 ppm; 1H NMR 

(D2O) δ = 3.60 (m, 1H), 3.45 (m, 1H), and 3.37 (m, 1H), 1.74 (s, 9H). The stereochemistry 

was determined from the x-ray crystal structures of the TmpA product and TmpB substrate 

complexes.

Multiple-turnover enzyme assays.

End-point reactions to test for activity of Fe/2OG oxygenases with substrates and analogues 

contained final concentrations of 0.02 mM apo-TmpA (or apo-BBOX or apo-PhnY), 0.03 

mM (NH4)2Fe(SO4)2, 0.4 mM sodium L-ascorbate, 3 mM 2OG, 2 mM substrate and 0.2 

mM 2,2,3,3-[2H]4-succinate (d4-succinate) in 50 mM sodium 2-[4-(2-hydroxyethyl)-

piperazin-1-yl] ethanesulfonate (HEPES) buffer, pH 7.5. End-point reactions to test for 
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activity of HD-domain proteins with substrates and analogues contained final concentrations 

of 0.01 mM aerobically-isolated TmpB (or aerobically-isolated PhnZ), 0.5 mM sodium L-

ascorbate and 2 mM substrate in 50 mM sodium HEPES, pH 7.5. All reaction components 

(O2-free) were mixed in an anoxic chamber and brought to 0.10 mL by addition of O2-free 

buffer. The solutions were then removed from the chamber and the reactions were initiated 

by addition of 0.90 mL cold, air-saturated buffer (~ 0.4 mM O2 at 5 °C). Reactions were 

incubated on ice (~3 °C), stirred, and flushed with air for 4 h. Aliquots for LC-MS analysis 

(0.1 mL) were treated with 0.005 mL formic acid (5% final), and aliquots for 31P-NMR 

analysis (0.48 mL) were treated with 0.02 mL acetic acid (4% final), to terminate the 

reactions. Minor deviations from these general procedures are described in the appropriate 

figure legends.

Determination of TmpA coupling ratio.

Reaction solutions (0.1 mL) containing 0.22 mM apo-TmpA, 0.2 mM (NH4)2Fe(SO4)2, 0.4 

mM TMAEP, 0.1 mM d4-succinate and varying concentrations of 2OG (0, 0.02, 0.04, 0.06, 

0.08, 0.1, 0.12, 0.14, or 0.16 mM) in 50 mM sodium HEPES, pH 7.5, were prepared in an 

anoxic chamber. Assay solutions were removed from the anoxic chamber and mixed with an 

equal volume of O2-saturated sodium HEPES buffer, pH 7.5 (~1.8 mM O2 at 5 °C). 

Reactions were quenched after 10 min by addition of 0.01 mL formic acid and were clarified 

by passage through centrifugal filter devices with 10 kDa molecular weight cut-off (Pall 

Corporation, Westborough, MA). Succinate and TMAEP were quantified by the LC-MS 

analysis described below.

31P-NMR sample preparation and spectroscopy.

For 31P-NMR measurements, sodium dithionite, ethylenediaminetetraacetic acid (EDTA), 

and D2O were added to the samples to final concentrations of 0.2 mM, 0.2 mM, and 20 % 

(v/v), respectively. Solution 31P-NMR spectra of the various phosphorus-containing 

compounds were recorded at room temperature on an AVX-360 or HD-500 Bruker 

spectrometer. The spectra were recorded with a 1D sequence with power-gated 1H 

decoupling. Chemical shifts are quoted with respect to a phosphoric acid solution (0 ppm) 

prepared in the reaction buffer (sodium HEPES buffer, pH 7.5 with acetic acid, EDTA, 

sodium dithionite in D2O). NMR spectra were further processed with the freely available 

Spinworks (version 1.3.8.1) software (Dr. Kirk Marat, University of Manitoba, Canada).

High performance liquid chromatography – mass spectrometry (LC-MS).

LC-MS analysis was carried out on an Agilent 1200 series LC system coupled to a triple 

quadrupole mass spectrometer (Agilent 6410 QQQ LC/MS; Agilent Technologies, Santa 

Clara, CA). Succinate was detected by injection of a 2-μL aliquot of a filtered sample (0.2 

μm filter) onto an extend-C18 Agilent column equilibrated in 99% solvent A (water with 

0.1% formic acid) and 1% solvent B (acetonitrile). Succinate was eluted from the column 

with an isocratic mobile phase of 99% solvent A and 1% solvent B at a flow rate of 0.4 

mL/min for 10 min. Detection of succinate and the internal standard d4-succinate was 

performed by electrospray ionization mass spectrometry (ESI-MS) (source parameters: gas 

temperature = 350 °C, gas flow = 9 L/min, nebulizer pressure = 40 psi, capillary voltage = 

4000 V) in the negative mode with single ion monitoring at mass-to-charge ratios (m/z) of 
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117 and 121, respectively (fragmentor voltage = 135 V, dwell time = 200 s, delta EMV = 

200 V). Succinate was quantified by multiplying the known concentration of d4-succinate by 

the ratio of the integrated peak areas for succinate and d4-succinate.

For analysis of quaternary ammonium compounds, samples (2 μL) were injected onto a 

SeQuant ZIC-HILIC (3.5 μm, 100 Å, PEEK 150 × 2.1 mm) column (Merck, Darmstadt, 

Germany) equilibrated in 2% solvent A (10 mM ammonium acetate with 0.2% formic acid) 

and 98% solvent B (acetonitrile). The reaction mixture was separated with a flow rate of 0.3 

mL/min by applying a linear gradient of 2% - 75% solvent A over 28 min then returning to 

2% solvent A over 25 min and washing with 2% solvent A for 7 min before the next 

injection. The compounds were detected by ESI-MS (source parameters: gas temperature = 

350 °C, gas flow = 9 L/min, nebulizer pressure = 40 psi, capillary voltage = 4000 V) in the 

positive mode with single ion monitoring (fragmentor voltage = 135 V, dwell time = 200 s, 

delta EMV = 200 V) at m/z ratios provided in Table S1. Metabolites were quantified by 

comparison of integrated peak intensities to that of an internal standard (γbb or γbb-3) of 

known concentration.

For analysis of primary amine compounds, samples (2 μL) were injected onto a SeQuant 

ZIC-HILIC (3.5 μm, 100 Å, PEEK 150 × 2.1 mm) column (Merck, Darmstadt, Germany) 

equilibrated in 5% solvent A (water with 0.1% formic acid) and 95% solvent B (acetonitrile 

with 0.1% formic acid). The reaction mixture was separated with a flow rate of 0.3 mL/min 

by applying a linear gradient of 5% - 70% solvent A over 25 min, then returning to 5% 

solvent A over 25 min and washing with 5% solvent A for 10 min before the next injection. 

The compounds were detected by ESI-MS (source parameters: gas temperature = 350 °C, 

gas flow = 9 L/min, nebulizer pressure = 40 psi, capillary voltage = 4000 V) in the positive 

mode with single ion monitoring (fragmentor voltage = 135 V, dwell time = 200 s, delta 

EMV = 200 V) at m/z values listed in Table S2. Quantification was as described above, with 
13C-glycine used as the internal standard.

Stopped-flow absorption (SF-Abs) measurements and data analysis.

SF-Abs experiments were carried out at 5 °C with an Applied Photophysics Ltd. 

(Leatherhead, UK) SX20 stopped-flow spectrophotometer housed in an anoxic chamber 

(Labmaster, MBraun, Stratham, USA). The instrument was configured for single-mixing, an 

optical pathlength of 1 cm, and data acquisition with polychromatic light and a photodiode-

array (PDA) detector. Time-dependent absorption spectra (1,000 points) were acquired with 

a logarithmic time base. Specific reaction conditions are provided in the appropriate figure 

legends.

Absorbance-versus-time traces were analyzed according to equation 1, which relates to the 

cycle of three consecutive, first-order, irreversible reactions shown in Scheme 1. Note that, 

under the conditions of the experiments (limiting O2 and excess 2OG and TMAEP), the 

TmpA•Fe(II)•2OG•TMAEP reactant complex (R) re-forms at completion. Although the 

initial step (R → I) requires O2 and is expected to be kinetically first order in this reactant, 

the excess of the enzyme reactant is sufficient to make the approximation of pseudo-first-

order kinetics in this step an acceptably good one. Similarly, the rate of the P → R step may 

depend on the substrate concentrations, but both are present in large (pseudo-first-order) 
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excess. Moreover, conversion of the product complex to the reactant complex may, as in 

other Fe/2OG systems, also be rate-limited by product dissociation.46 Absorbance was 

monitored as a function of time at 519 nm, where R absorbs maximally, the 

TmpA•Fe(IV)=O•succin-ate•TMAEP intermediate state (I) is nearly isobestic with R, and 

the TmpA•Fe(II)•succinate•(R)-OH-TMAEP complex (P) is transparent, and 320 nm, where 

I absorbs intensely and R and P absorb much less intensely. In the presentation and analysis 

of the traces, the final absorbance was set to zero by subtraction of a constant from all 

absorbance values. In addition, because the first step is quite fast and nearly unresolved, k1 

was set in the regression analysis to a value of 750 s−1 (corresponding to a true second-order 

rate constant of ~ 1.5 × 106 M−1s−1). This value represents a lower limit: values greater than 

750 s−1 gave equally good fits, but lesser values gave noticeably poorer agreement.

ΔA = R 0 εl − εR
k1

k2 − k1
e

−k1t
− e

−k2t
+

εP − εR
k2 · k1
k2 − k1

1
k3 − k1

e
−k1t

− e
−k3t

− 1
k3 − k2

e
−k2t

− e
−k3t

(1)

Crystallization and x-ray structure solution of TmpA and TmpB.

For all structures, crystallographic datasets were collected at the GM/CA 21ID-F/G and LS-

CAT 23ID-B beamlines of the Advanced Photon Source at Argonne National Lab, and the 

resulting diffraction images were processed with the software package HKL2000.47 

Refinement and model building were performed with the programs Refmac548 and COOT,49 

respectively. A summary of data collection and refinement statistics for all structures can be 

found in Tables S1 and S2. Ramachandran outlier analysis and other validation procedures 

were carried out using the Molprobity server.50 Figures were generated in the PyMOL 

molecular graphics software package (Schrödinger LLC).

