Structural basis for natural product selection and export by bacterial ABC transporters
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Abstract
Bacteria under stress produce ribosomally synthesized and posttranslationally modified peptides (RiPPs) to target closely related species, such as the lasso peptide microcin J25 (MccJ25). These peptides are also toxic to the producing organisms that utilize dedicated ABC transporters to achieve self-immunity. MccJ25 is exported by the Escherichia coli ABC transporter McjD through a complex mechanism of recognition that has remained elusive. Here, we used biomolecular NMR to study this interaction and identified a region of the toxic peptide that is crucial to its recognition by the ABC transporter. Our study provides evidence that McjD is highly specific to MccJ25 and not to other RiPPs or antibiotics, unlike multidrug ABC transporters. Additionally, we show that MccJ25 is not exported by another natural product ABC transporter. Therefore, we propose that specific interactions between natural product ABC transporters and their substrate provides them with their high degree of specificity. Taken together these findings suggest that ABC transporters might have acquired structural elements in their binding cavity to recognize and allow promiscuous export of a larger variety of compounds.




Introduction
The increase in the resistance to antibiotics has become a major challenge in the treatment of bacterial infections, particularly those caused by multidrug resistant bacteria, and finding novel molecules and strategies to fight these super bugs is a critical urgency. The therapeutic potential of natural products is generally recognized as a promising route to develop valuable drug leads 1. Microbial metabolites, among which antimicrobial peptides and peptide-derived natural products, are the major source of antimicrobials currently used in human and animal health, food safety and agriculture. Peptide natural products mainly arise from two biosynthesis pathways 2, which generate chemical diversity that is reflected in their interactions with various cellular targets and hence their biological properties. These biosynthesis pathways either use large modular enzymatic complexes, the non-ribosomal peptide synthetases (NRPSs) 3, or are produced via the ribosomal peptide synthesis followed by extensive posttranslational modifications of the protein precursors by various dedicated enzymes to produce the mature compounds 4. The huge structural diversity of the resulting so-called ribosomally synthesized and posttranslationally modified peptides (RiPPs) has only recently emerged, and the number of known families of RiPPs has expanded considerably in recent years. RiPP families have been defined on the basis of the primary posttranslational modifications 5, although many RiPPs are further modified by enzymes 6. Generally, the precursor peptide contains an N-terminal leader sequence, which is involved for a part in recognition by the modification enzymes and is cleaved off by specific proteases, and a C-terminal core sequence, which harbors the posttranslational modification sites and becomes the active entity 5. Although the complex mechanisms involved in the biosynthesis of RiPPs are continuously studied, the way they are exported out of the producing cells using export machineries, such as ABC transporters, is poorly documented. Moreover, this export process is often tightly linked to self-immunity of the producer strain to its own toxic compound, making it resistant to the produced RiPP 5. Deciphering these export mechanisms thus remains a challenge of crucial importance to advance the field.
MccJ25, an antimicrobial RiPP produced by Escherichia coli under nutrient exhaustion to contribute to microbial competitions, is the archetype of lasso peptides, which are among the most extensively studied RiPPs 5, 4. The lasso topology consists of an N-terminal macrolactam ring where the C-terminal tail is threaded and sterically trapped, forming an antiparallel β-hairpin loop (Figure 1a, b) 7. MccJ25 is synthesized by the McjB/C protein complex, which ensures establishment of the lasso topology from the McjA precursor 8. MccJ25 exerts potent antibacterial activity against Escherichia and Salmonella species through RNA polymerase inhibition 9. In E. coli, MccJ25 hijacks the outer membrane siderophore receptor FhuA/TonB-ExbB-ExbD dependent pathway for uptake in the target bacteria 10, and the inner membrane SbmA protein transporter 11, 12. Our group has previously studied the structure and function of FhuA in complex with MccJ25 that shed light on the hijacking mechanism 13. Export of MccJ25 out of the producer cells permits both exerting antibacterial activity for competition against other bacteria occupying the same niche and providing the producer with self-protection against the antibacterial lasso peptide. In E. coli, these functions are performed by the ABC transporter McjD 14, 15 (Figure 1c).
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Figure 1. Structures of MccJ25 and McjD. a) Schematic of the lasso topology of MccJ25. Its amino acid sequence is shown in a ball model. b) Three-dimensional NMR structure of MccJ25 (PDB 1Q71) 7. The macrolactam ring, the isopeptide bond between the G1 amino group and the E8 side chain carboxylate, the Y9-S18 loop region and the two bulky aromatic residues F19 and Y20 serving as a lock for maintaining the lasso topology are in yellow, red, blue and green, respectively (as in panel a). c) Crystal structure of apo-McjD (PDB 5OFP) 15. The two monomers are shown as green and red cartoons and the membrane is depicted as gray box.

