The Escherichia coli YdcF binds S-adenosyl-L-methionine and adopts an α/β fold characteristic of nucleotide-utilizing enzymes  
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Abstract The crystal structure of YdcF at a resolution of 0.18 nm reveals a fold of the adenine nucleotide α hydrolase-like family. Following the structural clues, a nucleotide binding screen was carried out employing isothermal titration calorimetry. The following ligands were screened: β-nicotinamide adenine dinucleotide (NAD+), β-nicotinamide adenine dinucleotide phosphate (NADP+), flavin adenine dinucleotide (FAD), adenosine triphosphate (ATP), deoxyadenosine monophosphate (dAMP), and S-adenosyl-L-methionine (AdoMet). Only AdoMET exhibited binding to YdcF with a Kd value of 25 μM and a binding enthalpy of -1.5 + 0.3 kJ mol-1. The dissociation constant is physiologically significant as a survey of the BRENDA database shows that this value is well within the Km values of methyltransferases. Thus, the structure insight, the ligand screening, and the expression profiling suggest that YdcF is an AdoMet-dependent enzyme that plays a role in an anaerobic respiratory pathway.  
Introduction
The ydcF gene from E. coli encodes a conserved 266 amino acid residues protein of unknown function. At the time of this writing, a sequence search of the non-redundant GenBank database using PSI-BLAST yielded 831 sequences related to YdcF 1. YdcF belongs to the PF02698 family in PfamA (containing 762 members), proteins that share the domain of unknown function, DUF218 2. DUF218 domains are found mostly in the four phyla of bacteria but also in fungi, plants and archaea. The genomes of many organisms encode multiple proteins possessing this domain. Despite low sequence identity, both Pfam and PSI-BLAST identify four E. coli genes that contain DUF218 domains, ydcF, ycbC, ygjQ and sanA. The amino acid sequence identity between YdcF and its three paralogs is very low (10-18% over less than half the polypeptide chain), indicating different function for each of the paralogs. SanA participates in the barrier function of the cell envelope3 whereas its ortholog from Salmonella typhimurium, SifX, may be involved in murein synthesis 4. However, these are rather vague definitions of function, which shed no light on the biochemical function of SanA or SifX. Both biological and biochemical functions of ycbC and ygjQ are unknown. GdmH from Gram-positive bacteria is also a DUF218 protein domain with broad biological function. The gene is located on an operon that encodes proteins involved in the biosynthesis of the antimicrobial peptides Gallidermin and Epidermin. GdmH is one of the accessory factors of the ABC transporters that secret these peptides 5.  

The crystal structure of YdcF reported here reveals a fold of the adenine nucleotide α hydrolase-like family. Following the structural clues, a nucleotide binding screen was carried out and showed that YdcF binds S-adenosyl-L-methionine (AdoMet) with a Kd value of 25 μM.
Materials and Methods
The ydcF gene was amplified from the E. coli K-12 genomic DNA (ATCC700926), cloned into a pET100/D-TOPO (Invitrogen)* and sequenced. E. coli BL21*(DE3) cells transformed with the plasmid were grown in the auto-induction media (ZYP5052) containing 0.2% (v/v) α-lactose inducer and 0.1 mg/mL ampicillin for 16 h at 27°C 6. Cells suspended in 20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM phenylmethanesulfonyl fluoride, 1 mM ethylene-diamine-tetra-acetic acid (EDTA), 5 mM dithiothreitol (DTT), 10 % (v/v) glycerol, 1% (v/v) Triton X-100, 2.5 mM benzimidine, 0.17 mg/mL lysozyme, and 3.3 units/mL Benzonase (Novagen) were lysed by sonication and centrifuged for 1 h at 23,700xg. The soluble fraction was applied onto a Q Sepharose column (GE Health Sciences) in Buffer A (20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM PMSF, 1 mM EDTA, 5 mM DTT, 10 % (v/v) glycerol). YdcF in the flow thru was precipitated with 55% saturated ammonium sulfate and centrifuged for 30 min at 14,000xg. The pellet was re-suspended in Buffer A to a final conductivity of ~1.0 M ammonium sulfate and loaded onto a Phenyl Sepharose column (GE Health Sciences). YdcF was eluted with a linear gradient of 1.0 – 0.0 M ammonium sulfate in Buffer A, and applied onto a Sephacryl S100 column (GE Health Sciences) in Storage buffer (20 mM Tris-HCl (pH 7.5) 0.10 M NaCl, 0.5 mM EDTA). The protein concentration was determined at 280 nm (calculated extinction coefficient: 41,940 M-1 cm-1). All purification steps were conducted at 4°C. The molecular weight was confirmed by MALDI-TOF mass spectrometry (measured and calculated molecular masses of 29,718 and 29,702 Daltons, respectively). Dynamic light scattering indicated that the protein was monomeric. YdcF containing selenomethionine (SeMet) was produced in E. coli B834(DE3). Transformed cells were grown in the Studier’s PASM-5052 media supplemented with 0.125 mg/mL L-(+)-selenomethionine (Anatrace), 0.2% α-lactose inducer and 0.10 mg/mL ampicillin at 27°C for 24 h 6. The purification protocol was identical to that of the wild-type protein, and incorporation of the SeMet was verified by MALDI-TOF mass spectrometry.

