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            Abstract
The universal Per-ARNT-Sim (PAS) domain functions as a signal transduction module involved in sensing diverse stimuli such as small molecules, light, redox state and gases1,2. The highly evolvable PAS scaffold can bind a broad range of ligands, including haem, flavins and metal ions. However, although these ligands can support catalytic activity, to our knowledge no enzymatic PAS domain has been found. Here we report characterization of the first PAS enzyme: a haem-dependent oxidative N-demethylase. Unrelated to other amine oxidases, this enzyme contains haem, flavin mononucleotide, 2Fe-2S and tetrahydrofolic acid cofactors, and specifically catalyses the NADPH-dependent oxidation of dimethylamine. The structure of the Î± subunit reveals that it is a haem-binding PAS domain, similar in structure to PAS gas sensors3. The dimethylamine substrate forms part of a highly polarized oxygen-binding site, and directly assists oxygen activation by acting as both an electron and proton donor. Our data reveal that the ubiquitous PAS domain can make the transition from sensor to enzyme, suggesting that the PAS scaffold can support the development of artificial enzymes.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Biophysical characterization of P. mendocina HODM.[image: ]


Figure 2: NADPH-dependent oxidation of DMA by HODM.[image: ]


Figure 3: Crystal structure of the P. mendocina HODM Î± subunit.[image: ]


Figure 4: HODM is a haem-dependent amine oxidase.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Catabolic pathway featuring HODM and additional HODM characterization in vivo and in vitro.
a, Trimethylamine degradation pathway with links to C1 metabolism in proteobacteria. 1, trimethylamine monooxygenase; 2, trimethylamine N-oxide demethylase; 3, haem-dependent oxidative demethylase (HODM), also known as secondary amine monooxygenase (SAMO); 4, methylamine dehydrogenase (EC 1.4.99.3); 5, methylamine oxidase (EC 1.4.3.21); 6, N-methylglutamate synthase (EC 2.1.1.21); 7, N-methylglutamate dehydrogenase (EC 1.5.99.5); 8, Î³-glutamylmethylamide synthetase (EC 6.3.4.12); 9, Î³- glutamylmethylamide-dissimilating enzyme; 10, methylene-H4F dehydrogenase/cyclohydrolase (EC 1.5.1.15); 11, formyl-H4F deformylase/ formyl-H4F synthetase (EC 3.5.1.10); 12, formate dehydrogenase (EC 1.2.1.2). Formaldehyde can be assimilated via the ribulose monophosphate (RuMP) pathway or, via methylene-tetrahydrofolate, through formation of serine. The inset shows an SDSâ€“PAGE gel of purified recombinant HODM, revealing bands corresponding to all four subunits. Additional bands are visible that appear to correspond to multimeric forms or proteolytic fragments of HODM subunits as verified by mass spectrometry of tryptic digests. b, Formaldehyde leakage from HODM in vivo. Efficient detoxification of formaldehyde requires the Î³ subunit as well as tetrahydrofolic acid (THF). Cells containing wild-type and mutant HODM enzyme (Î”Î³, deletion of subunit gamma) from Methylobacillus flagellatus (strain KT) were grown in the presence of DMA (grey bars) or DMA and glycine (shaded bars), respectively. Fluorescence readings were subsequently corrected for background activity and scaled with the mutant enzyme set as 100%. The data show that glycine, as well as the Î³ subunit, have strong effects on enzymatic formaldehyde production. While the first increases intracellular levels of THF, the latter is required for THF binding. c, The HODM ferrous-oxy complex is long-lived at room temperature. The ferrous-oxy decay to the ferric state was monitored at 409â€‰nm and plotted as a function of time. The decay curve observed was fitted using the exponential decay equation to derive a half-life of 50â€‰Â±â€‰10â€‰min with a decay rate of kâ€‰=â€‰0.014â€‰Â±â€‰0.001â€‰minâˆ’1. d, Determination of the redox potential of the HODM haem subunit. The main panel shows UV-visible spectra for the HODM haem domain during a redox titration. The oxidized enzyme (thick black line, spectrum recorded at âˆ’76â€‰mV versus normal hydrogen electrode) has its Soret maximum at 409â€‰nm. The fully reduced enzyme (thick line, spectrum recorded at âˆ’317â€‰mV versus NHE) has its Soret maximum at 422â€‰nm. Intermediate spectra are indicated in thin lines, and there is an isosbestic point at approximately 415â€‰nm. The HODM haem domain also displays increased absorbance in the Q-band region (~520â€“620â€‰nm) in the reduced (ferrous) state. The inset shows a plot of absorbance change (Î”A422 minus Î”A409) versus applied potential (versus NHE) fitted using the Nernst equation. This provides a midpoint reduction potential value for the HDOM haem domain FeIII/FeII couple of 128â€‰Â±â€‰4â€‰mV versus NHE. e, f, DMA binding to ferrous HODM (e) and DMA binding to ferrous-oxy HODM (f). Absorbance changes (as shown in the inset) as a function of DMA concentration are fitted using a hyperbolic function/Morrison equation, leading to a Kdâ€‰=â€‰1.7â€‰Â±â€‰0.2â€‰mM for ferrous HODM (ferric HODM has a Kd of 1.5â€‰Â±â€‰0.1â€‰mM, data not shown) and a Kdâ€‰=â€‰15â€‰Â±â€‰3â€‰Î¼M for ferrous-oxy HODM (errors bars are s.e.m., nâ€‰=â€‰3).


