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Abstract

In methylotrophic bacteria, which use one-carbon (C1) compounds as a carbon source, methanol is 

oxidized by pyrroloquinoline quinone (PQQ)-dependent methanol dehydrogenase (MDH) 

enzymes. Methylotrophic genomes generally encode two distinct MDHs, MxaF and XoxF. MxaF 

is a well-studied, calcium-dependent heterotetrameric enzyme whereas XoxF is a lanthanide-

dependent homodimer. Recent studies suggest that XoxFs are likely the functional MDHs in many 

environments. In methanotrophs, methylotrophs that utilize methane, interactions between 

particulate methane monooxygenase (pMMO) and MxaF have been detected. To investigate the 

possibility of interactions between pMMO and XoxF, XoxF was isolated from the methanotroph 

Methylomicrobium buryatense 5GB1C (5G-XoxF). Purified 5G-XoxF exhibits a specific activity 

of 0.16 μmol DCPIP reduced min−1 mg−1. The 1.85 Å resolution crystal structure reveals a La(III) 

ion in the active site, in contrast to the calcium ion in MxaF. The overall fold is similar to other 

MDH structures, but 5G-XoxF is a monomer in solution. An interaction between 5G-XoxF and its 

cognate pMMO was detected by biolayer interferometry, with a KD value of 50 ± 17 μM. These 

results suggest an alternative model of MDH-pMMO association, in which a XoxF monomer may 

bind to pMMO, and underscore the potential importance of lanthanide-dependent MDHs in 

biological methane oxidation.
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Introduction

Methylotrophs, bacteria that utilize one carbon (C1) compounds (devoid of carbon–carbon 

bonds) such as methane, methanol, and methylated amines as a carbon source, play a key 

role in the carbon cycle [1, 2]. Besides serving as the primary biological sink for methane 
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and other methylated greenhouse gases, methylotrophs have been targeted as vehicles for 

bioremediation and production of fuels and chemicals [3, 4]. In these organisms, methanol is 

oxidized by methanol dehydrogenase (MDH) enzymes that use pyrroloquinoline quinone 

(PQQ) as a cofactor. The canonical MxaF-type MDHs have been studied extensively. MxaF-

type MDHs comprise a large MxaF subunit (64 kDa) and a small MxaI subunit (8.5 kDa) 

[5]. The catalytic center, housed in MxaF, contains the PQQ cofactor and a calcium ion [6]. 

In the past two decades, a homolog of MxaF, XoxF, has also been implicated in methanol 

oxidation. MxaF and XoxF exhibit less than 50% amino acid sequence identity [5, 7], and 

xoxF genes are actually much more abundant than mxaF genes in methylotrophs, with some 

methylotroph genomes encoding only XoxF [7, 8].

Of particular relevance to bioinorganic chemistry is the recent discovery that XoxFs are 

dependent on the presence of lanthanide rather than calcium ions [9–12]. Lanthanides are a 

group of metals with atomic numbers 57–71 that are collectively referred to as rare earth 

elements (REEs) despite the fact that they are actually relatively abundant in the earth’s crust 

[7]. In initial studies, addition of La(III) and Ce(III) to methylotroph growth media was 

demonstrated to induce XoxF expression and promote growth on methanol [9–11]. In the 

case of methanotrophs, difficulties in culturing the Verrucomicrobial microbes isolated from 

Italian mud-pots were solved by the addition of various REEs including La(III), Ce(III), 

Pr(III), and Nd(III) [12]. These lanthanides transcriptionally regulate the expression of 

MxaF and XoxF in a number of methylotrophs and methanotrophs [13–16]. For 

Methylomicrobium (Mm.) buryatense 5GB1C grown with 95 μM calcium in the medium, 1 

μM of supplemental lanthanum was sufficient to abolish mxa transcription [15]. Since 

environmental lanthanum concentrations have been reported to be significantly higher than 

the amount shown to inhibit mxa transcription [17], XoxF is likely to be the functional MDH 

in many environments [7]. Consistent with the dependence on lanthanides, the only available 

XoxF structures, those of the Methylacidiphilum (Ma.) fumariolicum SolV enzyme (SolV-

XoxF), reveal Ce(III), La(III), or Eu(III) ions in the active site [12, 18].

