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Microcin J25 (MccJ25) has emerged as an excellent model to understand the maturation of ribosomal precursor peptides into the entangled lasso fold. MccJ25 biosynthesis relies on the posttranslational modification of the precursor McjA by the ATPdependent protease McjB and the lactam synthetase McjC. Here, using NMR spectroscopy we show that McjA is an intrinsically disordered protein without detectable conformational preference, which emphasizes on the active role of the maturation machinery on the three-dimensional folding of MccJ25. We further show that the Nterminal region of the leader peptide is involved in interaction with both maturation enzymes and identify a predominant interaction of V43-S55 in the core McjA sequence with McjC. Moreover we demonstrate that residues K23-Q34 in the N-terminal McjA leader peptide tend to adopt a helical conformation in presence of membrane mimics, implying a role in directing McjA to the membrane in the vicinity of the lasso synthetase/export machinery. These data provide valuable insights into the initial molecular recognition steps in MccJ25 maturation process.

Introduction

Lasso peptides are 15 to 24-residue peptides produced by bacteria and characterized by an extraordinary rotaxane topology [1] . In this highly constrained structure, a macrolactam ring is established by an isopeptide linkage between the Nterminal residue of the peptide and the side chain of a glutamate or aspartate at positions 7, 8 or 9. The C-terminal tail of the peptide further threads through the N-terminal ring and is firmly trapped by steric interactions or/and disulfide bonds [1b, 2] . This unique compact structure confers lasso peptides with high stability against proteolysis or thermal and chemical denaturation. These peptides naturally act as receptor antagonists or enzyme inhibitors, the latter action being sometimes associated with antibacterial and/or antiviral properties. Due to both extraordinary stability and attractive biological activities, lasso peptides constitute a valuable scaffold for drug design. The proof of concept of their usage in drug design has been provided by Marahiel and coll. [3] , with the development of integrin antagonists based on a lasso peptide scaffold. However, synthesis of the lasso topology by conventional chemical methods is still an unsolved challenge. It is therefore crucial to understand in details their biosynthesis by producing bacteria to permit engineering novel lasso peptides endowed with desired biological activities. Microcin J25 ( MccJ25) is a lasso peptide produced by Escherichia coli with potent antibacterial activity against Enterobacteriaceae such as certain Escherichia, Salmonella and Shigella species [START_REF] Rebuffat | [END_REF]4] . This activity relies on the inhibition of bacterial RNA polymerase (RNAP) by obstructing its secondary channel [5] and on the production of reactive oxygen species in the respiratory chain [5b, 6] . MccJ25 consists of a 21-residue lasso peptide including a macrolactam ring closed by the G1 Nterminal amino group and the E8 side chain (Scheme 1). The rotaxane topology of the peptide is provided by two bulky amino acids of the C-terminal tail, F19 and Y20, located on each side of the ring, which lock the tail into the ring [7] . MccJ25 has emerged as an excellent model to understand the maturation of lasso peptides [8] . Its biosynthesis gene cluster encodes the linear precursor McjA, two maturation enzymes McjB and McjC and an ATP-binding cassette (ABC) transporter McjD [9] . McjA [8a] . The role of each enzyme has also been delineated [8b] . McjB acts as an ATPdependent cysteine protease responsible for the cleavage of the leader peptide in McjA (between residues K37 and G38). McjC was demonstrated to be a lactam synthetase and as such catalyzes the formation of the macrolactam bond. McjB and McjC were proposed to form a complex that was termed lasso synthetase [8b] . The processing of McjA was observed to occur at the bacterial inner membrane [10] The disorder propensity was calculated using IUPRED [11] (empty squares), DISPRO [12] (filled circles), META-disorder [13] (dashed line) and PONDR-FIT [14] (continuous line). Residues identified as disordered by the algorithm DISOPRED2 [15] are indicated by a star on the protein sequence.

Results

Amino acid sequence analysis of the precursor McjA.

