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Resolving the activation mechanism of the D99N antiterminator LicT protein
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LicT is an antiterminator protein of the BglG family whose members are key players in the control of carbohydrate catabolism in bacteria. These antiterminators are generally composed of three modules, an N-terminal RNA-binding domain (CAT ) followed by two homologous regulation modules (PRD1 and PRD2) that control the RNA binding activity of the effector domain via phosphorylation on conserved histidines. Although several structures of isolated domains of BglG-like proteins have been described, no structure containing CAT and at least one PRD simultaneously has yet been reported in an active state, precluding detailed understanding of signal transduction between modules. To fulfill this gap, we recently reported the complete NMR sequence assignment of a constitutively active mutant (D99N) CAT-PRD1*, which contains the effector domain and the first regulation domain of LicT. As a follow-up, we have determined and report here the 3D solution structure of this active, dimeric LicT construct (40 kDa). The structure reveals how the mutation constrains the PRD1 regulation domain into an active conformation which is transduced to CAT via a network of negatively charged residues belonging to PRD1 dimeric interface and to the linker region. In addition, our data support a model where BglG-type antitermination regulatory modules can only adopt a single conformation compatible with the active structure of the effector domain, regardless of whether activation is mediated by mutation on the first or second PRD. The linker between the effector and regulation modules appears to function as an adaptable hinge tuning the position of the functional modules.

Like most proteins of this family, LicT is a dimeric protein composed of a RNA-binding module, whose antitermination activity is controlled by antagonist phosphorylation on the two regulation modules which module the dimeric interfaces. Several structures of the isolated domains in their active conformation have been solved so far (Yang et al. Embo J 2002;van Tillbeurgh Embo J 2001;Graille et al. J Biol Chem 2005), but none that contains an effector and a regulation domain simultaneously. We report here the full NMR characterization of D99N CAT-PRD1* LicT. This mutant fragment is active (Lindner et al. J Bact 2002) and contains the RNA-binding domain and the first regulation module of LicT. We identify a network of negatively charged residues which mechanically transduce the activation signal from the regulatory module to the effector module via the linker region in between. In addition, we demonstrate that the effector and regulatory modules adopt an active state independent of the activation mode (mutation in the first or second module) by contrast to the linker region, which tunes its conformation toward the functional output. Hence, we think our work is of broad interest for the scientific community interested in bacterial metabolism, but also more generally in the structure of modular proteins ensuring signal 

Introduction

The ability of signaling proteins to switch between active and inactive conformations constitutes the molecular basis of signal transduction. Phosphorylation plays a prominent role in toggle events for modular proteins. This is the case for antiterminator proteins of the BglG family, whose RNA binding capacity is governed by phosphorylation-based signals on regulation modules propagated to a distant effector module [START_REF] Mahadevan | A bacterial gene involved in transcription antitermination: Regulation at a rho-independent terminator in the bgl operon of E. coli[END_REF]Van Tilbeurgh and Declerck, 2001). BglG-like antiterminators control the catabolism of carbohydrate substrates by binding to a stpecific sequence of RNA messenger of sugar operons. Antiterminators of this protein family are typically composed of three domains: an RNA-binding domain named CAT (for co anti-terminator), and two homologous regulation domains. The isolated CAT domain is constitutively active, but in the whole protein, its RNA binding affinity is controlled by antagonist phosphorylation by phosphotransferase (PTS)