In an anoxic chamber at 25 °C, an O2-free solution containing TmpA (15 mg/mL), 0.35 mM 

(NH4)2Fe(SO4)2, and 1.75 mM 2OG was mixed in a 2:1 (v:v) ratio with a precipitant 

solution containing of 1.0–1.4 M Li2SO4 and 1.6–1.8 M (NH4)2SO4 in hanging drop vapor 

diffusion trials. TMAEP was soaked into existing crystals by 1:1 (v:v) mixing of crystal 

drops with 20 mM TMAEP prepared in the precipitant solution followed by a 4–5-h 

incubation at 25 °C. Crystals were prepared for data collection by cryoprotection in the 

precipitant solution supplemented with 19% (v/v) glycerol, mounting on rayon loops, and 

flash freezing in liquid nitrogen. The structure of the product complex of TmpA was 

obtained after adventitious exposure of crystals (described below) to O2 during 

crystallization, likely due to incomplete removal of O2 in the original screen. These crystals 

were obtained after mixing a solution of O2-free TmpA (15 mg/mL), 0.35 mM 

(NH4)2Fe(SO4)2, 1.75 mM 2OG and 1.75 mM TMAEP with an equal volume of a 

precipitant solution (from a commercial screen by Qiagen) consisting of 1.1 M sodium 

malonate (pH 7.0), 0.1 M sodium HEPES (pH 7.0) and 0.5 % Jeffamine ED-2001 (pH 7.0) 

in a sitting-drop diffusion trial in an anoxic chamber. Crystals were prepared for data 

Rajakovich et al. Page 8

Biochemistry. Author manuscript; available in PMC 2019 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



collection via soaking in the well solution supplemented with 25% (v/v) glycerol as a 

cryoprotectant, mounting on rayon loops, and flash freezing in liquid nitrogen.

The structure of TmpA with its phosphonate-containing product bound was solved by 

molecular replacement using the software package PHASER,51 with a truncated Hs BBOX 

structure (PDB accession code 3O2G, residues 101–388) as the search model. The resulting 

electron density map was subjected to an autobuilding procedure using the software package 

ARP/wARP,52 followed by manual model building in Coot. All other TmpA structures were 

solved by molecular replacement using PHASER,51 with the structure of the TmpA product 

complex as the search model. The TMAEP and (R)-OH-TMAEP ligands were generated 

using the software package JLigand.53

The structure of the TmpA•Fe(II)•2OG complex contains residues 1–375 in chain A and 

residues 1–376 in chain B. The model for each chain additionally contains two residues at 

the N-terminus from the linker to the His6 affinity tag. A single iron ion is modeled in chains 

A and B, but electron density for the 2OG co-substrate is observed only in chain A. The final 

model also contains 4 sulfate ions and 464 water molecules. The structure of the 

TmpA•Fe(II)•2OG•TMAEP complex consists of residues 1–376 in chain A, residues 1–188 

and 196–376 in chain B, 2 iron ions, 1 2OG molecule, 1 TMAEP molecule (ligand TMP), 1 

sulfate ion, and 521 water molecules. The model for each chain contains two or three 

residues at the N-terminus from the His6 affinity tag. The TMAEP and 2OG molecules are 

modeled only in chain A. A loop containing residues 189–195 is disordered in chain B, but 

is ordered in chain A. The structure of the TmpA•product complex contains residues 1–376 

in both chains A and B, 2 iron ions, 1 (R)-OH-TMAEP molecule (TMO), and 483 water 

molecules. The model for each chain contains two residues at the N-terminus from the His6 

affinity tag. Electron density for the (R)-OH-TMAEP product is observed solely in chain A. 

The electron density in the co-product site of chain A likely reflects mixed occupancy by 

succinate, acetate, and water molecules (Figure S15) and was therefore left unmodeled.

In an anoxic chamber, an O2-free solution of TmpB (10 mg/mL) and 5 mM sodium L-

ascorbate was mixed with an equal volume of a precipitant solution containing 0.2 M CaCl2, 

0.1 M sodium HEPES (pH 7.5), and 27%-33% polyethylene glycol (PEG) 4,000 in hanging 

drop vapor diffusion trials. (R)-OH-TMAEP was incorporated via 1:1 (v:v) mixing of crystal 

drops with 20 mM (R)-OH-TMAEP prepared in the crystallization solution followed by a 

24-h incubation at 25 °C. Crystals were prepared for data collection by cryoprotection in the 

well solution supplemented with 21% (v/v) glycerol, mounting on rayon loops, and flash 

freezing in liquid nitrogen.

The structure of the TmpB•Fe2•(R)-OH-TMAEP complex was solved by molecular 

replacement using the software package MOLREP54 with the structure of PhnZ (PDB 

accession code 4MLM) as the search model. The final model contains four molecules of the 

protein in the asymmetric unit (ASU), with residues 8–195 in chain A, residues 8–194 in 

chain B, residues 7–76 and 85–195 in chains C and D, 6 Fe(II) ions (see explanation below), 

4 Fe(III) ions, 2 (R)-OH-TMAEP (ligand TMO) molecules, and 261 water molecules. The 

diiron sites in chains A-D were modeled with one Fe(II) ion and one Fe(III) ion, because the 

mixed-valent cofactor accumulates to > 60% in solution when the diferric state is incubated 
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with L-ascorbate, which was present during crystallization. However, the final oxidation 

state is not known and could be either Fe2(III/III) due to adventitious oxygen exposure 

during crystallization or Fe2(II/II) due to photoreduction during data collection. The (R)-

OH-TMAEP is observed only in two of the four TmpB molecules in the ASU (chains C and 

D). The chains with substrate exhibit a disordered loop region, residues 77–84, near the 

active site. Conversely, this loop can be fully modeled in the chains that lack substrate; 

however, the electron density is weak and the temperature factors for this part of the model 

are high. The loop is found near a pair of adventitiously-bound iron ions that may be 

partially responsible for the ordering in the chains without substrate. This additional metal 

binding site, verified by an iron anomalous diffraction dataset but modeled at 50% 

occupancy for each site, is located between chains C and D (Figure S19).55 Anomalous 

diffraction Fourier maps were generated with CAD and FFT56–58 of the CCP4 software 

suite.59

57Fe Mössbauer spectroscopy.

Mössbauer spectra were recorded on SEECO (Edina, MN) instruments that have been 

described previously.14 The spectrometer used to acquire the weak-field spectra is equipped 

with a Janis SVT-400 variable-temperature cryostat. The external magnetic field was applied 

parallel to the γ beam. All isomer shifts are quoted relative to the centroid of the spectrum of 

α-iron foil at room temperature. Mössbauer spectra were simulated using the WMOSS 

spectral analysis software (www.wmoss.org, WEB Research, Edina, MN).

Continuous-Wave (CW) EPR spectroscopy.

EPR spectra at X-Band (~9.5 GHz) were acquired on a Bruker ESP-300 spectrometer 

equipped with an ER/4102 ST resonator (Bruker), an Oxford Instruments continuous-

helium-flow cryostat, and an Oxford Instruments temperature controller (ITC 502). For all 

experiments, quartz tubes with 3 mm inner and 4 mm outer diameters were used (QSI).

RESULTS

The Fe/2OG oxygenase TmpA is a TMAEP hydroxylase

Discovery of the TMAEP hydroxylation activity of TmpA.—The Lc TmpA protein 

shares 26% sequence identity with Homo sapiens (Hs) BBOX and 33% identity with 

Pseudomonas sp. AK-1 (Ps) BBOX. The latter enzyme is, to the best of our knowledge, the 

only characterized bacterial BBOX orthologue.39,60–62 To evaluate the annotation of TmpA 

as a BBOX, the enzyme was tested in a multiple-turnover reaction for the ability to 

hydroxylate γbb. TmpA was found neither to consume γbb nor to produce the hydroxylated 

product, L-carnitine (Figure 1). By contrast, the positive-control enzyme, Ps BBOX, 

completely converted γbb to L-carnitine under the same reaction conditions (Figure 1).

The verified γbb hydroxylation activity of Ps BBOX and complete absence of any such 

activity for TmpA prompted further scrutiny and comparison of their primary structures. A 

sequence similarity network (SSN)43,63 was constructed for a Fe/2OG superfamily subset 

that included BBOX sequences and TmpA-like sequences (Figure S1). This subset also 

included the biochemically characterized enzyme, ε-trimethyllysine hydroxylase (TMLH), 
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which catalyzes the first step in eukaryotic L-carnitine biosynthesis.38,64 TMLH, a close 

homologue of BBOX, was used as a rational benchmark for selection of a minimum 

pairwise alignment score that generates isofunctional clusters (acting on the same substrate). 

Separation of the isofunctional TMLH cluster from the BBOX cluster was achieved at a 

pairwise alignment score of 10−65 (Figure S2). At this threshold, the BBOX and TmpA-like 

sequences also segregate into distinct sub-clusters, with the nodes corresponding to the Ps 
BBOX and Lc TmpA proteins no longer connected via an edge vector because their pairwise 

alignment score exceeds 10−65. The separation of Ps BBOX and Lc TmpA into 

presumptively isofunctional clusters is consistent with the experimental observation that they 

do not act on the same substrate. In a network constructed from only bacterial sequences and 

with a slightly higher stringency for edges (Figure S3), the clusters containing nodes for Ps 
BBOX and Lc TmpA become more isolated and adopt a clustering pattern that reflects 

genomic context (Figure 2). Yellow nodes, which generally cluster with Lc TmpA, represent 

proteins that are encoded adjacent to a gene encoding a TmpB-like HD-domain protein and 

often downstream of a gene encoding a LysR-type transcription regulator (Figure 2, yellow 

box). Within this cluster, a number of sequences are apparent protein fusions of TmpA- and 

TmpB-like domains (orange nodes). Conversely, genes encoding proteins represented by 

gray and green nodes lack the neighboring gene encoding an HD-domain protein. Proteins 

represented by the green nodes are encoded in gene neighborhoods similar to the γbb-

degradation operon previously characterized in Ps.39 This operon encodes the Ps BBOX 

enzyme, as well as proteins involved in betaine uptake and further degradation of L-carnitine 

to glycine betaine (Figure 2, green box).39 Thus, the proteins represented by green nodes are 

likely to be authentic BBOX enzymes that enable bacterial γbb assimilation. The clear 

dichotomy between the genomic contexts of TmpA-clustered proteins and those clustered 

with Ps BBOX is consistent with their use of different substrates, as shown experimentally 

for Lc TmpA.