Currently, the only functionally and structurally characterized peptide-derived natural product ABC transporter is McjD 14, 15, 16. We have previously determined the crystal structure of McjD in multiple conformations that has allowed us to propose a detailed mechanism for MccJ25 export from producing cells 14, 15. The core architecture of McjD is composed of a dimeric transmembrane domain (TMD) of twelve transmembrane (TM) helices, which forms the translocation pathway across the membrane bilayer and contains the ligand binding site, and a dimeric nucleotide binding domain (NBD) where ATP binds and is hydrolysed (Figure 1c). McjD uses the alternating access mechanism switch between inward- and outward-facing states, which exposes the ligand binding site alternatively to the inside or outside of the membrane, coupled to ATP binding and hydrolysis. However, unlike multidrug exporters for which the TMD is either open to the cytoplasmic or periplasmic space, the TMD of McjD is mostly occluded. Our functional data have shown that the cavity opens transiently to allow export of MccJ25. We have proposed that the occluded cavity probably provides specificity to the produced peptide. However, despite the availability of several structures of ABC transporters, most have been determined in the absence of their ligand 17. To-date, the only structural information on a bacterial ABC exporter associated to its substrate is from the crystal structure of the bacterial NaAtm1 in complex with glutathione derivatives 18 and the cryo-EM structure of MsbA with lipid A 19.

In this study, we sought to investigate the recognition mechanism of MccJ25 by McjD reconstituted in bicelles (membrane mimetic) using solution nuclear magnetic resonance (NMR). Our data revealed that 4 out of 21 amino acids composing mature MccJ25 are involved in binding and recognition by McjD, a result that is also supported by our ligand induced ATPase data in proteoliposomes. We also probed the specificity of McjD for MccJ25 by measuring its ligand induced ATPase activity in the presence of different posttranslationally modified peptides and multidrug ABC transporter substrates in proteoliposomes. Interestingly, only MccJ25 is capable of inducing the ATPase activity, suggesting that McjD is highly specific for its native substrate. Additionally, our cytotoxicity assays show that McjD cannot confer resistance to various drugs when overexpressed in drug hypersensitive E. coli cells. We also show that another lasso peptide ABC transporter, capistruin ABC transporter CapD from Burkholderia, cannot provide immunity to E. coli cells in the presence of MccJ25. Altogether, these data provide evidence that the ABC transporters involved in export of RiPPs and bacterial self-immunity are very specific towards their substrates.

RESULTS AND DISCUSSION 
McjD-MccJ25 interaction by NMR. Using biomolecular NMR, we investigated the propensity of MccJ25 to interact with McjD and its conformational properties in solution. The conformations adopted by 15N-MccJ25 in water appeared to be different from those found in methanol 7. In particular, we found that the peptide adopts two conformational states that are detected in slow exchange in the 1H-15N-HSQC spectrum, leading to dual resonances for residues G1, G2, E8 in the macrolactam ring, residues F10, V11, G12, G14, G15, F17 in the loop, and residue F19 (Figure 2a and Supplementary Figure 1). The largest chemical shift differences are observed for residues F10 to F19 that define the loop region and its C-terminus (Supplementary Figure 2), indicating that the conformational differences between the two forms are mostly located in the loop region. The average ratio of the peak intensities between the dual conformations of these residues indicate that at 310K the secondary state has a population of 10%. 13C resonances from HNCO and CBCAcoNH spectra (see METHODS) indicated two additional residues in conformational exchange, namely P7 and P16. Notably, the secondary state of P16 adopts a cis conformation when the peptide is in its secondary state (Supplementary Table 1), as indicated by a 2.1 ppm downfield shift for the 13C and a 0.6 ppm upfield shift for the 13C carbonyl resonances. The cis/trans isomerisation of P16 is likely to be at the origin of the slow conformational exchange between the two structural states of MccJ25 (Figure 2a). We also found that the exchange rate for the interconverting states is at the second timescale at 318 K, which is in agreement with cis/trans proline isomerisation (Supplementary Figure 1). The chemical shift of the backbone atoms of the two states of MccJ25 enabled us to refine their conformational ensembles 20 (Figure 2b). The ensemble indicates that the two conformational states of MccJ25 adopt two significantly different overall orientations of the bundles of the major loop of the lasso peptide, likely as a result of the different backbone conformations of P16 in its cis and trans forms.
We then employed the NMR experiments of chemical exchange saturation transfer (CEST) 21, 22, 23, 24, 25, 26, 27 to directly probe the nature of the interaction between MccJ25 and the ABC transporter McjD. CEST is very sensitive to the equilibrium between low molecular weight species (observable with solution NMR) and transiently bound states with slow-tumbling high-molecular-weight complexes, which indeed cannot be observed directly in solution NMR as a result of excessive line broadening 21, 22, 23, 24, 25. In our implementation of CEST, we used a continuous weak radiofrequency band of 500 Hz, applied off-resonance (by up to ± 9 kHz) in the 15N channel, to saturate the broad spectroscopic transitions in the McjD-bound state of MccJ25 that remained NMR undetectable because it has an overall mass of ~250 kDa, including the bicelles, but leaving the resonances of the free MccJ25 state (NMR detectable) virtually unperturbed. Saturation of the bound state is then transferred to the free state via exchange between bound and unbound states of MccJ25, attenuating the intensities of the observable resonances of the latter. We carried out CEST experiments with 100 M of MccJ25 in the presence of 8 M of McjD embedded in bicelles. At this MccJ25 to McjD cocentration ratio, the 1H-15N-HSQC resonances exhibited minimal resonance broadening, which is a convenient setup to maximise the sensitivity of CEST. The CEST profiles (Figures 2c and Supplementary Figure 3) identified a group of residues featuring significant levels of saturation transfer, indicating that they are primarily involved in the interaction with McjD. These residues are clustered in two main regions of MccJ25, with the 8-11 segment EYFV (Figure 2d) being associated with the strongest levels of saturation transfer, indicating that this region is the primary site of interaction with McjD (Figure 2e). Additional intermediate levels of CEST saturation were found in the region 17-19 of sequence ISF. The intermediate saturation associated with the region 17-19 can be explained by both a direct, but weaker, interaction with the ABC transporter or with an induced saturation transfer due to the strong packing with the primary binding region, 8-11 (Figure 2d).
The analysis of the CEST profiles associated with the second conformation of MccJ25 provided similar indications to those obtained with the main conformational state (Supplementary Figure 4 and Supplementary Figure 5), suggesting that the conformational exchange does not influence significantly the binding properties of the lasso peptide. This finding is consistent with the limited structural diversity within the regions 8-11 and 17-19 in the two conformational states of MccJ25 (Figure 2b).