In methanotrophs, methylotrophs that utilize methane gas as their sole carbon source [19], 

the methanol substrate for MxaF and XoxF is produced by methane monooxygenase 

(MMO) enzymes. Both soluble and membrane-bound forms of MMO exist; the membrane-

bound form, particulate MMO (pMMO), is predominant in nature [20]. Given the sequential 

action of pMMO and MDH in methanotroph metabolism, direct interactions between the 

two enzymes have been suggested and are supported by intracellular localization of MDH 

[21–23]. In addition, a putative pMMOMDH supercomplex has been reported. Although 

purified samples of such a complex have not been obtained [24–27], specific protein–protein 

interactions between Methylococcus (Mc.) capsulatus (Bath) MxaF and pMMO have been 

detected [26]. Beyond providing a direct route for methanol from pMMO to MDH, a 

pMMO-MDH complex could also facilitate transfer of electrons from methanol oxidation 

back to pMMO via the electron acceptor of MDH, cytochrome cL [26]. The physiological 

reductant for pMMO remains unknown, but recent metabolic modeling for Mm. buryatense 
5GB1C predicts that MDH may indeed mediate electron transfer to pMMO for methane 

oxidation [28], rather than the more widely accepted model involving NADH and a type 2 

NADH:quinone oxidoreductase [29]. To gain further insight into potential pMMO-MDH 

interactions, particularly as pertains to the apparent prevalence of XoxF-type MDHs in the 
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environment, we have isolated the lanthanum-containing XoxF from Mm. buryatense 
5GB1C (5G-XoxF), determined its crystal structure, and investigated its interaction with 

Mm. buryatense 5GB1C pMMO (5G-pMMO).

Materials and methods

Growth of Mm. buryatense 5GB1C

Mm. buryatense 5GB1C cells were cultured as described previously [25]. Briefly, Mm. 
buryatense 5GB1C cells were grown in 12-L fermenter growths in 1× modified nitrate 

mineral salts (NMS2) medium (which contains 95 μM CaCl2·2H2O), 130 mM NaCl, 2.3 

mM phosphate buffer, and 50 mM carbonate buffer, pH 9.5, supplemented with 30 μM 

LaCl3, 40 μM CuSO4 and 1× trace elements solution (500× is 1.0 g/L Na2·EDTA, 2.0 g/L 

FeSO4·7H2O, 0.8 g/L ZnSO4·7H2O, 0.03 g/L MnCl2·4H2O, 0.03 g/L H3BO3, 0.2 g/L 

CoCl2·6H2O, 0.02 g/L NiCl2·6H2O, 0.05 g/L Na2MoO4·2H2O). Cells cultivated for XoxF 

isolation were supplemented with 0.5% methanol. Approximately 10 g of frozen cell pellet 

were added to the fermenter to initiate growth at an optical density at 600 nm (OD600) of 

0.1–0.2. All cells were cultured under an air-to-methane gas ratio of 3:1 at 30 °C and 300 

rpm. Cells were harvested when the OD600 reached 10–11 and centrifuged for 30 min at 

8000×g at 4 °C. Pelleted cells were flash frozen in liquid nitrogen and stored at − 80 °C.

Purification of XoxF from M. buryatense 5GB1C

Mm. buryatense 5GB1C cell pellets (approximately 20 g) were resuspended in 200 mL of 

lysis buffer (25 mM PIPES, pH 7.3, 250 mM NaCl) and sonicated for 5 min (1 s on–off 

cycles at 40% amplitude) on ice. The lysed cells were centrifuged at 8000×g, followed by 

ultracentrifugation of the supernatant at 100,000×g to separate membranes from the soluble 

proteins. The supernatant was dialyzed overnight in 20 mM Tris, pH 8.0, 50 mM NaCl using 

a 10 kDa molecular weight cut off (MWCO) SnakeSkin dialysis tubing (ThermoFisher 

Scientific), and then loaded onto a Source 15Q anion exchange column (GE Healthcare). 

5G-XoxF eluted at approximately 250 mM NaCl using a gradient of 50–400 mM NaCl in 20 

mM Tris, pH 8.0. The fractions containing 5G-XoxF were collected and concentrated using 

an Amicon 30 kDa MWCO device (Millipore). After buffer exchanging into 20 mM Tris, 

pH 8.0, 250 mM NaCl, 5G-XoxF was loaded onto a Superdex 200 Increase 10/300 size 

exclusion analytical grade column (GE Healthcare) (Fig. S1). Fractions containing 5G-XoxF 

were concentrated to approximately 20 mg/mL, flash-frozen, and stored at − 80 °C. Sample 

purity was assessed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-

PAGE) (Fig. S2), and protein concentration was measured with the Detergent-Compatible 