We initially predicted that the substrate for TmpA might be structurally similar to the γbb 

substrate of BBOX and therefore tested various analogues of that compound. None of the 

analogues most similar in structure to γbb, possessing both the trimethylammonium and 

carboxylate groups, were consumed by TmpA (Figure S5). We noted that the BBOX active 

site residues that interact with the quaternary amine of γbb (vide infra) are, in fact, 

conserved (or conservatively substituted) in TmpA sequences. We therefore considered that 

the TmpA substrate would retain this structural element but have a different substituent 

replacing the carboxylate group. TmpA was found to act, in the presence of its presumptive 

co-substrates, 2OG and O2, on the quaternary ammonium-containing compound 

phosphocholine (Figure S6). The analogy of the genomic synteny of the TmpA/B pair to that 

of the phosphonate-degrading PhnY/Z pair suggested the possibility that the former pair 

might also degrade a phosphonate compound. Thus, we tested the naturally occurring 

phosphonate analogue of phosphocholine, 2-(trimethylammonio)ethylphosphonate 

(TMAEP) and observed efficient consumption (200 turnovers) under the same assay 

conditions (Figure 3). TMAEP was completely converted to a product with a distinct 31P-

NMR chemical shift and an m/z of +16 relative to that of the substrate, suggestive of 

substrate hydroxylation (Figure 3). By NMR analysis (Figure S4), we determined the 

purified product to be 1-hydroxy-2-(trimethylammonio)ethylphosphonate (OH-TMAEP). 

Rajakovich et al. Page 11

Biochemistry. Author manuscript; available in PMC 2019 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The configuration of C1 (R) was evident from the X-ray crystal structures of the 

TmpA•product and TmpB•substrate complexes (described below). The C1 configuration 

matches that generated by PhnY in the cognate intermediate of the previously identified 

pathway for degradation of the unmethylated analog, 2-AEP.22 Hydroxylation of TMAEP 

was dependent on the presence of TmpA, 2OG, and O2 (Figure S7), and tight coupling 

between succinate production and TMAEP consumption was observed, with a stoichiometry 

close to the theoretical value of unity (Figure S7). By contrast, no conversion of TMAEP 

under analogous conditions was observed upon incubation with PhnY (Figure 3), which 

natively hydroxylates the corresponding primary amine analogue (2-AEP). Ps BBOX 

converted only a small fraction (< 10%) of the TMAEP in a 4-h incubation (Figure 3).

As a foundation for assessing the enzyme’s specificity for this substrate, the capacity of 

TMAEP to bind to TmpA and trigger its reaction with O2 were probed by UV-visible 

absorption spectroscopy. In the absence of substrate, the ternary TmpA•Fe(II)•2OG complex 

exhibited the usual visible absorption feature at 530 nm (Figure 4A), attributed in previous 

studies on other Fe/2OG oxygenases to a metal-to-2OG charge-transfer transition.65 Mixing 

of this complex with limiting O2 resulted in only a very sluggish reaction, marked by slow 

development of an absorption feature centered at ~ 350 nm (Figure S8). These spectral 

changes likely reflect unproductive oxidation of the Fe(II) cofactor to Fe(III), as observed 

for other Fe/2OG enzymes.14,66 Addition of TMAEP to an anoxic solution of the ternary 

TmpA•Fe(II)•2OG complex elicited additional structure in the MLCT band, as well as small 

but reproducible hyper- and hypsochromic shifts (Figure 4A), reflecting the effect of 

TMAEP binding on the geometry and electronic structure of the cofactor.67–69 Mixing of the 

resultant quaternary TmpA•Fe(II)•2OG•TMAEP complex with limiting O2 led to rapid, 

transient changes reflective of a single enzyme turnover (Figure 4B). The 520-nm feature of 

the reactant complex decayed and re-developed (Figure 4B, C), signifying conversion of the 

reactant complex to a transparent state – most likely the TmpA•Fe(II)•succinate•(R)-OH-

TMAEP product complex70 – followed by re-formation of the reactant complex. Non-linear 

regression analysis of the kinetic traces (described in the Experimental Section) yielded 

apparent first-order rate constants of 59 s−1 for the decay phase and 2.0 s−1 for the re-

development phase. Additionally, a feature with an apparent maximum of 318 nm developed 

by the time of the first reliable spectrum (4 ms; Figure 4B, red trace) and decayed with a rate 

constant (67 s−1) not significantly different from the larger value extracted from analysis of 

the 520-nm traces (Figure 4C). A final re-development phase had an observed rate constant 

equivalent to that for re-development of the visible feature of the reactant complex. These 

transient UV absorption spectra and kinetic traces reflect the rapid (nearly in the dead-time 

of the stopped-flow instrument) accumulation of the ferryl intermediate, its slower decay to 

a product complex, and the overall rate-limiting re-formation of the reactant complex upon 

dissociation of the products and re-binding of 2OG and TMAEP (Scheme 1). We have 

previously documented similar kinetic schemes for multiple other Fe/2OG oxygenases.
14,66,71–74

Examining the substrate specificity of TmpA.—Structural analogues of TMAEP 

were tested for their ability to bind to TmpA, trigger O2 activation, and serve as substrates in 

multiple-turnover activity assays. A panel of natural and synthetic organophosphonate 
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compounds was screened to examine whether the phosphonate alone was sufficient for 

substrate processing. TmpA was unable to consume the vast majority of these compounds, 

with the exceptions of 2-AEP and 3-aminopropylphosphonate (the latter not known to occur 

in nature), which were processed only very inefficiently (Figures S9, S10). Compounds with 

a hydroxyl, carboxylate, or sulfonate group in place of the phosphonate (e.g., choline, γbb, 

γbb-3, taurine, γ-aminobutyric acid, and β-alanine) were also not detectably consumed after 

a 4-h incubation with TmpA, Fe(II), and co-substrates (Figure S10). Addition of any one of 

the latter set of analogues to the TmpA•Fe(II)•2OG ternary complex did not perturb the 

absorption spectrum (Figure S11), suggesting that none binds with affinity comparable to 

that of TMAEP. Furthermore, none of these analogues triggered the reaction with O2, 

demonstrated by their failure to promote either the rapid loss of the 520-nm feature of the 

reactant complex or the development of the transient 318-nm absorption feature of the ferryl 

intermediate (Figure S11).

Analogues retaining the phosphonate moiety but having reduced degrees of amine 

methylation were also examined as substrates for TmpA and were found to be poorer than 

TMAEP. Addition of 2-(dimethylamino)ethylphosphonate (DMAEP) to the 

TmpA•Fe(II)•2OG ternary complex induced a shift in the absorption spectrum similar to that 

caused by TMAEP (Figure 5A, blue). Subsequent mixing of the 

TmpA•Fe(II)•2OG•DMAEP complex with limiting O2 resulted in the spectral changes 

characteristic of a single turnover, as observed for TMAEP (Figure 5B, blue). However, the 

observed rate constant for the decay phase at 520 nm was approximately four times less 

(kobs = 13 s−1) than that observed with TMAEP. A new species with an increased m/z of +16 

relative to that of the substrate was detected by LC-MS (Figure S10), and the presence of a 

new peak with a distinct 31P-NMR chemical shift (Figure 5C) suggested hydroxylation of 

the dimethyl analogue. In multiple-turnover reactions with low concentrations of TmpA, the 

turnover frequency with DMAEP (v0/[E] = 0.43 s−1) was 1.6-fold less than with TMAEP (v0 

= 0.67 s−1). Such a modest difference in rate compelled us to assess more directly the 

enzyme’s preference for the N-trimethyl versus the N-dimethyl substrate in a competition 

assay with the two compounds present in equal concentration. TmpA consumed exclusively 

TMAEP at early incubation times and began to process DMAEP only after TMAEP was 

almost entirely depleted (Figure 6B), consistent with a preference for the N-trimethyl 

substrate. With the corresponding unmethylated compound, 2-AEP, TmpA was found to 

carry out fewer than 10 turnovers after a 4-h incubation with excess 2OG and O2 (Figure 5C 

and S11). Accordingly, addition of 2-AEP to the TmpA•Fe(II)•2OG complex elicited a less 

pronounced shift in its absorption spectrum than for TMAEP or DMAEP (Figure 5A, green), 

and no detectable triggering of the O2 reaction was observed (Figure 5B, green). These 

comparisons show that the presence of three N-methyl groups is important for high-affinity, 

functional binding in the active site.

As noted previously, TmpA degrades the phosphoester analogue of TMAEP, phosphocholine 

(PC). The reaction produces phosphate and glycine betaine aldehyde, the former determined 

by its 31P-NMR chemical shift and the latter by its m/z in LC-MS analysis (Figure S6). The 

observed products presumably result from hydroxylation at C1 of PC followed by 

elimination of phosphate. This reaction is robustly catalytic, such that a 1-h incubation of PC 

with TmpA in the presence of excess 2OG and O2 resulted in its complete consumption (100 
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turnovers), as observed with TMAEP under identical conditions (Figure 6C). However, the 

turnover frequency was found to be less with PC (v0/[E] = 0.074 s−1 at 3 °C) than with 

TMAEP by a factor of ~ 9. Additionally, no changes to the optical spectrum were seen upon 

reaction of the presumptive TmpA•Fe(II)•2OG•PC quaternary complex with O2 (Figure 

S11), suggesting that the initial O2-addition step is slow compared to subsequent events 

leading to re-formation of the reactant complex. In a competition experiment, TMAEP was 

first consumed to completion, at which point PC was then slowly consumed (Figure 6D), 

clearly demonstrating a preference for the phosphonate compound. Furthermore, the TmpA 

reaction with PC was inhibited in this competition assay compared with a reaction 

containing only PC (i.e., in the absence of TMAEP; compare Figure 6C, D). The inhibition 

was presumed to be caused by the TMAEP product, (R)-OH-TMAEP, which was confirmed 

by including it at a high concentration in a reaction with PC as the sole substrate (Figure 

6C).