[image: ]
Figure 2. NMR analysis of the MccJ25 – McjD interaction. a) CEST 1H-15N HSQC experiments of MccJ25 in phosphate buffer measured at 310K using an 800 MHz instrument with cryoprobe TCI. Cyan and red spectra report the CEST measured with an offset of 1.5 kHz and 100 kHz, respectively. Individual CEST profiles are shown in Supplementary Figure 3 and control experiments with MccJ25 and bicelles are shown in Supplementary Figure 6. b) Chemical-shift refined structures of MccJ25 in its main primary (black) and secondary (red) conformations amounting to 90% and 10% of the solution state of the peptide at 310K. c) CEST profiles of MccJ25 in the presence of McjD measured at different saturation frequencies and shown as a function of the residue number. The plot reports the average values of CEST saturations measured using offsets of +1.5 kHz and -1.5 kHz (black), +2.0 kHz and -2.0 kHz (red), and +3.0 kHz and -3.0 kHz (green). d) Primary (red residues) and secondary (yellow residues) regions in MccJ25 showing high level of CEST saturation upon interaction with McjD. e) Saturation index (see METHODS) derived from the analysis of the CEST spectra, indicating the primary (marked in red) and secondary (marked in yellow) regions experiencing high saturation transfer in MccJ25.


Characterization of the interaction of McjD with an MccJ25 variant. The export efficiency was evaluated for MccJ25 and a deletion variant lacking F10 and V11, namely MccJ25-FV, which however retains the lasso structure 28, 29; measurements of the relative quantity of peptide detected in pellets and supernatants by LC-MS indicated a weak decrease in the transport efficiency for MccJ25-FV 28. To gain further insights into the mechanism of recognition, binding and export we used the MccJ25-FV variant (Figure 3a) to perform ligand induced ATPase assays with McjD reconstituted in liposomes. McjD displayed a basal ATPase activity of 49.7 nmol min-1 mg-1 protein that was increased to 73.7 nmol min-1 mg-1 upon stimulation by MccJ25 (Figure 3b). These values are in agreement with our previous results where the basal ATPase activity of 44.4 ± 0.5 nmol min-1 mg-1 protein was stimulated in a concentration-dependent manner 14. By contrast, MccJ25-FV did not stimulate the ATPase activity of McjD, suggesting that the F10-V11 residues in the loop region are essential for the recognition and binding to McjD, further validating our NMR model. 
Since MccJ25-FV is exported with lower efficiency compared to MccJ25 28, we further characterised its interaction with McjD by non-denaturing mass spectrometry (MS). Non-denaturing MS has shown that it preserves membrane protein interaction with ligands and drugs 30. Since we have previously shown that the interaction of McjD with MccJ25 is preserved in the gas phase of native mass spectrometry 16, we applied the method to probe the interaction between McjD and the MccJ25-FV variant. As previously shown, a clear charge state resolved mass spectrum of McjD with adduct peaks of LPS was obtained under high activation conditions 16 and binding of MccJ25 to McjD was preserved. Non-denaturing mass spectrometry allowed us to compare the affinities of McjD for MccJ25 and MccJ25-FV. Mass spectra at different concentrations of MccJ25 showed an increase in the peptide adduct peak for all charge states (Supplementary Figure 7). The mass spectrum of McjD in the presence of 8 M MccJ25-FV showed three series of charge states corresponding to apo-McjD, the LPS adduct and a new peak with m/z value intermediary between those for the apo-protein and the LPS adduct (Figure 3c). Deconvolution of the new charge states provided a mass consistent with that of MccJ25-FV. Therefore, the data suggest that McjD weakly interacts with MccJ25-FV under our experimental conditions. In the presence of MccJ25-FV we did not find any adduct peaks below 8 M concentration, and due to solubility issues under non-denaturing MS conditions, we were unable to achieve higher peptide concentrations. Therefore, these results clearly indicate that the ABC transporter McjD has less affinity for MccJ25-FV than for MccJ25.

