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            Abstract
Serine hydroxymethyltransferase 2 (SHMT2) regulates one-carbon transfer reactions that are essential for amino acid and nucleotide metabolism, and uses pyridoxal-5′-phosphate (PLP) as a cofactor. Apo SHMT2 exists as a dimer with unknown functions, whereas PLP binding stabilizes the active tetrameric state. SHMT2 also promotes inflammatory cytokine signalling by interacting with the deubiquitylating BRCC36 isopeptidase complex (BRISC), although it is unclear whether this function relates to metabolism. Here we present the cryo-electron microscopy structure of the human BRISC–SHMT2 complex at a resolution of 3.8 Å. BRISC is a U-shaped dimer of four subunits, and SHMT2 sterically blocks the BRCC36 active site and inhibits deubiquitylase activity. Only the inactive SHMT2 dimer—and not the active PLP-bound tetramer—binds and inhibits BRISC. Mutations in BRISC that disrupt SHMT2 binding impair type I interferon signalling in response to inflammatory stimuli. Intracellular levels of PLP regulate the interaction between BRISC and SHMT2, as well as inflammatory cytokine responses. These data reveal a mechanism in which metabolites regulate deubiquitylase activity and inflammatory signalling.
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                    Fig. 1: SHMT2 dimer inhibits BRISC DUB activity.[image: ]


Fig. 2: Structure of the BRISC–SHMT2 complex.[image: ]


Fig. 3: BRISC–SHMT2 interaction is important for interferon signalling.[image: ]


Fig. 4: PLP regulation of BRISC-SHMT2 interaction and signalling.[image: ]
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                Data availability

              
              Coordinates have been deposited in the Protein Data Bank, code 6R8F. Cryo-EM reconstructions in C1 and C2 have been deposited in the Electron Microscopy Data Bank, codes EMD-4759 and EMD-4760. Any other relevant data are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 SHMT2 exists in a dimer–tetramer equilibrium.
a, Structure of SHMT2ΔN(A285T) dimer (PDB code 6DK3). Unbiased electron density maps are coloured green. The structure was erroneously deposited by the Structural Genomics Consortium (SGC) as wild type with PDB code 3OU5. It was corrected and redeposited with PDB code 6DK3 on 28 May 2018. b, Structure of wild-type SHMT2α tetramer (PDB code 4PVF) bound to PLP. Regions in red show structural rearrangements upon PLP binding. c, Native mass spectrometry spectra (single measurement experiment) of different forms of SHMT2ΔN (top) and measured and calculated masses (bottom). Calculated masses nearest to the measured masses are underlined. d, Size-exclusion chromatography profiles of different forms of SHMT2ΔN (top) and a Coomassie-stained SDS–PAGE gel (bottom). Data are representative of three independent experiments. e, Comparison of SHMT2 protomers with and without PLP.


Extended Data Fig. 2 PLP regulates SHMT2 dimer-tetramer transition.
a, PLP association with the indicated forms of SHMT2ΔN. SHMT2–PLP internal aldimine linkage was monitored by measuring absorbance at 435 nm after rapid mixing of SHMT2ΔN (5 μM) and PLP (100 μM). Data are mean ± s.e.m. of four independent reactions. b, Enzyme activity of the indicated forms of SHMT2ΔN (0.5 μM) against the synthetic substrate l-threo-phenylserine in the presence of 50 μM PLP. The reaction was monitored by measuring benzyldehyde absorbance at 279 nm. Data are mean ± s.e.m. of three independent experiments carried out in duplicate. c, Differential scanning fluorimetry analysis of different forms of SHMT2ΔN in the presence and absence of PLP. SHMT2ΔN wild-type and mutant proteins (5 μM) were incubated with the indicated concentrations of PLP or 100 μM 2-hydroxy-6-methylpyridine-3-carboxylic acid (HMCA) for 10 min at 20 °C before differential scanning fluorimetry analysis. d, Changes in melting temperatures (ΔTm) for each of the conditions shown in c. ΔTm was calculated by subtracting the Tm of SHMT2 with buffer without ligands from the Tm of SHMT2 with added ligands. Data in c, d represent a single experiment carried out in duplicate. e, Summary of SHMT2ΔN(A285T) dimer–tetramer equilibrium in response to PLP binding.