Several bioinformatics tools have been made available in the last years for the study of disordered regions in proteins (see ref [16] for examples). To predict the disordered regions in McjA, we used three predictors IUPRED [11] , DISPRO [12] , DISOPRED2 [15] and the meta-predictors META-disorder (MD) [13] and PONDR-FIT [14] (Figure 1). The different algorithms gave different disorder predictions in the case of McjA: although all of them predicted McjA to be mostly disordered, several identified regions with reduced disorder. For example, according to DISPRO calculations, the regions K23-K30 and H42-I54 have a very low propensity to be disordered. PONDR-FIT predicted a very low disorder propensity in the region A40-I50, but high disorder propensity in the region K23-K30. IUPRED predicted low disorder propensity at the extremities of the protein but relatively high disorder propensity ( > 0.4) between residues F5 to L35. In contrast, the meta-predictor META-disorder did not identify regions with low disorder propensity and mostly predicted McjA to be completely disordered. We also used PSIPRED [17] to predict the secondary structure elements of McjA (Figure 1). Several regions (F5-F7, G24-K29, F47-I51 and P53-F56) were shown to harbor β-strand propensity and a short αhelix was predicted in the region A32-L35. Therefore, despite some divergence in the predictions obtained from the different tools, the sequence analysis confirmed that McjA is likely essentially disordered in absence of partners. However bioinformatics tools could not provide a consistent picture of possible transiently formed secondary structures in McjA. All residues were assigned at the exception of the three N-terminal residues that were not visible on the spectra. The backbone chemical shifts were analyzed using Talos+ [18] and δ2d [19] approaches (Figure 3A) to assess the flexibility and the propensity to form secondary structure elements (polyproline helix PPII, β-strand, α-helix, or random coil). The analysis by Talos+ revealed that RCI S 2 values along the McjA sequence were in the 0.3-0.6 range, which indicated the absence of any stable secondary structure. However, a slightly increased rigidity was apparent for some regions such as H4-F5, V18-P21, I26-K29 and A40-I54 that were characterized by larger than averaged S 2 values. We then performed δ2d analysis from the same set of chemical shifts (Figure 3A). The regions with elevated S 2 values corresponded to regions where δ2d identified propensity to form PPII (H42-E45) or β-strand (G49-T52) or both (V18-P21 and P53-S55). However the measured populations were globally very low (below 13% at the exception of residues I50-G51 with propensities up to 20% shift analysis based on Talos+ RCI algorithm [18] to probe the S 2 squared order parameter (dashed line) and on the δ2d algorithm [19] (continuous line) that estimates the propensity to form β-strand (blue) or polyproline II (red) elements. The populations of α-helix derived from δ2d analysis were very low (below 3%) and are not represented. 15 To get more insight into McjA dynamics, we collected 15 N R1 and R2 relaxation rates and { 1 H}-15 N heteronuclear NOE (hetNOE) values that report on H-N bond reorientation properties (Figure 3BCD). At the exception of the C-terminal extremity that exhibited shorter relaxation rates and smaller hetNOE values, as expected for highly mobile regions, the 15 N R1 parameter and the hetNOE values were relatively flat over the protein sequence at the two magnetic fields. In particular the low hetNOE averaged values (0.44 at 950 MHz, -0.05 at 600 MHz) were typical of highly flexible molecules. The 15 N R2 profile showed more pronounced variations. The regions encompassing the residues I26-A32 and V43-I50 had slightly larger R2 values than the rest of the protein sequence, which might reflect slightly increasing rigidity in these regions, as already noticed from RCI S 2 analysis.

In contrast, the glycine-rich region G38-G41 showed smaller R2 values that might reveal increased flexibility. The λex and λNOE parameters obtained from the HET-SOFAST experiment [20] report on the H2O/HN exchange properties and on the structural compactness and heterogeneity of polypeptide chains in solution, respectively. Low and high λex values indicate rapidly and slowly exchanging amide protons, respectively. Two types of behaviors were observed (Figure 3E): the F5-N17 and K30-H42 regions globally showed rapidly exchanging amide protons (λex < 0.6), whereas the V18-K29 and E45-G58 fragments globally had slowly exchanging amide protons. To check whether this behavior could be explained by the residue-type dependent solvent-exchange properties, we predicted the solvent exchange rates for the McjA sequence using the Sphere server [21] (data not shown). The Sphere-predicted exchange rates had a globally similar profile as compared to the observed λex values, indicating that the measured λex can be well explained by the amino acidtype dependent solvent exchange properties and more importantly, that amide protons are poorly protected from solvent-exchange all along the sequence, in agreement with a largely unfolded protein and limited local ordering. The λNOE parameter reports on 1 H- 