Structural basis for TmpA substrate specificity.—The x-ray crystal structure of the 

TmpA•Fe(II)•2OG complex was solved to a resolution of 1.73 Å by molecular replacement 

using the C-terminal catalytic domain of the Hs BBOX structure (PDB accession code 

3O2G75) as the search model. As forecast by the sequence similarity that led to the 

misannotation of TmpA as a BBOX, the two proteins have a number of structural features in 

common. The overall topologies are remarkably similar (Figures 7, S12), with a root-mean-

squared standard deviation (rmsd) of 2.5 Å for 355 Cα-atoms.76 The tertiary structure of the 

TmpA monomer consists of an N-terminal dimerization domain (residues 1–96), a short 

linker (97–100), and a C-terminal catalytic domain containing the eight-stranded β-sandwich 

(cupin) fold characteristic of Fe/2OG oxygenases (Figure S12).2,11,77 In both TmpA and Hs 
BBOX, the N-terminal domain facilitates assembly of a symmetric head-to-tail dimer via its 

interface with the C-terminal domain of the other monomer (Figure 7). Analysis by size 

exclusion chromatography confirmed that this quaternary structure of TmpA is also present 

in solution (Figure S13). The N-terminal domains of TmpA and Hs BBOX are structurally 

homologous, despite sharing < 20% sequence identity, and are composed of two three-strand 

antiparallel β-sheets with an intervening α/β insertion (Figures S12, S14). However, 

whereas Hs BBOX harbors an essential Zn(II) ion in the α/β insertion,75 TmpA lacks the 

CxCxxC…H sequence motif required for metal binding, and a divalent cation is not 

observed in its N-terminal domain (Figure S14).

Structures of TmpA were also solved with the TMAEP substrate (1.70 Å resolution) and 

(R)-OH-TMAEP product (1.78 Å resolution) bound. In all three of the resulting models, the 

active site is located in the C-terminal domain of TmpA and contains an Fe(II) center 

coordinated by residues His198, Asp200, and His344 in the expected facial triad geometry 

(Figures 7, S15).12,13 The dimer quaternary structure of TmpA affords two independent 

views of the active site in the asymmetric unit. However, in one of the two monomers (chain 

B), the catalytic center is occluded by crystal packing interactions (Figure S16). The lattice 

artifact locks an active-site lid loop into an open/disordered conformation in chain B, 

preventing 2OG and the primary substrate/product from binding (Figure S15). In chain A of 

both the TMAEP-bound and TMAEP-free structures, 2OG coordinates in bidentate mode to 

the iron center (Figures 7, S15) and is stabilized by a salt-bridge interaction with the side 
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chain of conserved residue Arg352. In the absence of the primary substrate, an octahedral 

Fe(II) coordination geometry is completed by a water ligand axial to His344, and a sulfate 

ion from the crystallization solution occupies the phosphonate binding site described below 

(Figure S15). In the TMAEP-bound structure, the Fe(II) ion has lost the axial water ligand, 

presumably opening the position for dioxygen addition to initiate the reaction (Figures 7, 

S15). Structural comparisons show that binding of TMAEP is accompanied by inward 

collapse of two core beta strands (β2 and β3) that immediately precede the HxD metal-

binding sequence motif (Figure S16). In addition, the loop connecting these beta strands 

(residues 179–196) becomes ordered and closes over the active site (described below) to 

shield it from solvent (Figure S16). Interestingly, this structure differs from the 

corresponding dynamic lid regions of many other Fe/2OG enzymes (Figure S17). This 

distinction is likely mandated by the location of the N-terminal domain of the other TmpA 

protomer, which overlaps with the typical lid-loop binding site. Closure of the unorthodox 

TmpA lid-loop around the TMAEP substrate results in formation of an extended water-

mediated H-bonding network involving the substrate phosphonate group, the lid-loop 

backbone, and residues in the α/β insertion of the N-terminal domain (Figure S16). This 

analysis suggests that the TmpA N-terminal domain functions in substrate binding by 

stabilizing the closed conformation.

The active site residues that interact with TMAEP form a pocket similar to that observed in 

Hs BBOX for γbb, particularly in the vicinity of the quaternary ammonium group (Figure 

7). An aromatic cage is formed by the side chains of Tyr173, Phe177, and Tyr190 around the 

-N+(CH3)3 moiety (Figure 7). Tyr190 is located in the dynamic lid loop (Figure S16), 

consistent with a role for this structural motif in substrate binding/specificity. The faces of 

their aromatic rings engage in cation-π interactions, which are commonly involved in 

binding of substrates with quaternary ammonium groups.78 The phosphonate dianion forms 

hydrogen-bonding interactions with a water molecule and the side chains of Asn187, 

Asn201, Tyr203, and Asn286 (Figure S16). The phosphonate group also interacts 

electrostatically with Arg288 (Figure 7), which is a key player in the extended H-bonding 

network involving the N-terminal domain of the opposite monomer (Figure S16). The fact 

that Arg288 is one of the few residues in the substrate-binding pocket that is not conserved 

in actual BBOX sequences (e.g., Hs Ala294) suggests that it is important in conferring 

specificity for the phosphonate moiety. These substrate interactions poise the C1 pro-S 
hydrogen of TMAEP above the open axial coordination site of the iron center (Figure 7), 

with the carbon at a distance of 4.2 Å. The product-bound structure (Figure S15) reveals 

clear electron density for a hydroxyl group appended to TMAEP at the C1 position with R 
stereochemistry [(R)-OH-TMAEP], consistent with the expected retention of configuration 

in the C–O-coupling step following transfer of the pro-S hydrogen to the ferryl complex. We 

presume that hydroxylation resulted here from adventitious O2 exposure leading to turnover, 

during crystallization. Consistent with this interpretation, the electron density in the 

equatorial plane cannot be modeled well by 2OG and most likely represents a mixture of 

succinate (produced by turnover) and acetate (present in the synthetic TMAEP) (Figure 

S15). Together, the structures of TmpA in the substrate-free, substrate-bound, and product-

bound states reveal dynamic changes in the protein structure that create a substrate pocket 

that is subtly but functionally different from that in BBOX.
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TmpB is an HD-domain mixed-valent diiron oxygenase acting upon (R)-OH-TMAEP.

Characterization of the TmpB mixed-valent diiron cofactor.—The genomic 

synteny of TmpA and TmpB and the precedent provided by the PhnY/PhnZ pathway led us 

to anticipate that TmpB might use the product of the TmpA reaction as its substrate. This 

product, (R)-OH-TMAEP, is the trimethylammonium analogue of the PhnZ substrate, (R)-

OH-AEP. Moreover, Lc TmpB shares 32% sequence identity with PhnZ (from uncultured 
bacterium HF130_AEPn_1), including conservation of its extended metal-binding sequence 

motif (Figure S18), suggesting that it could be a related HD-domain mixed-valent diiron 

oxygenase (HD-MVDO),21,22 despite having been annotated as a phosphodiesterase.

The two known HD-MVDOs, PhnZ and MIOX, both use mixed-valent [Fe2(II/III)] diiron 

cofactors to activate O2 for four-electron oxidation reactions. We first used atomic emission 

spectroscopy (ICP-AES) and Mössbauer spectroscopy to determine both the nuclearity of 

the presumptive TmpB metallocofactor and its stable oxidation states. The His6-tagged 

protein emerged from over-expression in E. coli and purification by immobilized metal-ion 

affinity chromatography with 1.0–1.3 molar equivalents of Fe and undetectable levels of 

other transition metals bound. TmpB enriched in 57Fe (> 95 %) was incubated with chemical 

oxidants and reductants to probe the accessible oxidation states of the cofactor. The 120-

K/0-T spectrum of the sample treated with the oxidant potassium ferricyanide (Figure 8A) is 

a single quadrupole doublet with parameters (isomer shift, δ, of 0.49 mm/s and quadrupole 

splitting parameter, ΔEQ, of 0.84 mm/s) typical of high-spin Fe(III) ions with N/O 

coordination. The presence of a quadrupole doublet feature in the 4.2-K/53-mT spectrum of 

the same sample (Figure S19) indicates that the cofactor has an integer-spin electronic 

ground state, which can be rationalized by antiferromagnetic coupling of two high-spin 

ferric ions (S = 5/2) in a dinuclear cluster to give a total electron spin (Stotal) of 0.55 The 

120-K/0-mT spectrum (Figure 8B) of the sample treated with sodium dithionite is slightly 

heterogenous and could be best fit as a superposition of two quadrupole doublets with 

parameters (δ1 = 1.24 mm/s, ΔEQ1 = 3.25 mm/s, Area = 0.76; δ2 = 1.24 mm/s, ΔEQ2 = 2.50 

mm/s, Area = 0.23) characteristic of high-spin ferrous ions with O/N ligands, suggesting 

conversion of the as-isolated sample to the fully reduced Fe2(II/II) state by the strong 

reductant. By contrast, treatment of the as-isolated TmpB with the milder reductant, L-

ascorbate, gave a different cofactor form. Its 4.2-K/53-mT spectrum is dominated by a broad 

multi-line signal (Figure S20), similar to that observed for the Fe2(II/III) complex of MIOX, 

which has a ground state with Stotal = ½.79 At higher temperature (120 K) and in the absence 

of an externally applied magnetic field, the paramagnetic features collapsed into quadrupole 

doublets (Figure S20). In this 120-K/0-T spectrum, a minor contribution (22 %) of a 

diferrous form was evident from the presence of a partially resolved feature matching the 

position of the corresponding high-energy line in the reference spectrum of the pure 

Fe2(II/II) form; it was subtracted from the experimental spectrum to resolve the 

superimposed contributions of the other components (Figure S20). The resultant spectrum 

could then be accounted for as a superposition of three quadrupole doublets (Figure 8C). In 

the three-doublet fit, one doublet, contributing ~ 13 % of the total area, was constrained to 

have parameters obtained from the reference spectrum of the pure Fe2(III/III) state. The 

other two variable doublets, judged to originate from the paired Fe(II) and Fe(III) ions of a 

mixed-valent diiron cluster, were constrained to have equal areas. This fitting analysis 
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yielded parameters of δ1 = 1.19 mm/s, ΔEQ1 = 2.57 mm/s for the high-spin Fe(II) ion and δ2 

= 0.52 mm/s, ΔEQ2 = 0.96 mm/s for the high-spin Fe(III) ion of the coupled mixed-valent 

cluster and a total contribution of 65 % of the original, experimental spectrum. The 

conclusion from this Mössbauer-spectroscopic analysis – that, upon treatment with an 

appropriately mild, one-electron reductant (ascorbate), the mixed-valent state of the diiron 

cluster accumulates to ~ 65 % in equilibrium with its fully reduced and fully oxidized forms 

– is consistent with the notion that TmpB is, like MIOX and PhnZ, an HD-MVDO.