enzymes on conserved histidines in the regulation modules, named PRD1 and PRD2 (for PTS regulation domain) [START_REF] Stülke | PRD--a protein domain involved in PTS-dependent induction and carbon catabolite repression of catabolic operons in bacteria[END_REF]. Bacillus subtilis LicT represents a prototypical BglG-type antiterminator in Gram positive bacteria, which governs assimilation of complex sugar such as aryl-glucosides [START_REF] Schnetz | LicT, a Bacillus subtilis transcriptional antiterminator protein of the BglG family[END_REF]. The structure of several LicT fragments have been solved, either by NMR or X-ray crystallography (Fig. 1A). The structure of the isolated CAT domain solved by NMR revealed a folding in a symmetrical -sheet sandwich that remains unchanged upon binding to RNA with a 2:1 stoichiometry [START_REF] Yang | Solution structure of the LicT-RNA antitermination complex: CAT clamping RAT[END_REF]. It was shown that LicT can reach a constitutive active state (LicT*) through phosphomimetic mutations changing the phosphorylatable histidine residues of PRD2 (H207 and H269) into aspartic acids [START_REF] Declerck | Dimer stabilization upon activation of the transcriptional antiterminator LicT[END_REF][START_REF] Tortosa | Sites of positive and negative regulation in the Bacillus subtilis antiterminators LicT and SacY[END_REF].

Comparison of crystallographic structures of the LicT regulatory domains in the native (PRD1-PRD2)

and active (PRD1-PRD2*) states revealed that activating mutations promoted the closing of a loose dimer into a compact topology, keeping individual protomer structures intact (Marc Graille et al., 2005;van Tilbeurgh et al., 2001).

For a long time, structural information has been lacking on the mechanism of signal transduction between effector and regulation modules of these antitermination proteins. A model of CAT-PRD1 containing the RNA binding domain and the first regulation domain from native LicT was proposed on the basis of NMR residual dipolar couplings and 15 N relaxation measurements, suggesting an opening of the CAT dimer in the inactive state [START_REF] Déméné | Structural Mechanism of Signal Transduction between the RNA-binding Domain and the Phosphotransferase System Regulation Domain of the LicT Antiterminator[END_REF]. We recently confirmed this hypothesis by a NMR systematic study on truncated and full-length proteins, either in their native or activated states, using 13 C-labeled methionines as markers of topology of the different dimers (Yang et al., 2020b). Although several 3D structures of LicT fragments have been reported (Fig. 1A) [START_REF] Graille | Activation of the LicT transcriptional antiterminator involves a domain swing/lock mechanism provoking massive structural changes[END_REF]van Tilbeurgh et al., 2001;[START_REF] Yang | Solution structure of the LicT-RNA antitermination complex: CAT clamping RAT[END_REF], no structure at atomic resolution has ever been solved that shows the RNA-binding domain linked to a regulation module of this protein in a RNA-binding competent conformation. Here we succeeded at determining the NMR solution structure of an activated form of the CAT-PRD1 bi-module, providing a comprehensive view of LicT activation mechanism. We took advantage of the existence of a point mutation in PRD1 (D99N) that renders LicT constitutively active in B. subtilis [START_REF] Lindner | Bacillus subtilis mutant LicT antiterminators exhibiting enzyme I-and HPr-independent antitermination affect catabolite repression of the bglPH operon[END_REF] and that enhances in vitro stability and RNA-binding when introduced into the CAT-PRD1 bi-module (Demene 2008). The NMR structure of this CAT-PRD1* mutant illuminates a critical network of amino acids involved in the signal transduction between the PRD1 and CAT modules and fulfills a gap of knowledge in BglG-like antiterminators.

Material and methods

Protein expression and purification.

The CAT-PRD1* bi-module from LicT* (residues 1-167) carrying the D99N activating mutation [START_REF] Lindner | Bacillus subtilis mutant LicT antiterminators exhibiting enzyme I-and HPr-independent antitermination affect catabolite repression of the bglPH operon[END_REF] was expressed as histidine-tagged proteins in E. coli BL21(DE3), either in rich LB medium, or in M9 minimal medium, supplemented with 15 NH 4 Cl and 13 C-D-glucose as the sole nitrogen and carbon sources for 15 N and 13 C uniform labelling. Methionine--13 CH 3 (Sigma) at a 250 mg.L -1 concentration was added 20 minutes before 2 hours induction at 37°C for specific methionine labelling. Otherwise, induction was provoked by addition of 0.5 mM isopropyl--Dthiogalactopyranoside (IPTG) at 20°C for 20 hours. Purification was performed by a step of nickel chromatography followed by size exclusion chromatography in NMR buffer, as described elsewhere (Yang et al., 2020a).

