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            Abstract
CAAX proteins have essential roles in multiple signalling pathways, controlling processes such as proliferation, differentiation and carcinogenesis1. The ∼120 mammalian CAAX proteins function at cellular membranes and include the Ras superfamily of small GTPases, nuclear lamins, the γ-subunit of heterotrimeric GTPases, and several protein kinases and phosphatases2. The proper localization of CAAX proteins to cell membranes is orchestrated by a series of post-translational modifications of the carboxy-terminal CAAX motifs3 (where C is cysteine, A is an aliphatic amino acid and X is any amino acid). These reactions involve prenylation of the cysteine residue, cleavage at the AAX tripeptide and methylation of the carboxyl-prenylated cysteine residue. The major CAAX protease activity is mediated by Rce1 (Ras and a-factor converting enzyme 1), an intramembrane protease (IMP) of the endoplasmic reticulum4,5. Information on the architecture and proteolytic mechanism of Rce1 has been lacking. Here we report the crystal structure of a Methanococcus maripaludis homologue of Rce1, whose endopeptidase specificity for farnesylated peptides mimics that of eukaryotic Rce1. Its structure, comprising eight transmembrane α-helices, and catalytic site are distinct from those of other IMPs. The catalytic residues are located ∼10 Å into the membrane and are exposed to the cytoplasm and membrane through a conical cavity that accommodates the prenylated CAAX substrate. We propose that the farnesyl lipid binds to a site at the opening of two transmembrane α-helices, which results in the scissile bond being positioned adjacent to a glutamate-activated nucleophilic water molecule. This study suggests that Rce1 is the founding member of a novel IMP family, the glutamate IMPs.
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                    Figure 1: MmRce1 is an endoprotease specific for farnesylated peptides.[image: ]


Figure 2: MmRce1 is an IMP with eight transmembrane α-helices.[image: ]


Figure 3: The conserved catalytic ABI domain of MmRce1 is responsible for catalysis.[image: ]


Figure 4: MmRce1 catalytic mechanism has similarities to that of ZMPSTE24 and GlpG.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Structure of the MmRce1–Fab645-2 complex.
Overall ribbon diagram of the MmRce1–Fab645-2 complex, with MmRce1 viewed parallel to the membrane. MmRce1 is depicted in blue, the antibody Fab fragment heavy chain (Fab(H)) in yellow, and the antibody Fab fragment light chain (Fab(L)) in green. MmRce1 interacts with Fab645-2 through its cytoplasmic side.


Extended Data Figure 2 Fluorescence resonance energy transfer (FRET) proteolytic assay of purified MmRce1.
The FRET assay was performed using a CAAX synthetic peptide modelled on the C terminus of RhoA (Fig. 1b and Methods). The plotted graph was fitted to a nonlinear regression one-phase decay equation, because hydrolysis of the peptide by MmRce1 obeyed Michaelis–Menten kinetics. The apparent binding constant (Km) was 19.7 ± 1.0 μM, and the apparent turnover constant (kcat) was 0.175 ± 0.0027 s−1. The data are presented as the mean + s.d. of n = 3 experiments. The fluorescence conversion factor (relative fluorescence units versus peptide concentration; inset curve) was determined by measuring the FRET between DABCYL and EDANS at different peptide concentrations (10–90 μM) and plotting the standard curve (fluorescence versus concentration). The data are presented as the mean + s.d. of n = 3 experiments, and R2 indicates the quality of the fit.


Extended Data Figure 3 Structure-based multiple sequence alignment.
Structure-based multiple sequence alignment of Rce1 homologues representing all three domains of life: Homo sapiens RCE1 (HsRce1; UniProt ID Q9Y256), Saccharomyces cerevisiae Rce1p (ScRce1; UniProt ID Q03530), Streptomyces coelicolor Rce1 (ScoRce1; UniProt ID Q9XAK4), Methanococcus maripaludis Rce1 (MmRce1; UniProt ID Q6LZY8) and Lactobacillus plantarum Rce1 (LpRce1; UniProt ID C6VK86). The transmembrane helices are depicted as cyan barrels. The residues that were mutated and disrupt activity are indicated by green and orange arrows: the green arrows indicate catalytic residues, and the orange arrow indicates a putative farnesyl lipid-binding residue in TM4. HsRce1 and MmRce1 have 15% sequence identity.