Lowry Assay (Bio-Rad) using bovine serum albumin (BSA) as a standard. The absorption 

spectrum of the purified enzyme at 40 μM was recorded in a UV-micro cuvette with a 1-cm 

path length (Chemglass) at room temperature on an Agilent 8453 UV–visible Spectroscopy 

instrument (Agilent Technologies) (Fig. S3). Inductively coupled plasma optical emission 

spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICPMS) were 

performed at Northwestern University’s Quantitative Bio-element Imaging Center (QBIC), 

and lanthanum concentrations were quantified using 0–500 ppb lanthanum standards 

(Inorganic Ventures).
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In-gel protein sequencing of 5G-XoxF

Protein identity was confirmed by in-gel protein sequencing mass spectrometry at 

Northwestern University’s Proteomics Core. Excised gel bands were washed in 100 mM 

ammonium bicarbonate (AmBic)/acetonitrile (ACN) and reduced with 10 mM dithiothreitol 

at 50 °C for 30 min. Cysteines were alkylated with 100 mM iodoacetamide in the dark for 

30 min at room temperature. Gel bands were washed again in 100 mM AmBic/ACN prior to 

adding 600 ng trypsin for overnight incubation at 37 °C. The supernatant, which now 

contained peptides, was saved into a new tube. The remaining gel bands were then washed at 

room temperature for 10 min with gentle shaking in 50% ACN/5% formic acid (FA), and 

this solution was combined with the peptide solution. The wash step was repeated using 

80% ACN/5% FA followed by 100% ACN. All supernatant was added to the peptide 

solution, which was then dried using a speed-vac. After lyophilization, peptides were 

reconstituted with 5% ACN/0.1% FA in water and injected onto a trap column (150 μm ID × 

3 cm, in-house packed with ReproSil C18aq 3 μm) coupled with a Nanobore analytical 

column (75 μm ID × 10.5 cm, PicoChip column packed with ReproSil C18aq, 1.9 μm) (New 

Objectives, Inc., Woburn, MA). Samples were separated using a linear gradient of solvent A 

(0.1% formic acid in water) and solvent B (0.1% formic acid in ACN) over 60 min using a 

Dionex UltiMate 3000 Rapid Separation nanoLC (ThermoFisher Scientific). MS data were 

obtained on a LTQ Velos Orbitrap (Thermo Fisher, San Jose, CA) mass spectrometer. The 

peptide sequences were compared to the UniProt Mm. buryatense 5G genome using Mascot 

2.5.1 (Matrix Science, Boston, MA), and results were reported at 1% false discovery rate 

(FDR) in Scaffold 4.5 (Proteome Software, Portland, OR).

5G-XoxF methanol oxidation activity assay

Enzyme activity was measured by the 2,6-dichlorophenolindophenol (DCPIP) dye-linked 

dehydrogenase assay using phenazine methosulfate (PMS) (Sigma-Aldrich) as the mediator 

and methanol (Sigma-Aldrich) as the substrate as described previously [30]. Reactions were 

carried out at 30 °C in a 96-well clear, flat bottom, polystyrene Costar assay plate (Corning) 

containing 1.5 μM 5G-XoxF in a total reaction volume of 100 μL. A Biotek Cytation 5 

imaging reader was used to measure the decrease in the absorbance at 600 nm which was 

monitored for 60 s. For determination of specific activity, change in A600 1 min after 

methanol addition was used to determine the concentration of reduced DCPIP. For Vmax, the 

maximum slope (A600/min) of reaction was used. The molar absorptivity of DCPIP at 600 

nm is 1.91 × 104 M−1 cm−1.

Size exclusion chromatography with multi-angle light scattering (SEC-MALS)

The molecular mass of purified 5G-XoxF was determined using SEC-MALS. System 

components consist of an Agilent 1260 series high-performance liquid chromatography 

system (Agilent Technologies) for size exclusion chromatography equipped with a Wyatt 

Dawn Heleos II multi-angle static light scattering detector, a Wyatt QELS quasi-elastic 

(dynamic) light scattering detector, and a Wyatt T-rEx (refractometer with extended range) 

differential refractive index detector (all from Wyatt Technology, Santa Barbara, CA). 5G-

XoxF at a concentration of 1, 5, and 10 mg/mL in 20 mM Tris, pH 8, 50 mM NaCl was 

injected onto a preequilibrated Superdex 200 10/300 GL column (GE Health-care) with a 
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flow rate of 0.5 mL/min at room temperature. ASTRA software (Wyatt Technology) was 

used to calculate the molecular mass, and BSA was used as a molar mass reference.