Extended Data Fig. 3 Reconstitution of BRISC–SHMT2 complex.
a, Summary of limited proteolysis and Edman sequencing results indicating trypsin protease-labile regions for the BRCC45–MERIT40 complex (left) and the BRISC (right). Protease cleavage sites are shown as scissors. Unstructured Abraxas 2 regions are indicated as dashed lines. b, SDS–PAGE of BRISC and BRISCΔNΔC (representative of three independent experiments). c, DUB activity of BRISC (full length) and BRISCΔNΔC (truncated) against a fluorogenic K63-linked diUb substrate. Data are mean ± s.e.m. of three independent experiments carried out in duplicate. d, SHMT2ΔN(A285T) inhibition of BRISC and BRISCΔNΔC DUB activity. Data are mean ± s.e.m. of three independent experiments carried out in duplicate. Ninety-five per cent confidence intervals are shown in square brackets. e, Size-exclusion chromatography of the BRISCΔNΔC–SHMT2ΔN(A285T) complex (top) and Coomassie-stained SDS–PAGE of peak fractions (bottom). f, Native mass spectrometry of the BRISCΔNΔC–SHMT2ΔN(A285T) complex. Data in e, f are representative of three independent experiments.


Extended Data Fig. 4 Electron microscopy analysis of BRISC and BRISC–SHMT2 complex.
a, Negative-stain electron microscopy analysis. Selected 2D-averaged classes of BRISCΔNΔC (left) and BRISCΔNΔC–SHMT2ΔN(A285T) (right). b, Representative cryo-EM micrograph. Green circles (180 Å diameter) indicate auto-picked particles. c, Flow chart of data processing. Final electron microscopy maps, coloured according to local resolution, are provided (scale bar in Å). d, FSC curves for the indicated maps. The final resolution was calculated using the gold-standard FSC cut-off at 0.143 frequency.


Extended Data Fig. 5 Structural analysis of BRISC–SHMT2 structures.
a, Structural overview of the BRISCΔNΔC–SHMT2 structure and cryo-EM maps at a contour level of 0.085 (C2 map), showing secondary structure features. BRCC45 UEV-C and MERIT40 vWFA domains are omitted. CCHB, coiled-coil helical bundle. Asterisks mark the position of the BRCC36 active site. An overreaching loop (SHMT2 residues 296–307) is coloured red. b, Representative electron microscopy map of the BRCC36 active site. c, d, Structure of human (c) and insect (C. floridanus) (d) BRCC36–Abraxas 2 superdimer, highlighting differences and similarities. The connectivity of the MPN- domain of Abraxas 2 and α4 helix by a crossover loop is different in the insect and human complexes, and is coloured orange in the latter structure. e, Superimposition of the BRCC36 MPN+ domain from the insect (grey) and human (blue, green) heterodimers. Abraxas 2 regions with notable differences between the two structures are coloured orange.


Extended Data Fig. 6 Analysis of SHMT1 interaction with BRISC.
a, Elution profile of wild-type SHMT1 from an S75 16/600 size-exclusion chromatography column (data are representative of two independent experiments). b, Elution profile of SHMT1 containing mutated residues designed to break the tetrameric interface (left; data are from a single experiment). Structure of SHMT1 tetramer (PDB code 1RV4), highlighting residues that are important for tetramerization (right). c, BRISC DUB activity against a fluorogenic K63-linked diUb substrate in the presence of the indicated forms of SHMT1 and SHMT2. Data are mean ± s.e.m. of three independent experiments carried out in duplicate. d, Coomassie-stained SDS–PAGE analysis of the indicated SHMT1 and SHMT2 protein preparations (data are from a single experiment). e, Analytical size-exclusion chromatography runs of the indicated protein preparations. SHMT1 proteins were mixed with BRISC for 30 min before injecting on a 2.4-ml Superose 6 column (bottom traces). Traces on top are control runs. A BRISC–SHMT2ΔN run is shown for comparison (see Extended Data Fig. 8e for detailed analysis). f, Coomassie-stained SDS–PAGE analysis of the indicated peak fractions from size-exclusion runs shown in e. Data in e, f are representative of two independent experiments.