Extended Data Figure 2 X-band continuous-wave electron paramagnetic resonance spectra of anaerobically purified HODM.
a, Anaerobically purified HODM exposed to air for two minutes. b, The HODM enzyme shown in a with the addition of excess DMA. c, Anaerobically purified HODM. d, The HODM enzyme shown in c with the addition of excess DMA. Experimental parameters: microwave power, 0.5â€‰mW; modulation amplitude, 3â€‰G; temperature, 30â€‰K. e, HODM alone. f, HODM plus excess DMA. g, HODM plus excess diethylamine. h, HODM plus excess piperidine. Experimental parameters: microwave power, 0.5â€‰mW; modulation amplitude, 3â€‰G; temperature, 30â€‰K. Only DMA (f) shows the loss of the 14N His superhyperfine coupling in the ferrohaemâ€“NO component of the spectrum and a significant change in the g values exhibited by the [2Fe-2S]1+ component of the spectrum.


Extended Data Figure 3 HODM cannot make use of peroxide.
Spectral changes observed following mixing of 10â€‰Î¼M ferric HODM with 200â€‰Î¼M H2O2. The haem Soret peak (black line) decays upon H2O2 addition (200â€‰Î¼M) (thin grey lines each after 30â€‰s) with further decay at 5â€‰min incubation (thin black line) and 60â€‰min (black dotted line). The inset shows a similar experiment conducted in the presence of 2â€‰mM DMA.


Extended Data Figure 4 The HODM haem subunit has similar properties to the HODM holoenzyme.
a, UV-visible absorption features of alpha HODM (8.5â€‰Î¼M). Ferric (thick solid line), ferrous (thin solid line) Fe2+â€“O2 (dotted line) and Fe2+â€“CO (dashed line). The major (Soret) absorption band is centred at 409, 423, 418 and 421â€‰nm, respectively. The Î±/Î² bands are magnified in the inset. b, Titration of ferric and ferrous-oxy HODM Î± subunit with DMA. Absorbance changes associated with the haem Soret peak are plotted as a function of DMA concentration. The data are fitted using a hyperbolic function or the Morrison equation. Top, ferric with Kdâ€‰=â€‰12.6â€‰Â±â€‰0.2â€‰mM. Bottom, ferrous-oxy with Kdâ€‰=â€‰41.0â€‰Â±â€‰5.0â€‰Î¼M (errors bars are s.e.m., nâ€‰=â€‰3). Insets show UV-vis spectra of the titration of DMA (0â€“50â€‰mM) against ferric and ferrous-oxy HODM Î± subunit (7.5/4.8â€‰Î¼M). The UV-vis spectrum of Î± in buffer A was recorded initially and then after each addition of DMA. The direction of the absorbance changes of the ferric and ferrous-oxy Soret peak on substrate addition is measured from 409/415â€‰nm (thick line) to 416/414â€‰nm (dotted line), respectively. câ€“e, Spectral properties of HODM haem subunit variants E266Q, W180A and R224A, respectively. Ferric (thick black line), ferric in presence of 1â€‰mM DMA (thick grey line), ferrous (thin black line), ferrous in presence of 1â€‰mM DMA (thin grey line) and Fe2+â€“O2 (dotted line). The Î±/Î² bands are magnified in the inset. While the E226Q variant lacks spectroscopic features associated with DMA binding, the R224A variant appears to bind DMA as a 6th ligand to the haem iron in the ferrous state. Oxygen binding can be detected for all variants.