Characterization of SDS micelles-bound McjA

Since the processing of McjA might occur near the bacterial membrane, we next envisaged that McjA might fold partially or completely upon membrane interaction. To support this, a previous circular dichroism (CD) study has shown that the helical contents of His6-tagged McjA increased up to 10-15% upon interaction with the negatively-charged SDS micelles [8a] that are considered as good mimics of bacterial membranes [22] . However the localization of the newly formed helical region(s) could not be identified by Very similar results were obtained from Talos+ analysis (see Figure 5A). Taken together, the δ2d algorithm identified an average value of 13% for helical propensity over the protein sequence, which nicely correlated with the previous CD measurements carried out at the same SDS concentration [8a] . Errorbars were calculated as described in Experimental Section.

We then measured the 15 N R1 and R2 relaxation and { 1 H}- 15 N heteronuclear NOE parameters to probe McjA dynamics (Figure 5BCD). The relaxation parameters were homogeneous over the protein sequence at the exception of the two regions showing partial folding as α-helices and of the C-terminal extremity. The fragments identified to probe helical conformations were characterized by lower R1 values and elevated R2 and { 1 H}- 15 N heteronuclear NOE values, in agreement with more restricted motions. In contrast, the C-terminal extremity showed elevated R1 values and lower R2 and { 1 H}- 15 N heteronuclear NOE that are collectively indicative of significant mobility at the ps-ns timescale.

We next questioned the relative positioning of McjA with respect to the SDS micelles using paramagnetic probes. The water soluble neutral Gd(DPTA-BMA) [23] and the hydrophobic stearic acid probes were used to identify the solvent-accessibility and membrane-binding regions, respectively. In the latter case, we used modified stearic acids in which the paramagnetic doxyl groups were inserted near the headgroup at position 5 (5-DSA) or at the extremity at position 16 (16-DSA), respectively [24] . When adding 5 mM Gd(DPTA-BMA) to the McjA solution, all amino acid residues showed reduced intensity in the 15 N HSQC spectrum (Figure 5E, black squares). The less affected residues were located in the region K23-Q34 that corresponded to the main helix in McjA, thus suggesting that this helix is less accessible to the solvent compared to other McjA regions. In contrast, the residues mostly affected by Gd(DPTA-BMA) were located at the N-terminal (residues K3, H4, H6, N8, S11-G13) and at the C-terminal (G51, T52, S55-F56 and G58) extremities, which suggests the high solvent accessibility of these residues. The 5-DSA and 16-DSA paramagnetic agents are expected to induce line-broadening, and therefore reduction in NMR signal intensity, for residues near the surface or near the center of the micelle, respectively [25] . The addition of 600 µM 5-DSA (Figure 5E, blue squares) also led to significant intensity changes. The less affected amino acids were K9-K14, N17-S20, K23-I26, I28-L35, K37, G39-A40 and H42-V48, suggesting that they are not in direct contact with the SDS micelles, which correlates well with Gd(DPTA-BMA) data. In contrast, the residues K3, F5, N8, K15, A22, Q27, G38, G51-I54 were affected upon addition of 5-DSA, revealing their close proximity to the micelle. Surprisingly the addition of 16-DSA, which is supposed to probe a different depth within the micelle compared to 5-DSA, gave very similar intensity changes as compared to 5-DSA (Figure 5E). Such an observation is not unprecedented [25b, 26] and may be explained by an increase of the flexibility of the spin-label in the micelles [26] or by specific interaction between the peptide and the spinlabel [25b] . 5-DSA and 16-DSA therefore only revealed the tendency of residues to interact with the fatty interior of the micelles. 6). The N-terminal extremity (from K3 to L10) and the C-terminal G51-I54 stretch were significantly affected by both types of paramagnetic agents, which suggests that they are exposed to both bulk solvent and micellar environments (arrows in Figure 6). This can be explained by their mixed charged (K3, H4, H6, K9) and hydrophobic (F5, F7, P53, I54) property. The regions S12-K14, N16-S20 and G39-V48 are highly solvent-exposed, as expected from their amino acid compositions. K15 interacts more with the micellar environment, possibly with the negatively charged SDS headgroups. Residue A22 strongly interacts with the membrane. The K23-Q34 region that shows helical propensity is protected from both the solvent and the core of the micelle. The helixmicelles interactions are therefore stabilized by the hydrophobic surface formed by A22-V25-I26-I28-A32 that is more deeply embedded in the micelle, whereas the positively charged lysines K23-K29-K30 may create salt bridges with the surface exposed SDS negative charges. 