McjD recognizes and transports MccJ25 exclusively. Both bacterial and eukaryotic ABC exporters are implicated in multidrug resistance, as a result of multi-substrate recognition and transport. We have previously proposed that shielding of the McjD cavity might provide specificity for MccJ25 and not for other substrates unlike multidrug ABC transporters. As the ligand induced ATPase activity of the eukaryotic multidrug ABC transporter P-glycoprotein 31 and the bacterial lipid A ABC transporter MsbA 32 reconstituted in proteoliposomes can be significantly stimulated in the presence of various drugs, we sought to investigate the specificity of McjD for other posttranslationally modified peptides and antibiotics using ligand induced ATPase assays in proteoliposomes. In particular, lasso peptides can be classified in three classes depending on the mode of stabilization of the [1]rotaxane structure that subtends the lasso topology 33, 34, 35: classes I and III include peptides stabilized by two and one disulfide bridges aided by steric interactions, respectively and class II, which includes MccJ25, assembles peptides devoid of disulfide bridges and where strong steric hindrance from bulky residue side chains tightly locks the lasso fold. Among these three classes, we have selected siamycin I 36 (class I), burhizin 36/ caulosegnin I 37/ sphingopyxin I 38/ sphingonodin I 36 and xanthomonin I 39 (class II with different sizes of loops and rings) and BI-32169 36 (class III) (Figure 3a), since we could produce and purify them in sufficient quantities, and also included a RiPP from Lactococus lactis, the lantipeptide nisin (Figure 3a), currently used as a food preservative 40, and commercial antibiotics or anticancer drugs (oxacillin, novobiocin, verapamil, doxorubicin). The aforementioned posttranslationally modified peptides require an ABC transporter for export and self-immunity at the end of their biosynthetic cluster (with the exception of caulosegnin I, sphingopyxin I, sphingonodin I and xanthomonin I). Interestingly, none of the peptides selected in this study was capable of stimulating the ATPase activity of McjD (Figure 3b), including lasso peptides of the same class II as MccJ25, and a small reduction in the ATPase activity was observed for all the peptides. The BI-32169 peptide precipitated under our assay conditions and was excluded from the analysis. In contrast, the antibiotic oxacillin and the anticancer drug verapamil showed strong inhibition of the ATPase activity, while the antibiotic novobiocin and the cancer drug doxorubicin had no effect on the ATPase activity of McjD (Figure 4a). 
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Figure 3. Functional characterization of McjD in the presence of different RiPPs. a) Overview of all available 3D structures of peptides used in this study. The lasso peptides (MccJ25 (PDB code 1Q71), RP 71955 (PDB code 1RPB), caulosegnin I (PDB code 2LX6), sphingopyxin I (PDB code 5JQF), xanthomonin I (PDB code 4NAG)) are colored coded as in Figure 1. Disulfide bonds are in orange. The lantipeptide nisin (PDB code 1WCO) is color coded by residues outside of the (methyl)lanthionone rings (blue) and the rings itself (alternating yellow and red); Dha = dehydroalanine, Dhb = dehydrobutyrine, Abu = aminobutyrine. RP 71955 was used to represent the closely related siamycin I structure (the only differences in primary structures are found at position 4 (Val for siamycin I, Ile for RP71955) and position 17 (Ile for siamycin I, Val for RP71955)). Each RiPP structure is boxed in different color; green for class I, blue for class II and orange for the lantipeptide. b) The basal ATPase activity of McjD is induced by MccJ25 but not by other RiPPs. The bars are color coded to distinguish between the different RiPPs classes as in panel A. Error bars are shown for all measurements (mean ± SEM; n = 3). c) Mass spectrum of McjD reveals two series of charge state peaks consistent with apo McjD and LPS bound adduct with 20+ main charge state (top panel). Addition of MccJ25-FV (middle panel) and MccJ25 (bottom panel) at a final concentration of 8 M to McjD leads to the formation of a complex with protein and LPS bound peaks. A much higher degree of complex formation is observed for MccJ25 than MccJ25-FV. Deconvoluted masses of apo, LPS and peptide bound peaks are in agreement with theoretical masses. Apo McjD, LPS bound McjD and peptide (MccJ25 or MccJ25-FV) bound McjD peaks are labelled with yellow hexagon, a small black circle inside hexagon and a small circle outside the hexagon, respectively. The population of McjD bound to both LPS and peptide is labelled as hexagon with black circle inside and a small red circle outside the hexagon.