NMR assignment and structure calculations.

CAT-PRD1* NMR assignment has been already described (Yang et al., 2020a). Briefly, it was obtained by double and triple 3D resonance experiments HNCO, HNCA, CBCA(CO)NH, HNCACB, HCCH-total correlated spectroscopy, 15 N edited HSQC-NOESY, and 13 Cedited HSQC-NOESY.

Experiments were performed at 308 K to increase sensitivity. For detection of intermolecular NOEs, a differentially labelled sample was prepared by mixing equimolar amounts of 15N -labelled CAT-PRD1 and 15 N/ 13 C-labelled CAT-PRD1 at a concentration of 2 mg/ml in 6 M urea. The sample was then dialyzed 2 x 3 hours against the NMR buffer (200 mM NaCl, pH 8, 10 mM Tris, 0.5 mM EDTA, 0.2 mM benzamidine, 1 mM DTT) and concentrated to a final concentration of 600 M. After lyophylization, the protein was resuspended in D 2 O and introduced into an oval-shaped NMR tube (Bruker Biospin) optimized for highly salted samples. This sample enabled the collection of additional 150 (75 x2) intermolecular distance constraints from a 2D version of a 3D F1-13C-filtered/F3-13 Cedited NOESYHSQC spectrum (τmix = 100 ms). 145 backbone  and ψ and 83 2/3 dihedral angle constraints were generated per monomer from secondary shifts of the 1 Hα, 13 Cα, 13 Cβ, 13 C′, and 15 N nuclei shifts using the TALOS software [START_REF] Shen | Protein Structural Information Derived from NMR Chemical Shift with the Neural Network Program[END_REF]. Initial structures were generated with the CYANA software [START_REF] Güntert | Combined automated NOE assignment and structure calculation with CYANA[END_REF] using a set of NOE unambiguously assigned. The structure was then iteratively refined by the addition of hydrogen bonds restraints in -sheet strands characterized in the preliminary structures and supplementary disambiguated NOEs, in subsequent rounds of CYANA. At the final stage, a total of 1850 distance constraints for each monomer was used (Table 1). Of the 100 CYANA structures calculated, the 20 conformers with the lowest target function were subjected to a minimization protocol using Xplor [START_REF] Brünger | Crystallography & NMR system: A new software suite for macromolecular structure determination[END_REF]. The coordinates of the 20 resulting structures and the NMR restraint set were deposited in the PDB under entry 6TWR.

Results and discussion

Comparison of PRD1 configuration in active states by NMR

In a previous study, we used NMR chemical shifts of the RNA binding domain CAT to establish its structure conservation across all active LicT fragments, including CAT-PRD1*, except for marginal differences at the dimer interface (Yang et al., 2020b). We have now performed the full assignment of CAT-PRD1* resonance peaks (Yang et al., 2020a), and we can now analyze the configuration of the PRD1 module in this active state as well. The NMR peaks of the PRD1 module are slightly different between active CAT-PRD1* and LicT*, suggesting a difference in PRD1 conformation between both proteins (Fig. 1B). This difference was unexpected, since by contrast and as already mentioned (Yang et al., 2020b), PRD1 resonances were remarkably well conserved between PRD1-PRD2* and LicT* (Fig. 1C). These differences could reach the value of 1 ppm, as for D90 which lies in front of the side chain of the mutated N99 of the other protomer (Fig. S1). Their mapping on the model structure of full length activated LicT* (Yang et al., 2020b) indicates a localization at the PRD1 dimeric interface (Fig. 1D).