YdcF crystals were obtained at room temperature using the vapor diffusion method in hanging drops. Equal volumes of wild-type YdcF (10 mg/mL in storage buffer and 10 mM DTT) and mother liquor (0.1 M 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (pH 7.5), 1.7 M ammonium sulfate, and 4% (v/v) (±)-2-methyl-(phenyl)-2,3-pentanediol (MPD)) were mixed and equilibrated against the mother liquor reservoir. The resulting crystals belong to space group P21. Crystals were also obtained from wild-type (5 mg/mL) or SeMet-containing YdcF (3.5 mg/mL) at 1:1 volumes of protein and 0.10 M Tris-HCl (pH 8.0), 0.7 M sodium citrate and 0.02% (v/v) polyethylene glycol 20,000. These crystals belong to space group R3. For diffraction data collection, the crystals were transferred to a cryogenic solution composed of mother liquor containing 30% (v/v) glycerol and flash-cooled at 100°K in liquid propane. Multiple Wavelength Diffraction (MAD) data, exploiting the absorption edge of Se, were collected at the Industrial Macromolecular Crystallography Association-Collaborative Access Team (IMCA-CAT) 17-ID beamline at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL). The beamline was equipped with a MAR CCD detector. Data for the wild-type enzyme were also collected at the IMCA-CAT 17-ID beamline. The data were processed with the HKL suite of programs 7 (Table I).
The positions of five Se atoms were determined using the ShelxD program 8. Phases were calculated at 2.0 Å resolution with Solve 9 and improved by solvent flattening techniques with Resolve 10. Nearly a third of the polypeptide chain was traced automatically by Resolve and the remaining model was built with use of the program O 11. This initial structure served as a search model for Molecular Replacement executed with BEAST 12 and using the diffraction data of the P21 crystal. Refinement of the structure was performed with CNS 13 followed by REFMAC 14. 

Ligand binding was measured by Isothermal Titration Calorimetry using a VP Microcal, Inc. isothermal titration calorimeter. The solution vessel contained 70-80 μM YdcF in storage buffer and 5 mM MgCl2. Aliquots (5 μL) of 2 mM ligand solutions were titrated into the 
YdcF solution. Duplicate measurements were performed. The following ligands were tested: β-nicotinamide adenine dinucleotide (NAD+), β-nicotinamide adenine dinucleotide phosphate (NADP+), flavin adenine dinucleotide (FAD), adenosine triphosphate (ATP), deoxyadenosine monophosphate (dAMP), and AdoMet. 

Results and Discussion
The 1.8Å resolution crystal structure of YdcF defines the coordinates of residues 5-265 and 5-263 of the 266 amino acids of molecules A and B in the asymmetric unit, respectively (Table I). The root-mean-square deviation (rmsd) between the Cα atoms of the two protomers in the asymmetric unit is 0.2 Å. The crystal packing indicates that YdcF is monomeric, consistent with the dynamic light scattering data. YdcF contains two closely associated domains and the chain crosses twice from one domain to another (Figure 1A). One domain adopts an α/β open-sheet fold (residues 38-180) with five-stranded parallel β-sheet (β-strands order 32145) flanked by α2 and α4 on one face and α5 and α6 on the opposing face. The large loop connecting β2 to α4 contains helix α3. The second, helical domain (residues 5-37, 181-263), encompasses α1 and α7-α9 and contains a β-hairpin (β6-β7). The large cleft at the domains’ interface is flanked by residues that are located at the C-termini of β1 and β4 (the classical α/β fold switch region where enzyme active sites are located), and on α3, α6 and α7. 

A search for structure relatives using the program DALI15 failed to identify PDB entries that span the entire YdcF molecule. However, there are many structure homologs of the α/β domain. The closest structure is that of the Methanococcus jannaschii universal stress protein (USP)-like MJ0577 (1MJH) (Z = 7.3, rmsd = 2.8 Å for 103 common Cα atoms, 5% sequence identity) 16 (Figure 1B). MJ0577 contains only the α/β domain and assembles into dimers, in contrast to the monomeric YdcF that contains an additional helical domain. MJ0577 belongs to the adenine nucleotide α hydrolases-like superfamily in the SCOP database 17. Most of the structural homologs in the DALI list bind adenosine-containing compounds. 
A DALI search of the YdcF’s helical domain with or without the β-hairpin segment yielded a few homologs with low Z-scores, the closest of which is a fragment of the RNA helicase from Pyrococcus furiosus Hef helicase/nuclease (1WP9, Z = 3.3, rmsd = 3.3Å for 78 Cα atoms, 13% sequence identity) 18. Because helical domains occur in many function contexts, the structure homology does not provide clues about the function of YdcF. 