In addition to the ATPase activity assays, we further investigated if any of these drugs are actively exported by McjD in vivo by measuring their cytotoxic effect on drug hypersensitive E. coli cells, BL21 (DE3) acrAB, expressing McjD. The RiPPs were excluded from the in vivo cytotoxicity assays as they do not have antibacterial activity against E. coli 37, 36, 38, 39, 40. The toxicity measurements revealed that McjD is not capable to provide the cells with immunity against the set of drugs here employed, further confirming that it is not a multidrug ABC transporter (Figure 4b-e). Cells treated with verapamil showed delayed growth that could be due to slow active transport by McjD, which could also be explained by the significantly reduced ATPase activity of McjD in its presence. Using the ATP hydrolysis deficient mutant E506Q, the cells are still capable of showing delayed growth suggesting that McjD is not involved in verapamil transport (Figure 4e). The cell growth would probably be a result of another resistance mechanism that would be McjD-independent. While the cytotoxicity data suggest that all the drugs here tested are not transported by McjD, the ligand stimulated ATPase data indicate that the RiPPs may be accommodated in the large McjD cavity in such a way to prevent efficient ATP hydrolysis or interfere with NBD dimerization and subsequent reduction of ATP hydrolysis.
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Figure 4. Functional characterization of McjD in the presence of different drugs. a) The basal ATPase activity of McjD is that induced by MccJ25 (same data used as in Figure 3b for clarity) but not by other drugs. Error bars are shown for all measurements (mean ± SEM; n = 3). b) Growth of drug hypersensitive E. coli acrAB expressing McjD with (red) or without (black) novobiocin (5 g ml-1), c) doxorubicin (5 g ml-1) and d) oxacillin (5 g ml-1) and e) verapamil (450 g ml-1). The E506Q mutant was used to assess if the delayed cell growth in the presence of verapamil was due to McjD active transport; the E506Q growth curves are blue with and black without verapamil. All cytotoxicity assays were performed in triplicate from three different colonies. The curves represent the mean of three independent experiments.

The natural product ABC transporter CapD cannot transport MccJ25. Taken together our data show that McjD is highly specific for its substrate MccJ25. In order to obtain evidence on the general relevance of the substrate specificity within the peptide-derived natural product ABC transporters, we investigated if the lasso peptide ABC transporter CapD, which exports capistruin and confers Burkholderia species with immunity to this antibacterial lasso peptide 41 (Figure 5a), is able to export MccJ25. CapD was selected since it can be overexpressed in E. coli cells, purified and retains its basal ATPase activity upon purification (Supplementary Figure 8), suggesting that it is suitable to investigate its ability to transport MccJ25; we did not measure the ligand induced ATPase activity of CapD with capistruin due to low yields of produced peptide. In the presence of MccJ25, drug hypersensitive cells that overexpress McjD are capable of growing to high density (Figure 5b) compared to those that are either overexpressing an empty plasmid (control) (Supplementary Figure 9) or overexpressing CapD (Figure 5c), suggesting that CapD cannot confer immunity to MccJ25. Under these conditions, it is observed that MccJ25 is lethal to cells. On the other hand, the equivalent experiment where McjD is expressed in Burkholderia species in the presence of capistruin could not be performed since the genetic manipulation for recombinant protein overexpression in Burkholderia species is not staightforward.
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Figure 5. Functional characterization of CapD in the presence of MccJ25. a) Structure of capistruin. Capistruin belongs to the Class II lasso peptide RiPPs. Coloring as in Figure 1a. b) Growth of drug-hypersensitive E. coli acrAB expressing McjD, and c) CapD in the presence (red) or in the absence (black) of MccJ25 (10 M). In the presence of McjD, the cells grow to high density, whereas cells expressing CapD cannot confer self-immunity to MccJ25 that prevents cell growth due to the inhibition of the RNA polymerase.