NMR structure of CAT-PRD1*

Previous analysis by size exclusion chromatography and analytical ultracentrifugation revealed that CAT-PRD1* is dimeric in solution, at concentration as low as 50 M [START_REF] Déméné | Structural Mechanism of Signal Transduction between the RNA-binding Domain and the Phosphotransferase System Regulation Domain of the LicT Antiterminator[END_REF]. The 2B, and structural statistics are presented in Table 1.

CAT and PRD1 conserve their individual monomeric structure in CAT-PRD1* but the dimer conformation is slightly changed.

Backbone RMSD values of 1.1 ± 0.1/ Å and 1.1 ± 0,1 Å were determined for the individual monomers and the dimers of CAT-PRD1* (Table 1). The perfect agreement of the backbone RMSD values between monomers and dimers indicates that the dimer interface is highly determined, allowing for the proper orientation of the two halves. Comparison of the RMSD values for the CAT and PRD1 domain alone reveals that the structure of the CAT dimeric domain is marginally better defined than the PRD1 dimeric domain (RMSD of 0.7 versus 1.0 Å).

In CAT-PRD1*, CAT monomer adopts the previously documented 1234 topology composed of four antiparallel -strands and a long loop connecting strands 3 and 4 [START_REF] Declerck | RNA recognition by transcriptional antiterminators of the BgIG/SacY family: Functional and structural comparison of the CAT domain from SacY and LicT[END_REF][START_REF] Yang | Solution structure of the LicT-RNA antitermination complex: CAT clamping RAT[END_REF]. The PRD1 domain harbors the classical five-helix bundle conformation which was observed for native and activated PRD1-PRD2 bi-modules (Marc Graille et al., 2005;van Tilbeurgh et al., 2001). We proceeded to a thorough comparison of the structure of CAT-PRD1* modules with the different available structures of CAT and PRD1-PRD2*. The overall structure of the monomeric form of CAT and PRD1 domains was conserved, with an RMSD of 1.13 ± 0,07 Å for CAT (comparison structure 1L1C) and 1.35 ± 0,07 Å for PRD1 (comparison structure 1H99) respectively.

We then checked the dimer topology for each module of CAT-PRD1* and found that they were also overall well conserved. However, we found slight but significant differences, highlighted by a higher RMSD against the reference structure than the RMSD within the NMR ensemble, namely 1.2 ± 0.1 Å versus 0.76 ± 0.07 Å and 1.7 ± 0.1 Å versus 1.1 ± 0.10 Å for CAT and PRD1 respectively . These differences correspond to a higher and smaller aperture of dimers in CAT and PRD1 respectively (Figs. 3A-B) and are confirmed by the differences in chemical shifts observed at the respective dimer interfaces (Yang et al., 2020b) and Fig. 1D).

Active structure of CAT is mediated by a different architecture of the linker region in CAT-

PRD1* and LicT*.

It was previously postulated, on the basis of limited proteolysis and circular dichroism data, that the linker region joining CAT to PRD1 (residues 52-68) was disordered in active CAT-PRD1*, enabling CAT dimer closure, whereas its folding into a continuous helix leads to CAT dimer opening in inactive CAT-PRD1 [START_REF] Déméné | Structural Mechanism of Signal Transduction between the RNA-binding Domain and the Phosphotransferase System Regulation Domain of the LicT Antiterminator[END_REF]. This hypothesis was supported by the observation of a disordered structure at the N-terminal end of the crystallized PRD1-PRD2* bi-module (residues 57-277) bearing phosphomimetic activating mutations in the PRD2 module (van Tilbeurgh et al., 2001) whereas a succession of turns was observed for the native PRD1-PRD2 fragment (Marc Graille et al., 2005). The linker folded also as an helix in the structure of the native (inactive) CAT-PRD1 domain of the GlcT homolog, which crystallized as a monomer [START_REF] Himmel | Structure of the RBD-PRDI fragment of the antiterminator protein GlcT[END_REF]. Having solved the first LicT active structure containing a CAT and PRD1 module prompted us to examine the fundamental aspect of signal transduction between effector and regulation modules. Unexpectedly, the linker in CAT-PRD1* is not disordered, but folds as a helix between residues F59 and I65, preceded by a turn at the level of D54 linking this helix to the 5 sheet at the CAT dimeric interface (Fig. 3C). Despite the difference in linker structures between CAT-PRD1* and PRD1-PRD2*, their extremities are found to superpose surprisingly well; in particular, the first residue of the linker, N52 of CAT-PRD1*, is found at the same spatial location of G54 of PRD1-PRD2* (Fig. 3C). However, PRD1-PRD2* has a N-terminal hexahistidine tag which alters the native sequence from N 52 KDVSE 57 to G 54 SME 57 .