Purification of pMMO from Mm. buryatense 5GB1C

Cells grown for pMMO isolation were cultured and lysed as described above, but without 

0.5% methanol supplementation. The pelleted membrane was homogenized in 25 mM 

PIPES, pH 7.3, 250 mM NaCl using a Dounce homogenizer, followed by centrifugation at 

100,000×g for 30 min. This step was repeated twice for a total of three washes. The 

membranes were resuspended in 25 mM PIPES, 250 NaCl, pH 7.3 buffer to a final 

concentration of 10–20 mg/mL and flash frozen in liquid nitrogen for storage at − 80°C. The 

protein concentration was measured using the Detergent-Compatible Lowry Assay (Bio-

Rad) with bovine serum albumin (BSA) as a standard.

Mm. buryatense 5GB1C membranes were solubilized in 1.2 mg n-dodecyl-β-D-

maltopyranoside (DDM) (Anatrace) per mg of protein. The sample was centrifuged at 

100,000×g for 30 min at 4 °C to pellet the membranes. The solubilized 5G-pMMO protein 

was then buffer exchanged with 25 mM PIPES, pH 7.3, 50 mM NaCl, 0.02% DDM using a 

100,000 MWCO Amicon centrifugal concentrator (Mili-pore), and loaded onto a Source 

15Q anion exchange column (GE Healthcare). 5G-pMMO eluted at approximately 320 mM 

NaCl using a gradient of 50–800 mM NaCl in 25 mM PIPES, pH 7.3, 0.02% DDM. 

Fractions containing 5G-pMMO were concentrated in an Amicon 100 kDa MWCO device 

(Millipore) to 10 mg/mL in 25 mM PIPES, pH 7.3, 250 mM NaCl, 0.02% DDM, and stored 

at − 80 °C. Sample purity was assessed using SDS-PAGE (Fig. S4). The 13C methane 

oxidation activity of the as-isolated membranes was 2.53 ± 0.34 nmol 13C methanol min−1 

mg−1 protein (n = 3), performed as described previously [31]. The copper content of purified 

5G-pMMO was 2.34 ± 0.18 copper equivalents per pMMO protomer (n = 3) using 

inductively coupled plasma optical emission spectroscopy (ICP-OES) at the Quantitative 

Bio-element Imaging Center (QBIC) at Northwestern University and 0–500 ppb copper 

standards (Inorganic Ventures).

Biolayer interferometry

Interactions between purified 5G-pMMO and purified 5G-XoxF were detected using a 

ForteBio biolayer interferometer (BLItz) in the Northwestern Keck Biophysics Facility. 

Amine reactive second-generation (AR2G) biosensors (ForteBio) were hydrated in 15 mM 

NaOAc, pH 5 for 30 min prior to each experimental run. This pH was chosen because it is 

slightly below the expected isoelectric point of 5G-XoxF (pI = 5.32), thus allowing 

electrostatic interactions to facilitate coupling between the sensor and the ligand. Activation 

of the sensor was carried out in four steps. First, the AR2G sensor was immersed in 15 mM 

NaOAc, pH 5 for 30 s to establish a baseline. Second, the biosensor was activated for 3 min 

in a mixture of 40 mg/mL EDC [1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide 

hydrochloride] and 10 mg/mL NHS [N-hydroxysuccinimide], both dissolved in water. For 

ligand loading, purified 5G-XoxF diluted to 0.5 mg/mL with 15 mM NaOAc, pH 5 was 

reacted with the biosensor for 3 min. Finally, any unbound sites were chemically blocked by 

reacting the sensor with 1 M ethanolamine, pH 8.5 for 3 min. After each step in the 

procedure, the sensor was immersed in baseline buffer for 1–2 min to wash away excess 
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reagent from the previous step. The final prepared sensor was kept in baseline buffer before 

use.

Experimental runs were performed using 5G-pMMO diluted to concentrations of 5–25 μM 

in 15 mM NaOAc, pH 5 and 0.02% DDM. Each experimental run comprised three steps: (1) 

baseline, in which the 5G-XoxF-loaded sensor was immersed in pMMO buffer to establish a 

zero baseline for buffer interactions; (2) association, in which the sensor was immersed in 

purified 5G-pMMO for 2 min; and (3) dissociation, in which the sensor containing 5G-

XoxF-pMMO complexes was transferred to baseline buffer for 3 min to dissociate. Each run 

was repeated with a new biosensor tip, and three total data sets were collected. One data set 

comprised five runs to test 5G-XoxF interactions with 0, 5, 10, 15, and 25 μM 5G-pMMO. 