Extended Data Figure 5 Possible routes for DMA oxidation in HODM.
Following formation of compound 0, various possibilities exist for Oâ€“O bond cleavage in principle. A direct hydride transfer from the substrate is shown in A, bypassing the need for higher oxidation states of the haem Fe. Route B depicts the homolytic bond cleavage with formation of compound II and an amine radical. Route C depicts a P450-like mechanism, with formation of the highly oxidizing compound I. Both the B and C routes can give rise to various products. The N-oxide product is not observed with DMA as a substrate, which results in stoichiometric production of formaldehyde in vitro. This can be derived from either the iminium or hydroxylamine products.


Extended Data Figure 6 X-ray-induced photoreduction of the HODM haem subunit in complex with DMA and O2.
The initial spectrum recorded before X-ray illumination (ESRF beamline ID14-1 (wavelength 0.934â€‰Ã…)) was subtracted from the post illumination spectrum. A shift in the Î±/Î² bands is recorded with a decrease at 575â€‰nm and an increase at 556â€‰nm. This corresponds to formation of the ferrous species (merged Î±/Î² band at 556â€‰nm).


Extended Data Figure 7 MA-dependent NADPH oxidation by HODM in absence of formaldehyde production.
The kinetic curve (mean values of initial rate plotted as a function of MA concentration) was fitted using the Michaelisâ€“Menten function kcatâ€‰=â€‰7.0â€‰Â±â€‰0.1â€‰sâˆ’1 and KMâ€‰=â€‰0.55â€‰Â±â€‰0.04â€‰mM. Inset shows Purpald colourimetric assay for detection of substrate-dependent formaldehyde production. Data are represented as a percentage of expected formaldehyde produced for 1:1 conversion of DMA/MA to formaldehyde. Error bars represent s.d.


Extended Data Figure 8 Gas phase density functional theory and ab initio comparison of the energies of DMA- and MA-based reaction intermediates.
Quoted energies in the table are the sum of electronic and thermal enthalpies for structures in the gas phase at 298.15â€‰K with units of hartrees. Values in parentheses are the difference relative to the neutral amine. The relative energies of the DMA species are lower than those of the MA species by 10â€“65â€‰kJ molâˆ’1 (0.04â€“0.025 hartrees). The pKa valuesof DMA (Râ€‰=â€‰CH3) and MA (Râ€‰=â€‰H) (1) are very similar (10.64 and 10.62 respectively). Calculations were performed at both the (U)B3LYP/6-311++G(d,p) and (U)MP2/6-311++G(d,p) level using the â€˜Freqâ€™ keyword in Gaussian 09 rev. B.01.


Extended Data Figure 9 Multiple sequence alignment of HODM including Aer2 PAS domain secondary structure information.
Alignment of HODM proteins from the DUF3445 family from the bacteria: Pseudomonas mendocina (Pmen), Rhizobium etli (Retl), Candidatus Puniceispirillum marinum (Cpun) and Gordonia bronchialis (Gbro), and from the fungi Candida dubliniensis (Cdub) and Nectria haematococca (Nhae). The catalytic Arg, Glu and Gln residues and the substrate-discriminating Trp are marked with black dots. The conserved haem-binding His in Pmen and Aer2 are marked with a grey and a black asterisk, respectively. Secondary structural elements are highlighted, PAS-domain-specific Î±-helices in blue and Î²-sheets in pink, and HODM-specific Î±-helices in pale grey and Î²-sheets in dark grey.


Extended Data Table 1 Data collection and refinement statistics for P. mendocina HODM Î± subunitFull size table
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