Extended Data Figure 4 Effects of zinc and chelating factors on the activity and stability of MmRce1.
Comparison of the proteolytic activities of wild-type MmRce1 and MmRce1 incubated with a molar excess of ZnSO4, EDTA, 1,10-phenanthroline or 1,7-phenanthroline. 1,7-Phenanthroline, a stereoisomer of 1,10-phenanthroline that does not chelate Zn2+, inactivated MmRce1 to the same extent as 1,10-phenanthroline, which does chelate Zn2+. A molar excess of Zn2+ (5 mM) did not reverse the inactivating effect of 0.3 mM 1,10-phenanthroline on MmRce1. The data are presented as the mean + s.d. of n = 3 experiments. b, c, Representative derivative melt profiles of MmRce1 incubated without (black) and with 5 mM 1,7-phenanthroline (red) or 1,10-phenanthroline (blue) (b). Experiments were performed over a temperature range starting from 10 °C and ending at 95 °C. The melting temperatures (Tm) were taken from the minimum derivative plot (c), plotted as the negative of the first derivative of the normal fluorescent curve, converted by Protein Thermal Shift software. The Tm values were determined as the mean + s.d. of n = 3 replicates. d, e, Two views showing ribbon and surface representations of MmRce1 (molecule C from the asymmetric unit). The side chain of C213 is shown as an orange stick model. C213 is buried within the structure and inaccessible unless the protein unfolds and/or undergoes transient ‘breathing’ motions.


Extended Data Figure 5 Thermal stability comparisons.
a, b, Representative melting curves of wild-type MmRce1 and mutants obtained from the CPM-based thermostability assay (Methods) fitted to a Boltzmann sigmoidal equation. The raw data for each protein are shown as dots, and the fitted curves are shown as black lines. The measurements were obtained over a period of 120 min at 40 °C. c–f, Representative derivative melt profiles of wild-type MmRce1 and mutants (c) and wild-type MmRce1 and MmRce1 incubated with increasing amounts of urea (1–5 M) (e). Experiments were performed over a temperature range starting from 10 °C and ending at 95 °C. The melting temperatures (Tm) were taken from the minimum derivative plot (d, f), plotted as the negative of the first derivative of the normal fluorescent curve, converted by Protein Thermal Shift software. The Tm values were determined as the mean + s.d. of n = 3 replicates.


Extended Data Figure 6 Circular dichroism.
a, Far ultraviolet circular dichroism spectra of wild-type MmRce1 and mutants (E140A, H173A, H227A, N231A, L45W and L132W). The measurements were made at 25 °C in 20 mM MES (pH 6.5), 100 mM KF, 0.029% (w/v) UDM and 0.86% (w/v) OG. Contributions to the spectra by the buffer were subtracted using control scans. All curves represent Δε measured in units of l mol−1 cm−1. b, Estimate of the proportion of α-helical structure in wild-type MmRce1 and mutants. Analysis of the circular dichroism spectra was performed using CONTIN/LL. The error bars represent a presumed inaccuracy in the protein concentration determination of 10%.


Extended Data Figure 7 The proposed catalytic mechanism of MmRce1.
The catalytic mechanism and overall structure of MmRce1 compared with those of GlpG (PDB ID 2O7L)27, PSH (presenilin/SPP homologue) (PDB ID 4HYC)9 and ZMPSTE24 (PDB ID 4AW6)11. The MmRce1 water molecule, which is hydrogen-bonded to both E140 and H173, is the nucleophile. The general base is the carboxylate of E140. H227 and N231 (both marked “oxy”) are proposed to stabilize the oxyanion transition state. Dashed lines represent hydrogen bonds or other electrostatic interactions. The arrows indicate the movement of electron pairs. The ribbon diagrams of MmRce1, GlpG, PSH and ZMPSTE24 are viewed parallel to the membrane, oriented from the top (the endoplasmic reticulum (ER) lumen) to the bottom (cytoplasm).


Extended Data Figure 8 Disruption of the farnesyl lipid-binding site.
a, b, Both L-to-W mutants are modelled, and the mutations are depicted in orange as side-chain stick models and surface representations. c, The proteolytic activity of wild-type MmRce1 and mutants towards a farnesylated peptide. The data are presented as the mean + s.d. of n = 3 experiments. d, Superposition of the MmRce1 crystal structure (orange) and a human RCE1 (HsRce1) homology model (blue). e, Cartoon representation of the HsRce1 homology model with a geranylgeranylated peptide modelled at its catalytic site. The geranylgeranylated peptide (GAKASGC(geranylgeranyl)LVS) is depicted as a green ribbon with the N and C termini labelled, and the geranylgeranyl lipid is depicted as a yellow ball-and-stick model.


Extended Data Figure 9 Final 2Fo−Fc electron density maps.
a, Stereoview showing 2Fo−Fc electron density calculated after the final refinement run (contoured at the 1σ level) (grey), with the final MmRce1 model overlaid (blue). b, Stereoview of the 2Fo−Fc electron density (contoured at the 1σ level) at the MmRce1 catalytic site. The catalytic residues (E140 and H173), the catalytic water molecule (W) and the oxyanion residues (H227 and N231) are labelled, as well as a second water molecule (W2) that interacts directly with W. c, Stereoview of 2Fo−Fc electron density in the vicinity of the MmRce1 transmembrane helices.


Extended Data Table 1 Data collection and refinement statisticsFull size table
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