The data were corrected against the 5G-pMMO buffer-only reference obtained at the start of 

each experimental set and fit with the global fitting function from ForteBio Data Analysis. A 

control experiment performed with BSA and 25 μM 5G-pMMO showed no interaction.

5G-XoxF structure determination

5G-XoxF crystals were obtained by the sitting drop vapor diffusion method by mixing 1 μL 

of 5 mg/mL XoxF with 1 μL of reservoir solution containing 0.2 M magnesium acetate, 0.1 

M sodium cacodylate, pH 6.5, and 20% PEG 8000. Rod-shaped crystals formed after 1 week 

at room temperature. Data collection was performed at the Advanced Photon Source at 

Argonne National Laboratory. HKL2000 [32] was used to process and integrate all data sets. 

Phaser [33] was used to obtain molecular replacement solutions using the structure of XoxF 

from Ma. fumariolicum SolV (PDB accession code 4MAE) [12] as the search model (51% 

amino acid sequence identity). Starting from the initial model, COOT [34] was used to 

manually build the structure, followed by refinement using Phenix [35]. The model quality 

was assessed using MolProbity [36]. The final model for the 5G-XoxF structure includes 

residues 27–570 and 599–617, 1 La(III) ion, 1 PQQ molecule, 1 sodium ion, and 497 water 

molecules. The server PDBsum was used to identify hydrogen bonds (3.4 Å cutoff) at the 

dimer interfaces of 5G-XoxF and SolV-XoxF [37].

Results and discussion

Isolation and purification of XoxF from Mm. buryatense 5GB1C

In Mm. buryatense 5G, only one xoxF (METBUDRAFT_3845) is encoded in the xox 
operon, which also contains xoxF and xoxJ. Purification of 5G-XoxF has not been reported 

previously. In this study, 5G-XoxF was isolated from the soluble fraction, and 

supplementing the growth media with 0.5% methanol increased the growth rate by 40% and 

the yield of purified protein by tenfold. Similar effects of methanol supplementation were 

observed in previous XoxF studies [9, 11]. During purification, 5G-XoxF can be monitored 

by the absorbance at 345 nm that corresponds to its PQQ cofactor (Fig. S3). After two 

column chromatography steps (anion exchange and size exclusion), the yield of purified 5G-

XoxF is typically ~ 50 mg/L of cell culture. The protein identity was confirmed by in-gel 

protein sequencing, and ICP-OES measurements indicated the presence of 0.7 ± 0.1 La(III) 

ions per monomer (n = 3). Purified 5G-XoxF exhibits methanol oxidation activity of 0.16 

± 0.05 μmol DCPIP reduced min−1 mg−1 (n = 3). This value is comparable to activity of 
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MxaF-type MDH from Mc. capsulatus (Bath), but one order of magnitude less than values 

found for other characterized XoxFs (Table 1).

Solution oligomerization state of 5G-XoxF

The oligomeric state of purified 5G-XoxF was investigated via SEC-MALS at 

concentrations of 1, 5, and 10 mg/mL. The molecular weight of 5G-XoxF is 67.2 kDa, and 

for all samples, 5G-XoxF eluted as a single peak corresponding to 66 kDa (Fig. 1). 

Therefore, unlike other MDHs, 5G-XoxF exists predominantly a monomer. All other MDHs 

are homodimers and that from Mc. capsulatus (Bath) forms higher order oligomers [9, 11, 

12, 26, 38]. One exception is XoxF from Candidatus Methylomirabilis oxyfera, which was 

purified as a XoxF/MxaI heterotetramer [38]. In addition, the XoxF from Methylobacterium 
extorquens AM1 was initially reported to be a monomer based on size exclusion 

chromatography [39], but was later purified from the same organism and reported to be a 

homodimer [11].