Ascorbate-treated TmpB samples were also interrogated by EPR spectroscopy, both to verify 

the oxidation state of the primary cofactor form inferred by Mössbauer spectroscopy and to 

test for perturbations to the anticipated g < 2 EPR signal upon substrate binding, as seen 

previously for MIOX and PhnZ. In the absence of substrate (Figure 9, black), the sample 

exhibited a broad axial signal with apparent principal g-values < 2 [1.94, 1.78, 1.78]. This 

spectrum is similar to those of antiferromagnetically-coupled (Stotal = ½) Fe2(II/III) clusters 

in other proteins.21,79,80 Comparison of the integrated intensity of this signal to that of a 

spin-concentration Cu(II)-EDTA standard indicated the presence of ~ 0.3 spin/iron cluster or 

~ 0.6/diiron cluster, similar to the quantity deduced in the Mössbauer analysis of the parallel 

sample. The signal became markedly more rhombic (g = [1.94, 1.82 and 1.65]) upon 

addition of (R)-OH-TMAEP (Figure 9, red), suggestive of substrate binding to the cofactor, 

as also seen in MIOX and PhnZ.21,79 Addition of the unmethylated analog, (R)-OH-AEP 

(the PhnZ substrate), also perturbed the EPR spectrum but gave a broader, more complex 

signal (Figure 9, blue). The spectrum in the presence of (R)-OH-AEP appears to be a 

superposition of more than one signal, presumably representing bound and unbound states 

and/or multiple, conformationally distinct forms of the (R)-OH-AEP complex.

TmpB-catalyzed cleavage of the C–P bond in (R)-OH-TMAEP.—With the EPR-

spectroscopic data establishing that Fe2(II/III)-TmpB binds (R)-OH-TMAEP under anoxic 

conditions, we tested for consumption of the phosphonate compound in the presence of O2, 

anticipating that, by analogy to PhnZ, the C–P bond might be oxidatively cleaved to produce 

phosphate and the corresponding carboxylic acid [2-(trimethylammonio)acetate or glycine 

betaine]. Indeed, L-ascorbate-treated TmpB could consume > 200 equiv. of (R)-OH-TMAEP 

in the presence of sufficient O2, but no conversion was observed under anoxic conditions 

(Figure 10A). The expected products of the reaction were verified by LC-MS (for glycine 

betaine) and 31P NMR (for phosphate) by comparison to standards (Figure 10A). PhnZ, 

which natively acts on the corresponding unmethylated analog, (R)-OH-AEP, could also 

oxidize (R)-OH-TMAEP to yield the same products (Figure 10A). Conversely, TmpB 

consumed the PhnZ substrate, (R)-OH-AEP, very inefficiently, promoting only five turnovers 

(to glycine and phosphate) in a 4-h incubation (Figure 10B). This last result suggests that 

TmpB possesses some degree of preference for the N-methylated substrates, as also shown 

above for TmpA. To explore this preference more thoroughly, we challenged TmpB with the 

N-dimethyl analogue of its substrate, OH-DMAEP, produced from DMEAP (presumably 

also with R configuration) by TmpA in a coupled reaction. In this reaction, the expected 

products, phosphate and N,N-dimethylglycine, were readily detected by 31P-NMR and LC-

MS, respectively, demonstrating that TmpB can indeed oxidize OH-DMAEP (Figure S21). 

However, differences in the kinetics of the two hydroxylated intermediates in the context of 
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the coupled reaction again revealed the preference of TmpB for the fully (tri)methylated 

substrate. Whereas (R)-OH-TMAEP accumulated transiently, OH-DMAEP accumulation 

persisted throughout the reaction as a result of its slower consumption by TmpB (Figure 

S21). This result demonstrates that TmpB prefers the substrate with the highest degree of N-

methylation, as also observed for TmpA.

Structural characterization of the TmpB•Fe2•(R)-OH-TMAEP complex.—The 

structure of diiron TmpB was solved by X-ray crystallography to a resolution of 1.63 Å. 

Phasing was achieved by molecular replacement using the PhnZ structure (PDB accession 

code 4MLM)21 as the search model. The (R)-OH-TMAEP substrate was incorporated by 

soak methods; binding was observed in two of the four monomers in the asymmetric unit 

(chains C and D). In the other two monomers (chains A and B), lattice contacts that occlude 

the active site prevented substrate binding in the crystal (Figure S22). The structure therefore 

provides two independent views of the active site in the absence of substrate and two views 

of the enzyme•substrate complex. As anticipated from the 32 % sequence identity, TmpB is 

structurally similar to PhnZ (Figure S23),21,24 with an rmsd of 1.5 Å for 181 Cα-atoms.76 

The conserved fold is almost entirely α-helical (Figure 11A and Figure S23). Five core 

helices contribute the conserved histidine and aspartate residues predicted from the extended 

HD-domain sequence motif (His40, His64, Asp65, His86, His109, and Asp166 of Lc TmpB) 

to coordinate a dinuclear metallocofactor, which was confirmed to be diiron by anomalous 

diffraction datasets collected at the Fe K-edge (Figure 11B).

In the substrate-free monomers, the active site cavity is quite solvent-exposed and the first 

coordination sphere is completed by a (hydr)oxo bridge and two water ligands to iron site 2 

(Fe2) (Figure 11B). In place of the water ligands in the other two monomers, clear electron 

density for (R)-OH-TMAEP, continuous with the density arising from Fe2 (Figure 11C), is 

observed. This direct coordination of the substrate to the cofactor rationalizes the associated 

perturbations to its EPR spectrum. The (R)-OH-TMAEP molecule coordinates Fe2 in 

bidentate fashion via its C1 hydroxyl group and a phosphonate oxygen (Figure 11C), the 

same substrate binding mode previously observed in PhnZ.21,24 The vicinal-diol substrate of 

MIOX (myo-inositol) binds in a similar chelating mode to form a five-membered ring with 

Fe2 of the cofactor.25 In all three cases, the scissile C–C/P bond is opposite the Fe ion in the 

five-membered ring. In the TmpB structure, the phosphonate dianion is further stabilized by 

salt bridges with the positively-charged side chains of Arg163 and Lys113, as well as 

hydrogen bonds with a water molecule and the side chains of Ser131, Ser134, and Gln138 

(Figure S24). The interactions contributed by this phosphonate-binding pocket are fully 

conserved with those in the active site of PhnZ. The C1 hydroxyl group of the TmpB 

substrate hydrogen bonds with the imidazole side chain of conserved His68 (Figure S24) in 

the sequence motif (HDIGH) containing the metal-coordinated histidine-aspartate dyad. The 

combination of (i) this hydrogen-bonding motif, (ii) the bidentate substrate coordination of 

Fe2, and (iii) the R configuration of C1 orients the lone hydrogen of C1 toward Fe1, the 

proposed site of dioxygen activation.81

In all four active site views, Fe1 has an additional ligand (Figure 11), a tyrosine residue 

(Tyr30) that is conserved in all TmpB-like and PhnZ-like sequences. The corresponding 

tyrosine (Tyr24) was also seen to coordinate Fe1 in a structure of PhnZ lacking its substrate 
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(Figure S23).24 In both proteins, the Tyr ligand completes a nearly octahedral first 

coordination sphere of Fe1. Dioxygen binding is expected to be disfavored by this apparent 

coordinative saturation. In PhnZ, Tyr24 was observed not to coordinate in some structures of 

the PhnZ•Fe2•(R)-OH-AEP complex (Figure S23), suggesting that its transient dissociation 

upon substrate binding opens a site for O2 addition/activation.24 By contrast, in our structure 

of substrate-soaked TmpB, the Tyr30 ligand is retained, even in the monomers with substrate 

bound at Fe2. This inconsistency could be a consequence of introducing the substrate by 

soaking of pre-formed crystals, wherein established crystal contacts could disfavor Tyr30 

dissociation. Alternatively, it could have resulted from a change in the cofactor oxidation 

state during crystallization to either of the non-functional fully reduced or oxidized states. 

Regardless of the explanation for its failure to dissociate in the crystal, binding of (R)-OH-

TMAEP by Fe2(II/III)-TmpB in solution results in bleaching of a visible absorption feature 

at ~ 500 nm (Figure S25), which most likely arises from the iron-tyrosinate interaction. This 

observation is consistent with the hypothesis that substrate-promoted dissociation of the 

conserved tyrosine is functionally important in both phosphonate cleaving HD-MVDOs.