McjD specificity. Multidrug bacterial ABC transporters (exporters) are capable of recognising and transporting a range of structurally and chemically unrelated compounds. These transporters are usually involved in the transport of an endogenous substrate but somehow, they have acquired features that allow them to also transport toxic compounds such as antibiotics. Many of these antibiotics are transported by several other ABC transporters among different species even though there is no consensus binding site or sequence conservation within their TMDs. The TMD of ABC transporters dictates the substrate recognition since it is the first step of the transport mechanism. In this study, we have established that the ABC transporter McjD can only recognize and transport its substrate MccJ25 that distinguishes it from other multidrug ABC transporters that has significant implications on understanding natural product biosynthesis and in particular posttranslationally modified peptides.

The structures of several bacterial ABC transporters have been determined but in most cases in the absence of a bound substrate to explain their mode of ligand recognition 17. The absence of ABC transporter-substrate structures can be attributed to either low affinity of the substrate for the transporter under crystallization conditions or absence of information about the substrate (not the case with McjD). We have previously shown that McjD can bind MccJ25 with low affinity (100 M) 14 and that the interaction between McjD and MccJ25 can be preserved in the gas phase 16, suggesting that the complex is stable enough to be further characterized. Thus, we employed biomolecular NMR to study the interaction of McjD with MccJ25 using chemical exchange saturation transfer. Of the 21-amino acid mature MccJ25, 4 residues, 8-11 (EYFV), were shown to be the primary interaction site with McjD. Deletion of the F10-V11 residues from this site of the MccJ25 lasso topology significantly reduced its apparent affinity for McjD, as determined by non-denaturing mass spectrometry. Our non-denaturing MS data suggest that McjD has higher affinity for MccJ25 than we previously reported 14. This could be due to the McjD-GFP construct that we used in our previous study, or to the lower sensitivity of the microscale thermophoresis technique compared to native MS. These data were further validated by the absence of ligand stimulated ATPase activity of McjD in the presence of the deletion variant. Interestingly, there is no correlation between the MccJ25 residues involved in the binding with the ABC transporter McjD and with the iron siderophore receptor FhuA 13. In the case of the McjD-MccJ25 interaction, all the interacting residues are found in the loop region, whereas in the case of FhuA they are found in both the loop and macrolactam ring. In our previous study, we identified F86, N134 and N302 as a group of residues in the McjD cavity that are important for the recognition of MccJ25 14, 42. In our proposed model of McjD-MccJ25 interaction14, McjDV83 was forming a van der Waals interaction with F10 and V11 of MccJ25, McjDF86 t-shaped stacked with F10 and a van der Waals interaction with the backbone of E8 and McjDR141 hydrogen-bonded with the backbone of I17 and side chain of S18. Moreover, the model revealed that with this mode of binding, weaker interactions by residues S18 and I17 of MccJ25 are established with the ABC transporter, an observation that may explain the secondary region with intermediate CEST saturation. These observations provide further evidence of the possible binding pose of MccJ25 in the McjD cavity.
ABC transporters contain a large binding cavity that has been linked with multidrug resistance since they can accommodate a variety of structurally and chemically unrelated compounds. The McjD cavity is very well defined and it is around 5900 Å3 that could enable it to bind different RiPPs or drugs. Using ligand induced ATPase assays, we screened different classes of RiPPs, including representatives of the three classes of lasso peptide and the flexible lantipeptide, nisin. None of these natural products was capable of stimulating the ATPase activity of McjD in proteoliposomes, even though some of these peptides have a similar topology to MccJ25, suggesting that they are possibly not transported. Since these peptides do not have antibacterial activity against E. coli we could not perform cytotoxicity assays to evaluate the possibility of slow transport by McjD. If they were indeed slowly transported in vitro (inside the proteoliposomes), we would have observed a significant drop in the ATPase activity of McjD. This is the first evidence that ABC transporters found at the end of the biosynthetic cluster of RiPPs are very specific for their endogenous toxic peptide. In addition, we investigated if McjD could confer multidrug resistance to different antibiotics and cancer drugs. Both our ligand induced ATPase and cytotoxicity data suggest that McjD cannot provide protection to a drug hypersensitive E. coli cell line in the presence of structurally and chemically different drugs. We have previously shown that the dye Hoechst can induce the ATPase activity of McjD around two-fold and it can be transported inside proteoliposomes weakly, suggesting that it is possibly interacting non-specifically with McjD since it can be outcompeted by MccJ25 15. Finally, we showed that the lasso peptide capistruin ABC transporter CapD from Burkholderia cannot provide self-immunity to MccJ25 in a drug hypersensitive E. coli cell line, further suggesting that these ABC transporters have evolved to provide cells with self-immunity against toxic peptides that the cells produce. 