Extended Data Fig. 7 Purification and analysis of SHMT2 mutants.
a, Elution profile of the indicated forms of SHMT2ΔN from an S75 10/300 size-exclusion chromatography column (single experiment). b, Coomassie-stained SDS–PAGE analysis of the indicated SHMT2ΔN protein preparations (data are representative of two independent experiments). c, BRISC DUB activity against a fluorogenic K63-linked diUb substrate in the presence of the indicated SHMT2ΔN mutants. Data are mean ± s.e.m. of three independent experiments carried out in duplicate. d, BRISC DUB activity against K63-linked hexaUb chains in the presence of the different forms of SHMT2ΔN, or SHMT1. e, Ubiquitylation levels of IFNAR1 after IFNα stimulation in HEK293T cells that overexpress the indicated forms of Abraxas 2 and SHMT2ΔN. The annotation ‘LL->RR’ denotes SHMT2ΔN(L211R/L215R). IFNAR1 immunoprecipitation (IP) was performed under denaturing conditions and ubiquitin levels were detected using the vu-1 antibody. Mock IP was performed using a generic rabbit IgG antibody. f, Immunoprecipitation (IP) performed using anti-Flag antibody in MEFs that were transiently transfected with Flag–HA epitope-tagged SHMT2ΔN or mutants. Immunoblot was performed for Abraxas 2 and SHMT2, as indicated. UTF, untransfected cells (used as control). g, MEFs that overexpress the indicated SHMT2ΔN or mutants were challenged with LPS, and interferon-receptor-dependent signal transduction response was assessed by immunoblot for STAT1 phosphorylated at Y701. Data shown in d, e are representative of three independent experiments. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 8 SHMT2 blocks the BRISC active site.
a, Analytical size-exclusion chromatography of different forms of SHMT2ΔN, preincubated with BRISC (left) and SDS–PAGE analysis of peak fractions (right). Data are representative of two independent experiments. b, K63-linked diUb (grey) modelled on the MPN+ domain of BRCC36 using the AMSH-LP–diUb structure (PDB code 2ZNV) as a guide. The SHMT2 obligate dimer sterically clashes with the modelled proximal ubiquitin. c, Michaelis–Menten (top) and Lineweaver–Burk (bottom) plots for BRISC DUB activity against a K63-linked diUb fluorogenic substrate with addition of SHMT2ΔN(A285T). Technical duplicates are shown and data are representative of two independent experiments. d, Superimposition of SHMT2 dimer and tetramer forms. The SHMT2 obligate dimer from the PLP-bound tetramer structure (PDB code 4PVF, coloured grey) was overlaid on the SHMT2ΔN(A285T) dimer bound to BRISC. The second obligate dimer from the SHMT2–PLP holoenzyme sterically clashes with the BRCC36–Abraxas 2 superdimer. Movement of α6 and α7 helices is indicated. e, Analytical size-exclusion chromatography of SHMT2ΔN dimer and tetramer (+PLP) forms with BRISC (left) and SDS–PAGE analysis of peak fractions (right). Data are representative of two independent experiments.


Extended Data Fig. 9 Regulation of BRISC–SHMT2 function in cells.
a, Schematic of pairwise comparison of Abraxas2–/– MEFs treated with LPS and expressing the indicated forms of Abraxas 2 (top). Bar chart illustrates the IFN-type I-related genes that were increased by more than twofold in Abraxas 2 wild-type + LPS (black) and Abraxas 2(E144R) + LPS (blue), relative to Abraxas2-/- + LPS. Data are presented as mean ± s.e.m. from three independent experiments (biological replicates). b, Native gel electrophoresis of whole MEF cell lysates cultured in B6-vitamer-free medium, with and without pyridoxal, and expressing the indicated forms of Flag–HA–SHMT2ΔN. c, d, Measurement of phosphorylated STAT1 levels (phosphorylated at Y701) in MEFs (c) or MEFs that stably express SHMT2 (d), cultured in B6-vitamer-free medium. Where indicated, cells were treated with 20 μM pyridoxal and/or 500 units per millilitre of IFNβ for 48 h. e, Immunoprecipitation performed using anti-Flag antibody in MEFs transiently transfected with Flag–HA epitope-tagged SHMT2 or mutants (cultured in DMEM). Immunoblot was performed for Abraxas 2 and SHMT2 as indicated. f, Phosphorylated STAT1 levels (phosphorylated at Y701) measured in MEFs cultured in DMEM containing vitamin B6 and the indicated forms of SHMT, after challenge with HSV. Data shown in b–f are representative of three independent experiments. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 10 Proposed model of BRISC–SHMT2 regulation of cytokine signalling.
K63-linked poly-ubiquitylated interferon receptors (IFNAR1 and IFNAR2) are internalized and degraded through the lysosomal degradation pathway. The BRISC–SHMT2 complex is required for deubiquitylation of IFNAR1 and IFNAR2, and for receptor stabilization. BRISC deubiquitylation of IFNAR1 and IFNAR2 receptors proceeds after SHMT2 displacement, which leads to sustained interferon signalling. The SHMT2 dimer–tetramer transition is regulated by PLP binding. Only an inactive SHMT2 dimer can interact with BRISC, whereas the active SHMT2 tetramer will sterically clash with the BRCC36–Abraxas 2 superdimer. Modulation of SHMT2 dimer–tetramer transition by PLP analogues or other binders could represent ways to inhibit BRISC recruitment to IFNAR1 and IFNAR2, and to reduce interferon signalling.


Extended Data Table 1 Summary of data collection, image processing, model building, refinement and validation statisticsFull size table
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