In PhnZ, substrate triggered tyrosine dissociation was proposed to be driven by interaction 

between the primary amine of (R)-OH-AEP and second-sphere Glu27, which is found in an 

YxxE sequence motif adjacent to the Tyr24 ligand.24 In substrate-free PhnZ, Glu27 residue 

faces away from the active site (Figure S23). Conversely, in the substrate complex, both the 

Glu27 side chain and the secondary structural motif in which it resides undergo a large 

conformational change to position the Glu27 carboxylate for optimal interaction with the 

substrate and to induce dissociation of Tyr24 (Figure S23). In TmpB, the corresponding 

glutamate (Glu33) is held in place through an extensive hydrogen-bonding network in the 

active site (Figures S23, S24), even in the absence of substrate, and appears unlikely to be 

capable of the corresponding conformational change. The structure thus suggests that, if 

Tyr30 of TmpB does indeed dissociate upon substrate binding, the structural mechanism 

driving the ligand reorganization is likely to be distinct from that proposed for PhnZ.

In both TmpB and PhnZ, the YxxE loop participates in multiple substrate binding 

interactions. The carboxylate of the aforementioned Glu33 in TmpB is located ~3.3 Å from 

an N-methyl group of the (R)-OH-TMAEP quaternary amine (Figures S23, S24). At this 

distance, the carboxylate oxygen could be acting as an acceptor in a CH–O hydrogen-

bonding interaction, made possible by the partial positive charge on the carbon of this 

methyl group. In addition, the backbone amide oxygen of Leu31 is within 3.5 Å of another 

substrate N-methyl group, forming a second CH–O interaction with (R)-OH-TMAEP 

(Figures S23, S24). In PhnZ, the corresponding side chain and backbone functional groups 

also mediate enzyme-substrate contacts, but through different intermolecular interactions. 

Glu27 interacts electrostatically with the (R)-OH-AEP amine, and the backbone amide 

oxygen of Ile25 (corresponding to TmpB Leu31) hydrogen bonds with what appears to be a 

functionally important water molecule (Figure S23). This water molecule bridges an 

interaction between the substrate amine, the YxxE loop, and another flexible loop that 

undergoes an open-to-closed transition that appears to sequester the active site from solvent 

upon substrate binding (Figure S23).21,24 The analogous loop (residues 69–84) in the TmpB 

substrate-bound monomers remains disordered, resulting in a more exposed active site 

(Figures 11A, Figure S23). Failure of TmpB to undergo full active site closure upon 
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substrate binding could again be attributed to the fact that the substrate was introduced by 

soaking of pre-formed crystals. Inspection of the crystal lattice contacts near the residues 

69–84 loop suggests that the TmpB packing likely hinders this motion (Figure S22). The 

amino acid sequence of this loop contains several aromatic and acidic residues (Figure S18), 

which could interact favorably with the positively-charged quaternary amine of (R)-OH-

TMAEP. However, there is no obvious aromatic cage, analogous to the one seen in TmpA, to 

cradle the quaternary ammonium group.

DISCUSSION

Genomically co-located genes encoding presumptive TmpA and TmpB proteins have been 

identified in more than 350 bacterial genomes. Automated annotation correctly classified 

these gene products into known structural superfamilies but failed to predict their 

biochemical functions.

Functional annotation of TmpA redefines substrate specificity.

The functional assignment of TmpA as a γ-butyrobetaine hydroxylase posited both the type 

of reaction (hydroxylation) and the primary substrate (γbb); only the former assignment was 

correct. Our revised assignment of TmpA as the first enzyme in a two-enzyme pathway to 

degrade the naturally occurring phosphonate compound, TMAEP, is based on several 

observations. Among all compounds screened, TMAEP was found to be the best substrate 

based on three metrics: binding, promotion of O2 activation (“substrate triggering”), and 

overall turnover efficiency. Whereas Fe/2OG oxygenases often exhibit uncoupling of 2OG 

decarboxylation (to succinate) from oxidation of non-native substrates, TmpA tightly 

couples succinate production with TMAEP hydroxylation. TMAEP binding enhances the 

observed rate for reaction of the TmpA•Fe(II)•2OG cofactor with dioxygen by more than 

7,500-fold. Closely related compounds either do not promote O2 reactivity or do so to a 

lesser extent. O2 activation in the presence of TMAEP leads to rapid accumulation of the 

canonical hydrogen-abstracting ferryl intermediate14 with an apparent second-order rate 

constant of > 1.5 × 106 M−1·s−1 (k1,obs ≥ 750 s−1, [R] ~ 0.5 mM) at 5 °C, which is, to the 

best of our knowledge, faster than any other Fe/2OG oxygenase for which this rate constant 

has been reported.46,66,73,74 Moreover, it is known that the substrate triggering efficacies of 

native Fe/2OG-oxygenase substrates are generally greater than those of non-native 

substrates,66 as observed for TmpA with DMAEP. Thus, the remarkably fast reaction of the 

TmpA•Fe(II)•2OG•TMAEP complex with O2 is strong evidence that the N-trimethyl/

phosphonate compound is, in fact, the native substrate. The characteristic substrate 

triggering in Fe/2OG enzymes is proposed to result, in part, from displacement of the axial 

water ligand to open up a coordination site for O2 binding.82,83 In the structure of the 

TmpA•Fe(II)•2OG•TMAEP complex, there is no density suggestive of an axial water, 

whereas the water ligand is clearly present when only sulfate is bound in the primary 

substrate site. The structural observations imply that the (potentially) general mechanism of 

substrate triggering – axial water dissociation – is manifested upon binding of TMAEP to 

TmpA.
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TMAEP binding also induces structural changes beyond the first coordination sphere of the 

metal center that likely enable reactivity and confer substrate specificity. The contraction of 

the core β-barrel in the catalytic domain and closure of the lid loop positions substrate-

interacting residues into the active site. This closed lid-loop conformation is stabilized by its 

interaction with the N-terminal domain of the opposite monomer, suggesting a role for the 

N-terminal domain in both dimerization and substrate binding. Although the TmpA and 

BBOX N-terminal domains are very similar, in terms of its secondary and tertiary structure, 

only BBOX harbors a Zn(II) ion in its N-terminal domain. The Zn(II) ion is coordinated by a 

histidine residue and three cysteine residues that are easily identified in the sequence by a 

CxCxxC motif.75 Although the exact function of this domain and the Zn(II) ion in BBOX is 

unknown, removal of the zinc abolishes BBOX activity.84 Lc TmpA does not possess this 

sequence motif, nor a Zn(II) metal in the crystal structure, yet it maintains its structure. In 

conjunction with genomic context information, the presence/absence of this Zn(II)-binding 

cysteine sequence motif could be used to differentiate TmpA from BBOX function on the 

basis of primary structure. The potential for this distinction to predict function of 

biochemically uncharacterized proteins is illustrated in the analysis of bacterial genomes that 

contain multiple genes annotated as BBOXs (e.g., Halomonas species). In the final SSN 

(Figure 2), the nodes representing the two proteins encoded within the same Halomonas 
genome are separated into distinct clusters, already suggestive that they perform different 

functions. The protein that clusters with the known Ps BBOX is encoded within a putative 

γbb degradation operon and possesses the Zn(II) binding motif (designated in the SSN by 

diamond nodes); it can thus be confidently assigned as a γ-butyrobetaine hydroxylase. 

Conversely, the protein that is clustered with Lc TmpA is encoded in an operon together 

with a TmpB-like HD domain protein and does not possess the Zn(II) binding sequence 

motif. We therefore suggest that it should be re-annotated as a TMAEP hydroxylase.

The occurrence of multiple genes annotated as BBOXs in a single genome indicates that 

BBOX and TmpA are likely paralogues, resulting from gene duplication and subsequent 

functional divergence. This relationship and common ancestry are evident both from their 

structural similarity and from the slight promiscuity of BBOX toward TMAEP. 

Unsurprisingly, their active sites are remarkably similar, particularly in the conserved set of 

aromatic residues that make cation-π interactions with the positively-charged quaternary 

ammonium common to both substrates.85 Aromatic cages are a classic structural feature of 

proteins that bind substrates with quaternary ammonium groups, such as acetylcholine 

esterases, phosphocholine-binding antibodies, acetylcholine receptors, epigenetic 

trimethylysine reader domains, and trimethylamine dehydrogenases.78 The cation-π 
interaction is primarily electrostatic, with secondary contributions from hydrophobic 

interactions and desolvation, which imposes a requirement for a positively-charged 

functionality for efficient substrate recognition and binding.86,87 This structurally-induced 

discrimination is obvious in the lack of TmpA activity toward phosphonates lacking any 

amine functionality. More subtly, TmpA even discriminates further on the basis of the 

degree of N-methylation, despite the fact that, at pH 7, the primary and tertiary amine groups 

of both 2-AEP and DMAEP should be protonated/cationic. Similar discrimination is 

observed for epigenetic methyllysine reader domains88,89 and alkylamine dehydrogenases.78 

The reader domains that bind substrates with higher degrees of lysine N-methylation possess 
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pockets with up to four aromatic residues, similar to that observed in TmpA. Conversely, 

reader domains that recognize lower degrees of lysine N-methylation substitute one or more 

of the aromatic residues with residues capable of hydrogen bonding with the extra proton(s) 

on the amine. Furthermore, the N-methyl groups harbor some of the distributed positive 

charge from the nitrogen,86 perhaps enhancing the binding interaction and conferring the 

observed specificity of TmpA for higher degrees of N-methylation.

The quaternary ammonium group is not, however, the sole basis for substrate discrimination 

by TmpA, as the phosphonate functionality is also essential. It is also the major 

distinguishing feature between the substrates of TmpA and BBOX. A simple but crucial 

difference between the TmpA and BBOX active sites is the presence of Arg288 in TmpA, 

which interacts electrostatically with the phosphonate moiety of TMAEP. Conversely, an 

alanine residue is found at this position in Hs BBOX. A survey of reported substrate-bound 

structures of enzymes that utilize phosphonate substrates reveals that there is almost 

invariably at least one Arg that interacts with the phosphonate functional group (e.g., 

phosphonoacetaldehyde dehydrogenase,90 DhpI,91 2-AEP transaminase,92 PhnZ,21,24 and 

HppE93). This list now also includes TmpB, which has a conserved arginine residue 

(Arg163) interacting with the phosphonate moiety of (R)-OH-TMAEP. The specificity of 

TmpA for the phosphonate functional group might suggest a priori that it would share 

structural homology and evolutionary history with the organophosphonate hydroxylase, 

PhnY. Indeed, they enact identical chemical transformations – hydroxylation of a carbon 

adjacent to a phosphonate – on substrates that differ only in amine methylation. Yet TmpA 

and PhnY are only modestly similar in sequence, and PhnY lacks the N-terminal domain 

common to both TmpA and BBOX. Instead, it is the regioselectivity of hydroxylation with 

respect to the quaternary ammonium that is common to TmpA and its homologue, BBOX. 