Discussions

MccJ25 maturation is a complex process and involves multiple peptide-protein and protein-protein interactions. Some intriguing questions remain about the role of the leader peptide, the order of the reactions as well as how the lasso topology is acquired. Different roles have been assigned to the leader peptide in various ribosomal peptide systems. For example, it has been proposed [27] to act as a secretion signal, as a chaperone to assist in the folding of the precursor peptide, as a recognition motif for the enzymes during post-translational modifications, to protect the peptide from degradation, or to keep it inactive during processing, but also to promote efficiency and ensure order and fidelity of the post-translational modification reactions [28] . In the case of the MccJ25 lasso peptide maturation, we show here that the leader sequence of the precursor McjA does not induce the prefolding of the precursor peptide. This emphasizes on the crucial role of the maturation machinery on the acquisition of the lassoed shape from the precursor. The study of the interactions established between the precursor and the enzymes carried out here indicates that in the leader peptide, only the N-terminal extremity (F5-S12) is prone to interact with the enzymes McjC and McjB. This is consistent with a recent report that McjB-like proteins harbor leader recognition elements [29] . It is therefore tempting to predict that the region F5-S12 may anchor the precursor on the maturation enzymes. To this regard, an in vivo study [30] has shown that removal of the first 15 N-terminal amino acids of McjA only resulted in a 5-fold decrease in MccJ25 production suggesting that the McjA/enzyme interaction mediated by the leader peptide is dispensable for maturation/export of the lasso peptide. Therefore, the leader peptide / enzyme interaction is not crucial for the reaction but may contribute to accelerate MccJ25 maturation. The most striking structural feature of the leader peptide observed in our study is the ability of the central region K23-Q34, which is located in close vicinity to the K37-G38 McjB cleavage site, to fold into an α-helix in contact with SDS micelles used here as a surrogate of bacterial membranes. This sequence has a limited propensity to fold in a helix as a result of the bioinformatics and solution-state analysis, thus highlighting the role of the membrane mimics to drive peptide helical folding. McjA maturation has been proposed to occur near the bacterial membranes [10] in agreement with the idea that the mature lasso peptide must be rapidly exported after production via the ABC transporter McjD to protect the host bacteria. Therefore, the leader peptide of McjA may function as directing the precursor to the bacterial inner membrane to increase its local concentration near the maturation/export machinery. Our hypothesis is further supported by an in vivo study [30] that demonstrated that the region Q27-S31 of McjA, which forms the center of the helix observed in presence of SDS micelles, is absolutely required for MccJ25 production in the culture medium. One cannot exclude, however, that the helical region formed in the leader peptide in contact to an hydrophobic environment might be also involved in additional protein-protein interactions during maturation, as already suggested for microcin B17 [31] . To this regard, we did not observe any significant interaction between residues Q27-S31 and the enzymes under our conditions, although such contacts might exist in later steps. Lasso peptide maturation involves the McjB-mediated proteolytic cleavage of McjA between residues K37 and G38 as well as the McjC-mediated macrolactam ring formation between residues G38 and E45 (G1 and E8 in MccJ25 sequence numbering). The peptide however must adopt the correct conformation (prefolding) as a β-hairpin structure prior to the closure reaction [7] to avoid the formation of branched-cycling peptide. 