In conclusion, we have shown that the ABC transporter McjD can only recognize and transport its actual substrate MccJ25, which distinguishes it from other multidrug ABC transporters. We propose that specific interactions between McjD and MccJ25 provides the transporter with the high degree of specificity, whereas multidrug ABC transporter promiscuity is due to non-specific interactions. In most cases, these transporters are regulated under the same operon, and their upregulation is only initiated when the biosynthesis of the peptides occurs, therefore they are not under the pressure to recognize and transport a wide variety of substrates such as other multidrug exporters. The uncharacterized E. coli ABC transporter YojI is known to confer resistance to MccJ25 43, thus suggesting that bacterial cells have evolved resistance to natural products (it is currently unknown if YojI can confer multidrug resistance). Our results shed some light on the evolution of ABC transporters to confer multidrug resistance in bacteria. These findings also have a tremendous importance in understanding biosynthetic clusters as well as in using bacterial cell factories, synthetic biology, for the generation of novel bioactive compounds. In this context, our investigation provides a comprehensive characterisation of the final step of the maturation process of these natural products, by revealing a fundamental mechanism of recognition by membrane bound ABC transporters.


METHODS
McjD overexpression, purification and reconstitution in bicelles. McjD was overexpressed, purified in 0.03 % dodecyl-maltopyranoside (DDM) and reconsituted in bicelles as before without any modifications 14, 15.

CapD cloning, overexpression, purification. CapD was cloned in pET28b vector engineered with a C-terminal His6-tag and a TEV cleavage site. Expression cultures in C43 (DE3) cells were performed using Terrific Broth supplemented with 0.5% glucose. Upon reaching a 0.7 optical density at 600 nm (OD600), the cultures were cooled to 20 °C and induced by the addition of isopropyl-beta-D-thiogalactopyranoside (IPTG) at a final concentration of 0.2 mM. Protein purification was performed as for McjD 14, 15. In brief, after solubilization from the membranes using 1% DDM, the protein was purified by affinity chromatography using Ni-NTA resin, followed by TEV cleavage in dialyses buffer containing 0.03% DDM. The protein sample was further purified by size exclusion chromatography (SEC) before biochemical analyses (Supplementary Figure 8).

MccJ25, MccJ25-FV and 15N-MccJ25 purification. MccJ25 and 15N-MccJ25 labelled peptide were produced from cultures of E. coli K12 MC4100 harboring the plasmid pTUC202 and purified as previously described 44. The labelling efficiency was determined by mass spectrometry (Supplementary Figure 10). The lasso topology of MccJ25, 15N-MccJ25 and MccJ25-FV was also verified by mass spectrometry.

Lasso peptides and lantipeptide used for ATPase assays. Production, purification and characterization of the type I (siamycin I), type II (burhizin/ caulosegnin I/ sphingopyxin I/ sphingonodin I / xanthomonin I) and type III (BI-32169) lasso peptides that were used for the ATPase assays, have been described previously 36, 37, 38, 39. Nisin from Lactococcus lactis was purchased from Sigma (N5764).

Assignment of the NMR resonances of MccJ25. Resonances of MccJ25 were assigned using a 13C-15N labelled peptide dissolved at a concentration of 150 M in 20 mM phosphate buffer at pH 7.5 containing 150 mM of NaCl. All NMR spectra in this study were recorded at 310K using an 800 or 950 MHz instrument equipped with cryoprobe TCI. Assignment of the resonances in the 1H-15N HSQC was obtained via a combination of 3D spectra (CBCAcoNH, HNCACB, HNCO, HNcaCO) to reconstruct backbone connectivities. A 3D 15N-edited NOESY- HSQC spectrum was recorded at 310K to assist resonance assignments. The assignment of the minor form was facilitated by ZZ-exchange 15N–HSQC based spectroscopy (mixing time 1s) at high temperature (318 K) to speed up the exchange process.

Chemical exchange saturation transfer. CEST measurements were based on 1H-15N HSQC experiments by applying constant wave saturation of 500 Hz in the 15N channel. As the exchange is probed between unbound MccJ25 (having sharp resonances) and the slow tumbling 250 kDa complex with McjD embedded in bicelles (having significantly broad resonances), a series of large offsets was employed (-10, -8, -6, -4, -3, -2, -1.5, 0, 1.5, 2, 3, 4, 6, 8 and 10 kHz) resulting in CEST profiles of symmetric shape (Supplementary Figure 1). An additional spectrum, saturated at -100 kHz was recorded as reference. The 1H-15N-HSQC spectra recorded using different offsets were made with a data matrix consisting of 2048 (t2, 1H) × 200 (t1, 15N) complex points. CEST were measured using a concentration of 100 M of MccJ25 and 8 M of McjD reconstituted in bicelles. A saturation index was calculated for each residue of MccJ25 as follows:



Where ‘j’ is the offset employed in each CEST measurement and "Ij" and "I0" are the intensities of the peak corresponding to the amide of the residue in the spectra recorded with the offset "j" and with an offset at -100 kHz (reference spectrum). The saturation indexes were calculated using only the CEST measurements made with offsets ranging from -3 kHz to +3 kHz (excluding 0 kHz), which are significantly affected by the binding with the ABC transporter.