It is possible that the oligomerization state of XoxF is not as strictly conserved as that of 

MxaF, which is an important consideration for studying the structural aspects of its 

interaction with pMMO. In particular, a 16 Å resolution cryoelectron microscopy structure 

of a complex containing Mc. capsulatus (Bath) pMMO and MxaFI was interpreted to 

comprise an α3β3γ3 pMMO trimer interacting with an α3β3 trimer of MxaFI [27]. However, 

our later crystal structure of Mc. capsulatus (Bath) MxaFI revealed a dimer, and a stable 

complex between purified pMMO and MxaFI could not be isolated [26]. Instead, we 

hypothesized that multiple MDH dimers might transiently assemble into a “bilayer” with the 

small positively charged MxaI subunit facilitating interaction with the stacked 

intracytoplasmic membrane structures that house pMMO. However, this model is not 

applicable to XoxF since it lacks the second subunit, and the observed monomeric state of 

5G-XoxF may suggest that in the cell, the monomeric form interacts with pMMO as 

originally suggested for the Mc. capsulatus (Bath) proteins [27].

Interaction between XoxF and pMMO from Mm. buryatense 5GB1C

The possibility of protein–protein interactions between the 5G-XoxF monomer and purified 

5G-pMMO was investigated using biolayer interferometry. A concentration-dependent 

interaction was observed between the two proteins (Fig. 2), yielding a KD value of 50 ± 17 

μM. By contrast, a KD value of 9.0 ± 7.7 μM was measured for the interaction between 

pMMO and MxaF from Mc. capsulatus (Bath) [26]. Not surprisingly, we were not able to 

detect a stable complex between the Mm. bury-atense 5GB1C proteins by size exclusion 

chromatography, similar to the Mc. capsulatus (Bath) proteins [24, 26, 40], and consistent 

with the inability to enhance pMMO propylene epoxidation activity by combining purified 

proteins [24, 40]. As suggested previously, the association may be transient and/or facilitated 

by other components [26]. In addition, the weaker interaction could be characteristic of 

XoxF compared to MxaF or may be specific to the Mm. buryatense 5GB1C proteins. 

Analyses of multiple pMMO-MDH pairs is needed to further investigate the interaction 

between XoxF and pMMO. Regardless, these results indicate that the interaction with 

pMMO is not confined to MxaF-type MDHs, and does not require the presence of the small 

MxaI subunit.
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Structure of XoxF from Mm. buryatense 5GB1C

The structure of 5G-XoxF was determined to 1.85 Å resolution (Table 2). The asymmetric 

unit contains one molecule (Fig. 3a). The first residue in the structure is Asn 27, due to 

cleavage of the periplasmic targeting sequence, and the C-terminal residue is Asn 617, with 

no visible electron density for the residues between Ala 571 and Arg 598 (Fig. 3b). Like 

other MDHs, the monomer consists of eight sets of four-stranded antiparallel beta sheets, 

forming a beta propeller (Fig. 3a), which is surrounded by several short alpha helices. The 

N- and C-termini are found on the side of the protein opposite to the active site. 5G-XoxF 

exhibits 51% sequence identity to SolV-XoxF and 52% sequence identity to Mc. capsulatus 
(Bath) MxaF. Superimposing the main chain of 5G-XoxF with Mc. capsulatus (Bath) MxaF 

reveals minor differences in secondary structure with an rmsd of 0.69 Å for 574 Cα atoms. 

Substitutions mainly occur in loop regions on the protein surface, including a prominent 

loop in 5G-XoxF spanning residues Lys 469 to Gly 478. In addition, residues Lys 238 to Pro 

244 form a beta sheet compared to a loop-helix structure in MxaF. Interestingly, these 

deviations seem to be specific to 5G-XoxF since they are also observed upon comparison to 

SolV-XoxF, which can be superposed on 5G-XoxF with a rmsd of 0.73 Å for 578 Cα atoms 

(Fig. 4).

Strong electron density observed adjacent to the PQQ cofactor, which is well defined, 

corresponds to a 35σ peak in the anomalous difference Fourier map generated with data 

collected at the La(III) absorption edge (6.3 keV). The density was well modeled with a 

La(III) ion at an occupancy of 0.8 (Fig. 3c), consistent with the metal analysis. The PQQ is 

sandwiched between Trp 267 and a disulfide bond formed between Cys 129 and Cys 130, 

residues that are conserved in other MDH structures (Fig. 3c) [6, 26, 41]. Hydrogen bonds in 

the active site stabilize the PQQ cofactor, similar to those in other MDH structures. Residue 

Asn 420 that interacts with the PQQ in 5G-XoxF is replaced by an aspartic acid in SolV-

XoxF, but all other residues interacting with the metal and PQQ in the active site are 

conserved between the two XoxF structures. Similar to the Ce(III) ion in SolV-XoxF [12], 

the La(III) ion is 9-coordinate, ligated by the C-7 carboxylate, C-5 carbonyl, and N-6 

quinoline nitrogen of the PQQ, as well as residues Glu 197 (bidentate), Asn 285, Asp 327 