Experimental Section

Cloning, expression and purification of 

Cloning, expression and purification of MBP-McjB / MBP-McjC

The genes mcjB and mcjC were cloned into a modified plasmid pMAL-c5e to be fused at the C-terminus of an N-terminal His6 tagged maltose binding protein (MBP), generating plasmids pMAL-mcjB and pMAL-mcjC. E. coli BL21(DE3) cells transformed with these plasmids were grown in LB medium at 37°C until OD600 reached 0.7-1. Protein expression was induced by addition of 0.1 mM IPTG and cells continued to grow at 20°C for 20 h. Cells were resuspended in buffer A (50 mM Tris-HCl, 300 mM NaCl, 2 mM tris(2-carboxyethyl)phosphine (TCEP), pH 8) supplemented with protease inhibitors cocktail (Roche). Lysis was performed with a cell disruptor. The cleared supernatant was loaded on a Histrap FF crude column (GE Healthcare life sciences -15 N correlation experiments were collected using the BEST-HSQC or SOFAST-HMQC [32] pulse sequences. The backbone resonance assignment of McjA was obtained using the BEST-version of 3D HNCO, HN(CO)CA, HNCA, HN(CO)CACB, HNCACB and HN(CA)N triple resonance experiments [33] . 15 N R1 and R2 relaxation rates were collected in an interleaved manner as a pseudo-3D experiment with an interscan delay of 6 s. For optimal peak dispersion in the 15 N dimension, the spectral resolution was increased using optimized 15 N spectral width obtained by the ASCOM method [34] . 16 and 10 relaxation delays were typically used for the 15 N R1 and R2 measurements respectively. The intensities extracted for each residue using NMRPipe [36] tools were then fitted to a two-parameter exponential function and errorbars were estimated from Monte-Carlo analysis. { 1 H}- 15 N heteronuclear NOE values were obtained from the ratio in intensities extracted from 1 H-15 N correlation maps with and without a 5 s 1 HN presaturation period achieved by a train of 120° pulses. Errorbars were calculated from peak intensities and the estimated noise level from the two spectra using NMRPipe [36] tools.

For the HET-SOFAST experiment, three 15 N SOFAST-HMQC spectra were collected without 1 H RF irradiation as a reference and under water or aliphatic proton selective saturation. The aliphatic-proton selective saturation was achieved by a 1.5 ms 180° REBURP shaped pulse [35] centered at 1.5 ppm. The water selective saturation was achieved using a 10 ms REBURP shaped pulse centered at 4.7 ppm. Saturation was obtained by the rapid scan repetition (d1 = 0.1 s). The λex and λNOE parameters were extracted respectively from the ratios of intensities Iex/Iref and INOE/Iref, where Iex, INOE and Iref are the cross-peak intensities observed in the spectra under water-selective saturation (Iex) or aliphatic proton-selective saturation (INOE) conditions and in absence of irradiation (Iref). To limit radiation damping effects, the HET-SOFAST experiment were collected with a room-temperature probe. Data processing and analysis were performed using NMRPipe [36] and CCPNMR [37] softwares.

Scheme 1 .

 1 Scheme 1. (A) Scheme illustrating the maturation process of McjA into the lasso peptide MccJ25 accomplished by the enzymes McjB/McjC in presence of ATP. The primary structures of the precursor McjA and of MccJ25 are shown with their corresponding amino acid numbering. The ring, loop and Cterminal regions of MccJ25 are colored magenta, green and yellow, respectively. (B) NMR structure of MccJ25 (PDB Code 1Q71). The amino acids are labeled according to their position in MccJ25 sequence. MccJ25 structure is colored using the same convention as in panel A.

  is composed of a 37-residue leader peptide at the N-terminus and the 21-residue structural core sequence of MccJ25 at the Cterminus. The enzymes McjB and McjC are responsible for the post-translational modification of McjA that results in the mature bioactive MccJ25 peptide. McjD is involved in the export of mature MccJ25 in the environment and simultaneously confers immunity to the producing bacteria. We have reconstituted in vitro the maturation of MccJ25 from its precursor McjA by the enzymes McjB and McjC in the presence of ATP