The superimposed structures of YdcF and MJ0577/ATP complex support the hypothesis that the YdcF putative ligand binds at the C-termini of β1 and β4 (Figure 1B). A sulfate molecule is positioned in the deep cleft, forming an ion pair with Arg158, an invariant residue in the YdcF sequence family, and also interacts with the invariant His73 (Figure 1C). The sulfate may occupy the site of a phosphate group of a nucleotide or other negatively charged group of a substrate. A second invariant arginine residue in the cleft, Arg218, may also contribute to substrate binding. 

The structural homology to nucleotide-binding proteins, in particular adenosine-containing compounds, inspired the binding screening. Hence various adenosine-containing compounds were examined by isothermal titration calorimetry. Only AdoMet binds to YdcF and the binding isotherms fit well to a single site binding model, which yields a dissociation constant of 25 ± 3 μM and a binding enthalpy of -1.5 +/- 0.3 kJ/mol. Indeed, the DALI results include several methyltransferases, although YdcF does not span the entire canonical methyltransferase fold. The dissociation constant is physiologically significant as a survey of the BRENDA database shows that this value is well within the Km values of methyltransferases. The YdcF fold is different from any of the known α/β folds of methyltransferases, AdoMet-dependent oxidoreductases and AdoMet decarboxylase. Presently, the exact biochemical activity of YdcF remains unknown.   
Information about the biological function of YdcF is scarce. A whole genome transcriptional profiling study detected an increased expression of the ydcF transcript under anaerobic growth condition in fnr- and ArcA-deficient E. coli strains when compared with expression in wild-type E. coli (4.3- and 4.7-fold, respectively). This was interpreted as indicative of YdcF expression that is regulated by both the ferric nitrate reductase global regulatory protein FNR and the two-component system ArcAB 19,20. A whole E. coli genome protein pull-down study identified YdcF interactions with the 50S ribosomal protein L2 (a protein that interacts with extraordinarily large number of proteins) and with dTDP-glucose-4,6-dehydrogenase associated with the lipopolysaccharide biosynthesis pathway 21. Both interactions are yet to be verified by accurate biophysical methods. The E. coli ydcF gene is not located on an operon, and its gene neighbors or those of homologs from other organisms do not provide insight into YdcF’s function. Thus, the structure insight, the ligand screening, and the expression profiling suggest that YdcF is an AdoMet-dependent enzyme that plays a role in an anaerobic respiratory pathway.    
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Table I.  Data collection and refinement statistics for wild-type YdcF
	Data Collection
	

	Space group
	P21

	Cell dimensions 
	

	a, b, c (Å)
	64.8, 39.7, 122.6

	α, β, γ (°)
	90, 96.3, 90

	Molecules in the asymmetric unit
	2

	Solvent content (%)
	53

	Wavelength (Å)
	1.00

	No. unique reflections
	54,189

	Redundancy
	3.8 (3.5)a

	Completeness (%)
	93.1 (93.9)a

	Rmerge
	0.084 (0.228)a

	
	10.3 (2.8)a

	Refinement
	

	Refinement resolution (Å)
	20.0-1.8

	No. refined reflections
	54,139

	Rcrystb/ Rfreec
	0.195/0.238

	Number of protein atoms/residues
	4,090/518

	No. MPD molecules
	14

	No. water molecules
	723

	No. SO42- molecules
	8

	B-factors (Ǻ2)
	

	Protein 
	22

	MPD
	40

	H2O
	42

	SO42-
	61

	Ramachandran Plot (%)
	

	Most favored
	91.6

	Allowed
	8.4

	Generously allowed
	0.0

	Disallowed
	0.0

	RMS deviations
	

	Bond length (Ǻ)
	0.017

	Bond angle (º)
	1.6


aThe values in parentheses are for the highest resolution shell (1.78-1.70 Å).

bRcryst = hkl | |Fo| – |Fc| | / hkl |Fo|, where Fo and Fc are the observed and calculated structure factors, respectively.

cRfree for randomly selected 5,022 reflections that were omitted from the refinement.

Figure Legend
Figure 1.  Crystal structure of E. coli YdcF.  (A) The overall fold with α-helices colored in cyan and β-strands in yellow.  (B) Superposition of E. coli YdcF (cyan) and Methanococcus jannaschii. MJ0577 (yellow) with bound ATP. (C)  Putative active site of E. coli YdcF. The ligand binding cavity and the surrounding residues are shown. Atomic colors used: carbon - gray; oxygen - red; nitrogen - blue; phosphate – magenta.
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