To check if these differences in linker conformation were related to crystal packing strains in the crystal structure of PRD1-PRD2* or difference in sequence due its N-terminal tag, we turned to the comparison of NMR chemical shifts between CAT-PRD1*, PRD1-PRD2* and LicT* in solution. The perfect superimposition of PRD1-PRD2 1 H-15 N correlation peaks with those of LicT* in 1 H-15 N HSQC spectra (Fig. 1B) and the differences with those of CAT-PRD1* (Figs. 1 C-D and S1) suggests a conservation of linker structure in PRD1-PRD2* and in LicT*, in contrast to CAT-PRD1*. We previously showed that LicT methionine methyl groups are useful NMR markers of LicT dimer topology (Yang et al., 2020b). We thus checked NMR chemical shifts of M71, which is at located just at the beginning of PRD1 fragment, next to the linker. Comparison of NMR spectra of 13 C methyl labelled-methionine LicT fragments confirms that M71 methyl groups experience a very different chemical shift environment between CAT-PRD1* on one side and PRD1-PRD2* and LicT* on the other side (Fig. 3D), presumably due to a change in orientation of the nearby side chain of F59 belonging to the linker (Fig. S2).

Hence, PRD1 dimeric configuration is found remarkably similar in all active states, whereas the linker conformation can adopt multiple conformations in order to accommodate activating mutations (or phosphorylation) in PRD1 or PRD2

Mechanism of signal transduction from PRD1 to CAT in mutant CAT-PRD1*.

Having solved the structure of active CAT-PRD1* enables a close comparison of the dimeric topology between CAT-PRD1* and inactive PRD1-PRD2 to understand the mutational effect. Figure 3D shows that the D99N mutation abolishes the repulsion network between three different charged residues in the native state that maintains PRD1 and the linker in an inactive open conformation. This repulsive network involves the side chains of D91 (PRD1 of A protomer), D99 (PRD1 of B protomer) and D65

(linker of B protomer) in the native state. Its disruption leads to the compaction of the dimeric interface, which was loose in the inactive state and which is now stabilized by intermolecular hydrogen bonds. Among the twenty CAT-PRD1* NMR conformers, we observe indeed a hydrogen bond between N99 side chain amide nitrogen atoms of one protomer and either the oxygen atoms of D91 side chain (nine conformers) or the nitrogen atoms of N90 side chain (10 conformers) of the other protomer, the latter D99-N90 bond being also present in the crystal structure of PRD1-PRD2*.