  , which suggests the requirement for McjA and the enzymes McjB/McjC to colocalize near McjD at the cell membrane for efficient maturation and export. To date, the molecular mechanisms responsible for the acquisition of the three-dimensional fold of lasso peptides still remain poorly understood, in part due to the absence of structural information for the protein partners and the complexes thereof. In this study, we established by NMR spectroscopy that free McjA is largely disordered without detectable transient structural preference. To further explore the molecular interactions of McjA in the vicinity of the lasso synthetase machinery at the bacterial inner membrane, we studied in details the structural and dynamic properties of McjA in presence of SDS micelles or in presence of the maturation enzymes.

Figure 1 :

 1 Figure 1: Bioinformatics analysis of the McjA amino acid sequence. The amino acid sequence of McjA is shown at the top of the figure together with the secondary structure elements as predicted by PSIPRED.The disorder propensity was calculated using IUPRED[11] (empty squares), DISPRO

Figure 2 :

 2 Figure 2: 15 N BEST-HSQC spectrum of 200 µM 15 N-labeled McjA at 600 MHz in 40 mM MES pH 6 and 282 K. The crosspeaks are labeled according to their amino acid type (one letter code) and numbering in McjA sequence.

Figure 3 :

 3 Figure 3: Probing McjA internal dynamics by NMR observables. (A) Chemical shift analysis based on Talos+ RCI algorithm[18] to probe the S 2 squared order

  NOE parameters (D) obtained at 600 MHz (triangles) and 950 MHz (circles) 1 H frequencies. (E) λex (empty circles) and λNOE (filled circles) obtained from the HET-SOFAST experiment. All NMR experiments were carried out for 50 µM 15 N McjA in 40 mM MES at pH 6 and at 282 K. The green and grey backgrounds represent the McjA amino acid regions corresponding to the residues forming the ring (G1-E8) and the loop and C-terminus (Y9-G21) in MccJ25 sequence, respectively. Errorbars were calculated as described in Experimental Section.

  this technique. Due to their small size, SDS micelles are compatible with solution-state NMR techniques. Therefore the SDS micelles-bound McjA was characterized by NMR spectroscopy using a 15 N McjA sample without N-terminal tag, to avoid potential artifacts. Successive additions of 2 mM SDS to a 50 µM 15 N-labeled McjA were performed to optimize SDS concentration. The complete disappearance of McjA signals in the 15 N SOFAST-HMQC experiment was observed in presence of 2 mM SDS (data not shown), while SDS at 4 mM induced the reappearance of McjA signals (Figure , top right panel). At 4mM SDS, about half resonances were strong and narrow, but the remaining signals were weak and broad, suggesting residual line-broadening. We therefore increased SDS concentration up to 8 mM which led to high quality spectra (Figure , lower panel). Under these conditions, SDS formed micelles and under the assumption of 80 SDS molecules per micelle, about 0.5 McjA molecule was interacting with one micelle. The NMR spectrum of McjA dramatically changed upon SDS interaction suggesting a major conformational and dynamic change in the SDS-bound state. The NMR resonances were assigned using a set of triple resonance experiments (Figure , lower panel) and the resulting chemical shifts were analyzed using the δ2d algorithm (Figure 5A). A significant propensity (40-60%) to form an α-helical conformation was observed in the K23-Q34 region and to a lower propensity (~15%) in the small segment around E45-Y46.

Figure 4 :

 4 Figure 4: 15 N SOFAST-HMQC spectra collected on a sample containing 100 µM 15 N-13 C labeled McjA in 40 mM MES pH 6 at 298 K and 800 MHz without SDS and in presence of 4 and 8 mM SDS concentrations. The assignment of the SDS-bound form of McjA is shown at 8 mM SDS concentration.