Thus, TmpA and PhnY likely evolved convergently to promote similar reactions that initiate 

phosphonate degradation, to be completed by their HD-MVDO partners.

Functional annotation of TmpB redefines reaction and substrate specificity.

Conversely, these partners, TmpB and PhnZ, likely share an evolutionary history that is 

reflected by their cofactor, the chemical transformation they promote (oxidative C–P 

cleavage), and their structural similarity. The x-ray crystallographic and spectroscopic 

(Mössbauer and EPR) data establish that TmpB harbors a diiron cofactor. Importantly, the 

data show that TmpB shares with HD-MVDOs the ability to stabilize the mixed-valent 

Fe2(II/III) oxidation state to as much as 60–70 % in equilibrium with the more oxidized and 

reduced cofactor forms and to deploy this state as a cofactor.21,23 The longer-known ferritin-

like diiron oxygenases react with dioxygen from the Fe2(II/II) oxidation state and can 

typically accumulate the mixed-valent form to only modest fractions (< 10 %).94–102 

Although the prediction of HD-MVDOs cannot rely solely on identification of the extended 

sequence motif of metal ligands, the proteins that possess this motif could serve as a pool to 

be mined for novel oxygenase functions. Thus, the metallocofactor nuclearity should be 

considered in functional annotation of existing and newly identified HD-domain proteins.

The substrate preference of TmpB for its N-trimethylated substrate mirrors the specificity of 

TmpA. However, the structural basis for this discrimination by TmpB is not immediately 
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obvious from a simple comparison of its structure to that of PhnZ. The primary amine of 

(R)-OH-AEP forms a single contact with the PhnZ protein via the side chain of Glu27, 

which is also conserved in TmpB (Glu33). The fact that the other interactions with the 

primary amine in PhnZ are mediated by water molecules may explain its greater substrate 

promiscuity. Conversely, the preference of TmpB for substrates with higher degrees of N-

methylation is achieved by a more well-defined binding pocket mediated by direct protein 

contacts. In the structure of the TmpB•(R)-OH-TMAEP complex, the quaternary ammonium 

ion establishes CH–O hydrogen bonds103,104 with the protein via its N-methyl groups, 

which harbor some positive charge.86 Although there is more precedent for cation-π 
interactions of quaternary-ammonium-containing substrates,78 CH–O interactions have been 

observed in the binding pocket of the choline TMA-lyase enzyme CutC105 and have been 

invoked in protein interactions with the sulfonium methyl group of S-adenosylmethionine.
106 In addition to these observed substrate contacts, the lid loop containing residues 69–84 in 

TmpB, which diverges greatly in sequence from that of PhnZ, likely plays a key role in 

substrate recognition. Unfortunately, due to the soaking method used to introduce the 

substrate and the obstructive crystal contacts, the lid loop remained disordered, preventing 

validation of this hypothesis.

The observed substrate promiscuity of PhnZ for N-methylated substrates is not expected to 

be relevant in nature, because its partner hydroxylase, PhnY, is unable to convert the N-

methylated substrate into the hydroxylated intermediate for PhnZ to utilize. Thus, for both 

the TmpA/B and the PhnY/Z pair, the specificity for degradation of the closely related 

phosphonate compounds is determined primarily by the Fe/2OG dioxygenase, rather than 

the HD-MVDO partner. Interestingly, we identified 16 cases in the sequence databases of a 

single operon possessing a single HD-domain protein but both BBOX-like and PhnY-like 

(PhyH-like) Fe/2OG oxygenases. While this type of operon could potentially represent a 

novel degradation pathway, it might also reflect the specialization of the Fe/2OG oxygenases 

and contrasting versatility of the HD-MVDOs. The Fe/2OG oxygenases could process 

different substrates, but the HD-MVDO could degrade the products of both. The apparent 

dedication of the pathway partners – an Fe/2OG dioxygenase and an HD-MVDO – is also 

reflected by the co-occurrence of their encoding genes in a single operon. In addition to the 

more than 300 examples of operons containing separate genes for TmpA and TmpB, there 

are at least 59 examples of genes that appear to encode fusions of TmpA and TmpB 

domains. There are also extant gene fusions of PhnY and PhnZ. It is unknown whether these 

fusions fold to be functional two-domain enzymes, but there is precedent for an active 

bifunctional protein with fused Fe/2OG oxygenase and methyltransferase domains.107 

Nevertheless, the occurrence of the gene fusions supports the notions that each pairing is 

specific and that the pair functions together.108 Furthermore, the frequent presence of a gene 

encoding a LysR-type transcriptional regulator upstream of the TmpA/B genes suggests that 

they are co-transcribed and is consistent with the biochemical evidence presented herein that 

their gene products constitute a degradation pathway. Similarly, transcription of the operon 

encoding the PhnY/Z pair appears to be under control of a LysR-type regulator. 

Transcriptional regulators of the LysR family109 are commonly found upstream of other 

known phosphonate degradation operons and, in some cases, have been shown to be induced 

by the specific phosphonate compounds that the gene operon products catabolize.110–112 
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These precedents suggest that transcription of the appropriate degradation pair, TmpA/B or 

PhnY/Z, would be specifically induced by the presence of TMAEP or 2-AEP, respectively.

Relevance of TmpA/B degradation pathway in microbes.

Phosphonates and their degradation products serve valuable roles for the bacteria that 

occupy certain environmental niches. Phosphonates exist in nature as components of 

phosphonolipids, phosphonoproteins, and phosphonoglycans and are incorporated in the 

place of their phosphoester analogues, presumably to confer the advantage of a more stable 

C–P bond in place of the hydrolyzable C–O–P bond.113–115 Of the most common 

phosphoesters, phosphoethanolamine, phosphoserine, and phosphocholine, each has a 

phosphonate counterpart (2-AEP, phosphonoalanine, and TMAEP, respectively). While 2-

AEP is the most abundant phosphonate in nature, TMAEP, as well as DMAEP and N-

methyl-AEP, have been reported in protozoa and marine invertebrates such as sea anemones, 

marine plankton, and algae.114,116–118 Degradation pathways for both 2-AEP and 

phosphonoalanine have been discovered, ultimately producing phosphate and a source of 

carbon.119–123 The TmpA/B pathway mirrors the PhnY/Z degradation pathway for 2-AEP in 

its chemical transformations but is instead specific for TMAEP. It represents the first 

example of a pathway for microbial metabolism of this naturally occurring phosphonate 

compound.

The TmpA/B operon is found primarily in Proteobacteria and Actinobacteria, with 

considerable representation in marine and N2-fixing plant-symbiotic bacteria. The products 

of this degradation pathway, phosphate and glycine betaine, are valuable nutrients for such 

bacteria. Organophosphonates have been established as major sources of phosphorus in 

marine environments, which are limited in this essential nutrient.119 Phosphorus has been 

found to enhance plant growth, promote formation of crucial root nodules where the 

symbiotic bacteria reside, and support higher levels of N2-fixation by the symbiotes.124–128 

Many bacteria possess multiple phosphonate degradation pathways to extract phosphate, but 

the requirement for different specialized pathways and their cooperation are poorly 

understood.119–122 Nevertheless, the ubiquity of mechanisms for the release of phosphate 

from dissolved organic phosphorus sources highlights their necessity and utility. The second 

product of the TmpA/B pathway, glycine betaine, is a known osmoprotectant. In marine 

bacteria, osmoregulation by compounds with quaternary ammonium functionality is 

common to protect against high salinity.129 Glycine betaine is the most potent 

osmoprotectant in some N2-fixing bacteria, enhancing their growth under conditions of 

osmotic stress,131,132 which diminishes their ability to fix nitrogen.130,131,132 Glycine 

betaine can also be utilized as a source of carbon and nitrogen upon its demethylation to 

glycine.133–135 Degradation of TMEAP for nutrients could provide a competitive advantage 

for soil bacteria,134 particularly for colonization of the environmental niche of plant roots.