(monodentate), and Asp 329 (bidentate) (Table 3). In MxaF-type MDHs, the residue 

equivalent to Asp 329 is an alanine, and the Ca(II) ion is 6-coordinate [26]. As in SolVXoxF, 

additional residue substitutions help accommodate the La(III) ion. Coordinating residue Asn 

285 is positioned further away from the metal center due to the position of Thr 288, which 

replaces a proline found in MxaF. Similar alterations are observed near Glu 197 with Gly 

196 replacing an alanine and Phe 198 replacing a leucine.

The active site appears more exposed than in other MDH structures due to the disordered 

residues near the C-terminus (Fig. 3b), which are stabilized by crystal contacts in the SolV-

XoxF structure [12]. 5G-XoxF residues 575–589 are not conserved in SolV-XoxF and Mc. 
capsulatus (Bath) MxaF; there is a three amino acid (Asn 597, Ser 598, and Glu 599) 

insertion, which may contribute to the observed disorder. In addition, there is a negatively 

charged surface patch encapsulating the active site and neighboring the disordered region 

(Fig. 5a). These regions may interact with the positively charged surface of cytochrome cL 

for electron transfer [42], although cross-linking studies suggest interactions between lysine 
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residues on MDH and carboxylate groups on cytochrome cL [43, 44]. Alternatively, these 

disordered residues could require other binding partners for stabilization. MxaJ is a 

periplasmic protein that is believed to serve a chaperone-like function in MDH assembly 

[45]. However, MxaJ has also been proposed to mediate interactions between MDH and its 

cytochrome cL electron acceptor [42, 46] or even between pMMO and MDH [47]. In the 

XoxF system, this role could be filled by the MxaJ homolog XoxJ, a protein of unknown 

function encoded in the xoxF operon.

Although 5G-XoxF is a monomer in solution (Fig. 1), the dimer observed in other MDH 

structures is present in the crystal, mediated by crystal lattice contacts with a symmetry-

related molecule (Fig. S6). This observation suggests that 5G-XoxF may be able to dimerize 

in solution, but perhaps at much higher concentrations than reported for other MxaFs and 

XoxFs (2.5–20 mg/mL) [12, 26]. Due to difficulty in obtaining high concentrations of 

purified protein from the native organism, samples at > 10 mg/mL were not analyzed by 

SEC-MALS. Similar to other MDH dimeric structures, the crystallographic dimer interface 

of 5G-XoxF forms a saddle shaped structure via β strands from residues 67–73 and 109–115 

(Fig. S6). There are 14 hydrogen bonds at the interface, in comparison to 18 intermonomer 

hydrogen bonds in SolV-XoxF, and 30 intermonomer hydrogen bonds in MxaF from Mc. 
capsulatus (Bath) [26]. Notably, 5G-XoxF lacks two key hydrogen bonding pairs found in 

SolV-XoxF, Tyr 572 OH-Glu 570 OE2 and Tyr 572 OHSer 45 OG, which link β strands 

comprising residues 4–47 and 570–575 from each monomer. In 5G-XoxF, these three 

residues are substituted with threonine and positioned too far apart for polar contacts (6–9 

Å). Furthermore, SolV-XoxF contains an additional C-terminal glutamic acid residue, Glu 

577, which interacts with Arg 41. The lack of these contacts may account for the monomeric 

behavior of 5G-XoxF in solution. Another difference between 5G-XoxF and SolVXoxF is 

the presence of a salt bridge between Glu 114 and Lys 605 in the 5G-XoxF structure; these 

residues are not conserved in SolV-XoxF.

Surface analysis of 5G-XoxF provides some insight into its interaction with pMMO. The 

PmoB subunit of Mm. alcaliphilum 20Z pMMO (20Z-PmoB) is 95% identical to 5G-pMMO 

PmoB [31]. MDHs are periplasmic [21–23] and in the case of the Mc. capsulatus (Bath) 

pMMO, PmoB interacts with pMMO [26]. The surface of 20Z-PmoB exhibits a prominent 

patch of negatively charged residues conserved in 5G-pMMO (Fig. 5b), which are 

complementary to and could potentially interact with the positively charged residues at the 

5G-XoxF dimer interface (Fig. 5a). It is possible that these surfaces are involved in the 

protein–protein interactions observed by biolayer interferometry (Fig. 2).