Figure 5 :

 5 Figure 5: Interaction between McjA and SDS. The McjA amino acid sequence is shown on top. Residues found by Talos+ analysis to adopt a helical conformation are coloured on a red background. The secondary structure propensity as obtained from δ2d-based analysis of chemical shifts is shown in panel A. The R1 and R2 15 N relaxation and { 1 H}-15 N heteronuclear NOE parameters are shown in panel B, C and D respectively. Panel E represents the paramagnetic effects as judged from the intensity change (Ipara/Iref) upon addition of 5 mM Gd(DPTA-BMA) (black circles) used as a paramagnetic

Figure 6 :

 6 Figure 6: Model of the interaction between McjA and SDS micelles. The interior of the SDS micelle is shown in black and the SDS surface-exposed negative charges are indicated. The helical fragments identified from 13 C chemical shift analysis are shown as tubes. The helical central region K23-Q34 would be able to interact with the negatively charged surface of the SDS micelle via its three positively charged residues K23, K29 and K30 that are located on one face of the helix and the hydrophobic residues A22-V25-I26-I28-A32 would be oriented towards the interior of the micelle. The arrows illustrate that the regions K3-L10 and G51-I54 would transiently interact either with the bulk water or the micelles.

Figure 5 :

 5 Figure 5: Interactions of McjA with McjB and McjC enzymes. 15 N SOFAST-HMQC spectra were collected for a 25 µM 15 N-labeled McjA solution in absence of in presence of MBP, McjB and McjC in 40 mM MES pH 6, 0.02% DOC, 200 mM NaCl. The figure shows the intensity drop (I/I0) for each McjA

  Interestingly our NMR study demonstrates that the region V43-S55 in McjA interacts with McjC and to a much lesser extent to McjB. This suggests that McjC binding to McjA acts as the initial peptideprotein recognition step. To this regard, the region V43-S55 that largely defines the β-hairpin conformation in the final lassoed conformation might already undergo a conformational change upon McjC binding to facilitate the progress along the reaction coordinates. Relevant to MccJ25 biosynthesis, ATP-dependent activation of the carboxyl side-chain of E45 by McjC likely constitutes the first event of the maturation process. This initial interaction and E45 adenylation may subsequently drive the complete pre-folding of McjA. Unexpectedly, minimal interaction was observed between the maturation enzymes and the K37-A40 region of McjA that encompasses the proteolytic cleavage site. We then speculate that these residues must remain solvent-exposed in the McjA/McjC complex for optimal accessibility to McjB for the cleavage reaction.ConclusionsOur work addresses the molecular recognition events that occur during the initial steps of McjA maturation into MccJ25. We propose that the central part of the leader peptide adopts an αhelical structure which acts as a membrane anchoring region to localize McjA at the membrane and that McjC initially recognizes McjA through its C-terminus. However, additional work is needed for a deeper characterization of the maturation pathway and in particular, through the availability of the long-awaited high-resolution structures of the enzymes and complexes thereof.

  1 H dipolar interactions that depend on 1 H local spin density and dynamics. High λNOE values (> 0.75)

	were observed for most of the protein sequence, indicating
	highly mobile regions. Nevertheless, the I26-K29 and V43-F56
	regions showed lower λNOE values (< 0.65) that are usually
	indicative of slightly more restricted mobility. Taken together this
	NMR study revealed that McjA is a largely intrinsically
	disordered protein with no significant formation of residual
	secondary structure elements, although two regions (I26-K29
	and V43-F56) show consistent slightly increased rigidity
	compared to the rest of the protein.
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  ). MBP-McjB and MBP-McjC were eluted with 250 mM imidazole and further purified on a Superdex 200 10/300 GL (GE Healthcare life sciences) equilibrated with NMR buffer (40 mM MES, pH 6). NMR samples of 50 µM 15 N and 200 µM 15 N-13 C labeled McjA were prepared in 40 mM MES buffer (pH 6) in 90% H2O / 10% D2O. NMR experiments were collected on a Bruker AVANCE I 600 MHz or a Bruker AVANCE III 800 MHz or 950 MHz equipped with TCI cryoprobes, unless specified. 1 H

	NMR Spectroscopy
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