CONCLUSIONS

We have defined the biochemical reactions of the Fe/2OG oxygenase, TmpA, and the HD-

domain protein, TmpB, to elucidate a new pathway for degradation of the natural 

organophosphonate, TMAEP. The combination of genomic context and structure-informed 
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sequence motifs will allow for the proper identification and annotation of the genes 

associated with this pathway in existing and newly sequenced genomes. More broadly, the 

biochemical and structural information gleaned about these subsets of proteins could 

potentially inform bioinformatic analyses aiming to categorize and predict functions within 

their large superfamilies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MIOX myo-inositol oxygenase

2-AEP 2-aminoethylphosphonate

(R)-OH-AEP (R)-1-hydroxy-2-aminoethylphosphonate

BBOX γ-butyrobetaine hydroxylase

γbb γ-butyrobetaine

Lc Leisingera caerulea

TMAEP 2-(trimethylammonio)ethylphosphonate

(R)-OH-TMAEP (R)-1-hydroxy-2-(trimethylammonio)ethylphosphonate

Ps Pseudomonas sp. AK-1

Hs Homo sapiens

PC phosphocholine

GABA γ-aminobutyric acid
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γbb-3 3-(trimethylammonio)propionic acid

TMLH ε-trimethyllysine hydroxylase

DMAEP 2-(dimethylamino)ethylphosphonate

HD-MVDO HD-domain mixed-valent diiron oxygenase
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Figure 1. 
Assessment of the γbb hydroxylase activities of TmpA and Ps BBOX. (A) The reaction 

catalyzed by BBOX. (B) LC-MS chromatograms monitoring γbb (146 m/z, black) and L-

carnitine (162 m/z, blue) after a 4-h incubation of 0.01 mM TmpA or Ps BBOX, 0.02 mM 

(NH4)2Fe(SO4)2, 0.2 mM sodium L-ascorbate, 1 mM 2OG and 1 mM γbb.
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Figure 2. 
Sequence similarity network (SSN) illustrating divergence of BBOX-like and TmpA-like 

proteins. The clusters of bacterial protein sequences shown here are derived from the 

IPR003819 SSN (Figures S1–3). The nodes represent protein sequences with > 90% 

identity. Edges between the nodes represent pairwise alignment scores of < 10−71 

(corresponding to ~ 33% sequence identity). The large yellow circle and green diamond 

represent Lc TmpA and Ps BBOX, respectively. Orange nodes represent predicted fusion 

proteins with both TmpA- and TmpB-like domains. Diamond shaped nodes represent 

sequences with an N-terminal Zn(II)-binding motif (see discussion). The yellow and green 

boxes summarize the genomic context of proteins represented by the yellow and green 

nodes, respectively. Other designations: LysR, LysR-type transcription regulator; AraC, 

AraC-type transcription regulator; CDH, carnitine dehydrogenase; HCT, 4-hydroxybenzoyl-

CoA thioesterase; HCD, 3-hydroxybutyryl-CoA dehydrogenase; ACT, Acetyl-CoA 

acetyltransferase/thiolase; ABC, ABC-type glycine/betaine transporter.
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Figure 3. 
Activities of selected Fe/2OG oxygenases toward TMAEP. (A) The chemical transformation 

catalyzed by TmpA. (B) 31P-NMR spectra and (C) LC-MS chromatograms after a 4-h 

incubation of a solution containing 0.01 mM TmpA, PhnY or Ps BBOX with 0.02 mM 

(NH4)2Fe(SO4)2, 0.2 mM L-ascorbate, 3 mM 2OG and 2 mM TMAEP. The triplet splitting 

in the 1H-decoupled 31P-NMR spectra of the TMAEP substrate and (R)-OH-TMAEP 

product in panel B is presumed to result from the 14N nucleus on C1. The reason it is present 

in the spectrum of the N-trimethylated compound, but not those of the di- and unmethylated 

analogs, is not clear and is discussed more in the Supporting Information.
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Figure 4. 
Ultraviolet-visible absorption data showing binding of TMAEP to TmpA•Fe(II)•2OG and 

triggering of O2 addition. (A) Difference absorption spectra associated with binding of 2OG 

(5 mM) to the TmpA•Fe(II) complex [0.6 mM TmpA, 0.5 mM (NH4)2Fe(SO4)2] in the 

absence of substrate (black) and presence of 5 mM TMAEP (red). (B) Stopped-flow 

absorption spectra acquired after mixing at 5 °C of a solution of 1.2 mM TmpA, 1 mM 

(NH4)2Fe(SO4)2, 10 mM 2OG and 10 mM TMAEP with an equal volume of air-saturated 50 

mM sodium HEPES buffer, pH 7.5 (~ 0.4 mM O2 at 5 °C). The inset shows the absorption 

spectra at indicated time points after subtraction of the spectrum of the 

TmpA•Fe(II)•2OG•TMAEP complex. (C) Kinetic traces at 318 nm (blue dots) and 519 nm 

(red dots) extracted from the time-dependent spectra in panel B. The solid black lines are 

regression fits to the data, as described in the Experimental Section.
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Figure 5. 
Activity of TmpA toward TMAEP analogues with varying degrees of N-methylation. (A) 

Absorption difference spectra caused by binding of 2OG (5 mM) to the TmpA•Fe(II) 

complex [0.6 mM TmpA, 0.5 mM (NH4)2Fe(SO4)2] in the absence of a substrate (black) 

and in the presence of 5 mM TMAEP (red), DMAEP (blue) or 2-AEP (green). (B) Kinetic 

traces at 519 nm after mixing of the solutions described in panel A with air-saturated 50 mM 

sodium HEPES buffer, pH 7.5 (~ 0.2 mM O2 final at 5 °C). The solid black lines are non-

linear regression fits to the data, as described in the Experimental Section. (C) 31P-NMR 

spectra of reaction samples after a 4 h incubation of a solution of 0.01 mM TmpA, 0.02 mM 
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(NH4)2Fe(SO4)2, 0.2 mM sodium ascorbate, 3 mM 2OG and 2 mM of either TMAEP (red), 

DMAEP (blue), or 2-AEP (green).
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Figure 6. 
Evaluation of relative specificity of TmpA for TMAEP and either DMAEP or PC by direct 

competition. All reactions were performed at 3 °C and contained 0.02 mM TmpA, 0.03 mM 

(NH4)2Fe(SO4)2, 0.4 mM sodium ascorbate, 6 mM 2OG and 2 mM of each substrate. (A) 

Control reactions containing either TMAEP (black) or DMAEP (blue) in the absence of the 

other compound, monitoring corresponding hydroxylated products by LC-MS. (B) 

Competition reactions containing both TMAEP and DMAEP, monitoring corresponding 

hydroxylated products by LC-MS. (C) Control reactions containing either TMAEP (black) 

or PC (filled red), monitoring (R)-OH-TMAEP production and PC consumption, 

respectively, by LC-MS The open red circles are the concentration of PC consumed, 

detected by LC-MS, from a reaction containing PC and 2 mM (R)-OH-TMAEP. (D) 

Competition reactions containing both TMAEP and PC, monitoring (R)-OH-TMAEP and 

phosphate products by 31P-NMR because PC and (R)-OH-TMAEP have the same m/z and 

similar retention times.
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Figure 7. 
Structural comparison of Lc TmpA and Hs BBOX. (A) Homodimeric quaternary structure 

of TmpA with chain A in light green and chain B in dark green. Fe(II) ions are shown as 

brown spheres. (B) Homodimeric quaternary structure of Hs BBOX (PDB accession code 

3MS5) with chain A in dark gray and chain B in light gray. The Zn(II) and Ni(II) ions are 

shown as blue and green spheres, respectively. (C) Active site of chain A in the TmpA 

substrate-bound structure, showing the co-substrate (2OG), amino acid side chains, and 

TMAEP (yellow) in stick format. Electrostatic interactions are designated by black dashed 

lines and the black arrow identifies the position of hydroxylation. The inset shows the Fo-Fc 

omit map contoured at 3.0σ (blue mesh) and atomic model for (R)-OH-TMAEP (yellow 

sticks) in chain A of the TmpA product-bound structure. (D) Active site in the substrate-

bound structure of Hs BBOX (PDB accession code 3MS5), showing the co-substrate analog, 

N-oxalylglycine (NOG), amino acids side chains, and γbb (blue) in stick format.
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Figure 8. 
120-K/0-T Mössbauer spectra of 2 mM O2-free TmpA prepared in three oxidation states. All 

incubations were carried out for 45 min in an anoxic chamber. Experimental spectra are 

shown as black vertical bars. Overall simulations are shown as red lines. (Top) Fe2(III/III) 

state obtained by treatment of the as-isolated protein with 3 mM potassium ferricyanide. 

(Middle) Fe2(II/II) state obtained by treatment of the as-isolated protein with 20 mM sodium 

dithionite. The two quadrupole-doublet components of the simulated spectrum of the 

Fe2(II/II) complex are shown as purple and cyan lines; the parameters are provided in the 
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main text. (Bottom) Fe2(II/III) state accumulated to ~ 65 % by treatment of the as-isolated 

protein with 20 mM sodium L-ascorbate. The simulated sub-spectra corresponding to the 

Fe2(II/III) species (orange) and the paired Fe(II) (blue) and Fe(III) (green) sub-sites are 

shown as solid lines; their parameters are provided in the main text. The contribution of the 

Fe2(II/II) species (22%) has already been removed (by subtraction from the experimental 

spectrum; Figure S20) for clarity.
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Figure 9. 
X-band EPR spectra of O2-free 0.25 mM TmpB after treatment with 10 mM sodium L-

ascorbate (black) followed by addition of either 10 mM (R)-OH-TMAEP (red) or (R)-OH-

AEP (blue). Experimental conditions: temperature = 10 K, microwave power = 0.2 mW, 

microwave frequency = 9.479 GHz, modulation amplitude = 1 mT.
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Figure 10. 
Activity of the HD-MVDOs against aminophosphonate compounds with and without N-

methylation. The chemical transformations are depicted at the top of each panel. Aerobic 

reactions containing 0.01 mM TmpB or PhnZ, 0.2 mM L-ascorbate, and 2 mM of either (A) 

(R)-OH-TMAEP or (B) (R)-OH-AEP were incubated for 4 h at 3 °C. (Left) 31P-NMR 

spectra detecting the substrates, (R)-OH-TMAEP or (R)-OH-AEP, and the product 

phosphate. The asterisks mark a contaminant present in the PhnZ protein preparation. 

Rajakovich et al. Page 45

Biochemistry. Author manuscript; available in PMC 2019 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Right) LC-MS chromatograms detecting the substrates, (R)-OH-TMAEP or (R)-OH-AEP, 

and products, glycine betaine or glycine.
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Figure 11. 
Views of TmpB from the X-ray crystal structure solved in this study. (A) Cartoon depiction 

of chain C of the TmpB structure. Iron ions are shown as brown spheres and (R)-OH-

TMAEP (yellow) is shown in stick format. A dashed line represents the unmodeled region of 

the structure. TmpB active site of (B) chain A lacking substrate and (C) chain D with (R)-

OH-TMAEP (yellow sticks) bound. Water molecules are shown as red spheres and iron ions 

as orange spheres. Orange mesh depicts the anomalous Fourier density contoured at 10σ. 

Blue mesh depicts the Fo – Fc omit map contoured at 3σ for either the coordinating water 

molecules or the substrate.

Rajakovich et al. Page 47

Biochemistry. Author manuscript; available in PMC 2019 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
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