Existence of multiple MDHs in Mm. buryatense 5GB1C

The Mm. buryatense 5G genome encodes both MxaF- and XoxF-type MDHs, a trend 

observed in many methylotrophs [8]. XoxF is found in a wider range of bacterial phyla 

compared to MxaF, and this phylogenetic diversity suggests more environmental importance 

for REEs than assumed previously [1]. While it has been shown that lanthanides down-

regulate MxaF expression in Mm. extorquens AM1, Methylosinus trichosporium OB3b, and 

Mm. buryatense 5G [14, 15, 48], the significance of having two MDH systems requiring 

different metals is unknown. The two MDH types may contribute to the modularity of C1 
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metabolism, which helps the organisms to withstand environmental fluctuations [8]. In 

addition, an active heterotetrameric complex consisting of XoxF with calcium and MxaI has 

been described, suggesting a functional relationship between the two systems [38]. The 

separation of XoxF into several phylogenetic groups (XoxF1–XoxF5) in NC10, 

Proteobacteria, Verrucomicrobia, and Methylophilaceae suggests that the role of lanthanides 

in regulation is complex [1, 5]. These considerations will be important for future work in 

studying lanthanide-dependent MDHs in C1 metabolism and as models for other yet-to-be 

discovered REE-dependent metalloenzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ICP-MS Inductively coupled plasma mass spectrometry

ICP-OES Inductively coupled plasma optical emission spectrometry

Mc. Methylococcus

MDH Methanol dehydrogenase

Mm. Methylomicrobium

MMO Methane monooxygenasep

pMMO Particulate methane monooxygenase

PQQ Pyrroloquinoline quinone

REE Rare earth element

SEC-MALS Size exclusion chromatography with multi-angle light scattering
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Fig. 1. 
Solution oligomerization state of 5G-XoxF. Signals from the MALS refractive index 

detector are shown as a function of elution time (green for 1 mg/mL, blue for 5 mg/mL, and 

red for 10 mg/mL). The black horizontal lines indicate the calculated molecular masses of 

the eluting peaks
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Fig. 2. 
Biolayer interferometry sensorgrams of the interaction between immobilized 5G-XoxF and 

5G-pMMO. a Purified 5G-pMMO samples at concentrations of 5, 10, 15, and 25 μM were 

tested for binding to immobilized 5G-XoxF. The fitting curves are displayed in blue. b A 

control experiment testing the interaction between immobilized BSA and 25 μM 5G-pMMO 

was performed. No binding was observed. Each experimental run was repeated a total of 

three times with new sensors and protein samples
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Fig. 3. 
Crystal structure of Mm. buryatense 5GB1C XoxF. a 5G-XoxF monomer. The eight-bladed 

β-sheet propeller forms a central cavity containing a PQQ ligand (blue) and a La(III) ion 

(yellow). A sodium ion from the solvent is modeled as a cyan sphere. b Disordered C-

terminus of 5G-XoxF. Disordered residues 571–598 are represented with a dashed line 

(black). c 5G-XoxF active site. The 2Fo–Fc electron density map contoured at 1σ (gray) is 

shown for the La(III) ion, PQQ cofactor, and coordinating residues (pink). The anomalous 

difference Fourier map calculated using data collected at the La absorption edge (6.3 keV) is 

shown contoured at 10σ (green)
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Fig. 4. 
XoxF structure comparison. 5G-XoxF with SolV-XoxF (PDB accession code 4MAE) (both 

gray), with differing secondary structure elements shown in magenta for 5G-XoxF and dark 

blue for SolV-XoxF.a The disordered residues 571–598 of 5G-XoxF are modeled with α-

helices in SolV-XoxF. b Residues Lys 469-Gly 478 form a prominent loop in 5G-XoxF, and 

residues Lys 238-Pro 244 in 5G-XoxF form a beta hairpin compared to a loop-helix 

structure in SolV-XoxF
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Fig. 5. 
Surface electrostatic potentials of 5G-XoxF and pMMO from Mm. alcaliphilum 20Z. 

Negatively charged surfaces are represented in red and positively charged surfaces in blue. a 
A 5G-XoxF crystal-lographic dimer, with one monomer represented as a surface. Black 

circles highlight the negative patch surrounding active site and disordered residues 571–598, 

and the positive patch at the XoxF dimer interface. b The negatively charged surface of the 

soluble domain of PmoB subunit from Mm. alcaliphilum 20Z pMMO (PDB accession code 

6CXH) is circled in black
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