Discussion and conclusion

Prior to this study, active states of BglG-like antiterminator proteins whose structure was solved at atomic resolution, were the isolated CAT domains (X Manival et al., 1997;[START_REF] Manival | From genetic to structural characterization of a new class of RNA-binding domain within the SacY/BgIG family of antiterminator proteins[END_REF] and the bi-module PRD1-PRD2* (van Tilbeurgh et al., 2001). Information was thus missing on the linker structure in an active state. We report here the first characterization at atomic resolution of an active fragment containing simultaneously an effector and a regulation domain, namely the active CAT-PRD1*. Its activation is obtained by the D99N mutation in the PRD1 domain. This mechanism is different from classical phosphomimetic mutations occurring in the PRD2 domain previously found to be equivalent to true phosphorylation by PTS enzymes (Yang et al., 2020b). We however observe that the CAT and PRD1 dimeric topologies in CAT-PRD1* exhibit only little difference with the active structures solved so far. This unicity of active conformation at the level of the effector and regulation domain of LicT is remarkable. It stands in contradiction with for example the regulation model reported for the regulator RegA. In the latter case, the conformations of the structure and dynamics of receiver domains were found to be distinct between activated states induced by mutation or by phosphorylation [START_REF] Moorthy | Multistate allostery in response regulators: Phosphorylation and mutagenesis activate RegA via alternate modes[END_REF]. More precisely, the structural data indicated that the activating F262W mutation induced the existence of an ensemble of multiple conformations, encompassing active and inactive states. By contrast, LicT activation seems to obey a scheme whose rigidity meets the requirements of transcription regulation dictated by bacterial survival. In addition, we establish that signal transduction involves a network of negatively charged residues connecting the PRD1 interface to the linker dimeric structure, which in turns governs CAT opening and RNA binding capacity. Contrary to CAT and PRD1 structures, the structure of the linker was different between all the active states, pointing out to this region as a major adaptive player in signal transduction.

Accession numbers

The coordinates and NMR restraints for active D99N CAT-PRD1* have been deposited in the Protein Data Bank (PDB) (https://www.rcsb.org/) with accession number 6TWR.
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  Fig.2B, and structural statistics are presented in Table1.

Fig. 1 .

 1 Fig. 1. NMR parameters of LicT fragments. (A) Schematic organization of active and inactive LicT constructs studied so far in the literature. NMR studies led to high resolution structures only for CAT (Yang et al., 2002) and CAT-PRD1* (this study). (B-C) Superposition of 1 H-15 N HSQC spectra of activated full-length H207D/H269D LicT* (red) and (B) H207D/H269D PRD1-PRD2* (black) or (C) D99N CAT-PRD1* (black). Correlation peaks (labelled with one letter code and residue number) which differ between CAT-PRD1* and LicT* is indicated by lines pointing to their position in CAT-PRD1*. (D) Structural model of activated full-length LicT* (Yang et al., 2020b), showing the position of (H,N) amide couples (red spheres) belonging to the dimer interface (left) or experiencing a shift exceeding 0.1 ppm between D99N CAT-PRD1* and LicT* (right). An (H,N) amide couple is identified as part of the dimer interface when the H or N atom is within 5 Å of any atoms of the other protomer. For clarity, data are represented only for one protomer.

Fig. 2 .

 2 Fig. 2. NMR derived structure of CAT-PRD1* (A) Superposition of portions from the double half-filtered NOESY spectrum recorded on a 13 C-15 N CAT-PRD1*/CAT-PRD1* sample (red) and from a regular NOESY recorded on non-labelled CAT-PRD1* (black). The superposition highlights intermolecular NOEs (red) between aromatic protons and aliphatic protons. Mixing time was 100 ms. (B) Ensemble of 20 final NMR conformers shown in ribbon representation. Superposition was performed taking backbone atoms of residues 3-164.
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1.75 ± 0.11 0,61 ± 0.08 1.28 ± 0.08 0,05 ± 0.09 1.59 ± 0.12 1.61 ± 0.06 0.76 ± 0.07 1.33 ± 0.09 1.09 ± 0.10 1.61 ± 0.08 a Pairwise r.m.s. deviation was calculated among 20 refined structures. Ramachandran statistics calculated using PROCHECK (Laskowski et al., 1996) for all 20 conformers and 169 residues. b 75 distances derived from intermolecular NOEs and 16 distance restraints corresponding to inter-strand hydrogen bonds.