Structural refinement using chemical shift restrained MD simulations. Chemical shifts of the two conformations of MccJ25 were employed in restrained molecular dynamics simulations using the CamShift method 45, following established protocols that have been highly successful in characterizing the structures of small peptides using the information contained in NMR chemical shifts 20, 46.
The restrained molecular dynamics simulations were performed by averaging chemical shift restraints over four replicas, as previously described 20, 46 using the structure of MccJ25 with PDB code: 1Q71 7.
The calculations were made using an implementation of the GROMACS package 47 that allows the simulations to be restrained using the CamShift program 45. Each of the four replicas was equilibrated separately by starting from independent equilibrations of the starting structure of MccJ25 accommodated in a dodecahedron box of 121 nm3 in volume. The box was filled with 3869 explicit waters and energy minimized. The simulations were carried out using the CHARMM27 force field and the TIP3p water model.
A time step of 2 fs was used together with LINCS constraints. The van der Waals and electrostatic interactions were cut off at 0.9 nm, and long-range electrostatic effects were treated with the particle mesh Ewald method. All the simulations were carried out in the canonical ensemble by keeping the volume fixed and by setting the system temperature with the V-rescale thermostat.
The replica-averaged restrained molecular dynamics simulations were carried out using the following protocol. The four replicas evolved through a series of annealing cycles between 310K and 380K, each cycle being composed of 100 ps of simulation at 310K followed by 100 ps of simulation in which the temperature of the system was increased up to 380K and 100 ps of simulation carried at a constant temperature of 380K. The final part of the cycle allowed the system to cool slowly from 380K to 310K in a step of 300 ps. During these cycles the experimental restraints were imposed as averages over the four replicas. The total amount of sampling in each system simulated was 1 s (250.2 ns per replica equivalent to 417 cycles). Primary and secondary conformations of MccJ25 were refined using two independent runs.

Non-denaturing mass spectrometry analysis. DDM solubilized McjD was buffer exchanged to 200 mM ammonium acetate supplemented with 0.16 % OGNG detergent as previously described 16. Non-denaturing mass spectra were acquired on a modified Q-TOF mass spectrometer for high m/z transmission and for higher activation conditions. The mass spectrometer was set under the same conditions as before 16. Samples were introduced into the ion source via in-house prepared gold-coated capillaries under static nanospray. MccJ25 was mixed with McjD protein solution at different concentrations (Supplementary Figure 7). MccJ25-FV was added at a final concertation of 8 M. The data for the apo-McjD and in complex with MccJ25 in Figure 3C have previously been published 16 and they have been reproduced in this manuscript to show the difference with the MccJ25-FV variant.

ATPase activity of proteoliposome reconstituted McjD. McjD was reconstituted in proteoliposomes using the rapid dilution protocol as in 15. The ATPase activity of McjD in the presence of different peptides and antibiotics was measured as previously described 14, 15. The final concentration of the peptides in the assay was 1 mM made in 100% dimethyl sulfoxide (DMSO). Antibiotics and anticancer drugs were also added at 1 mM final concentration made either in water or 100 % DMSO depending on the compound solubility. The final DMSO concentration was 1% (v/v) for all the compounds tested. 

Cytotoxic assays in drug hypersensitive cells. Overnight cultures of E. coli acrAB, harbouring McjD-pET28b, McjD-E506Q-pET28b, CapD-pET28b or empty pET28b plasmid, were inoculated into LB medium containing 50 µg ml−1 kanamycin. At an optical density at 600 nm (OD600) of 0.8, cells were diluted to an OD600 of 0.06 in fresh medium containing 0.07 mM IPTG in a 96-well plate to which the MccJ25 (10 M), the antibiotics, (5 g ml-1) and verapamil (450 g ml-1) were added. Growth was followed over time at OD600 at 37°C in a Molecular Devices SpectraMax M2 Multimode Microplate Reader (Molecular Devices). The same experimental procedures were followed for the control experiments in which the same volume of water, DMSO or methanol was used.
Each growth experiment was performed from three independent biological clones and each measurement was performed in triplicate.
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