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            The Structure of Free L11 and Functional Dynamics of L11 in Free, L11-rRNA(58 nt) Binary and L11-rRNA(58 nt)-thiostrepton Ternary Complexes Donghan Lee 1,2 , Joseph D. Walsh 1 , Ping Yu 1,2 , Michelle A. Markus 3 Theodora Choli-Papadopoulou 4 , Charles D. Schwieters 5 Susan Krueger 6 , David E. Draper 7 and Yun-Xing Wang 1 ⁎ 1 Protein Nucleic Acid Interaction Section, Structural Biophysics Laboratory , NCI-Frederick, NIH, Frederick, MD 21702, USA 2 Basic Research Program, SAIC-Frederick, Inc., NCI-Frederick, Frederick, MD 21702, USA 3 Structural Biology and Computational Chemistry, Wyeth Research, 87 CambridgePark Drive, Cambridge, MA 02140, USA 4 Laboratory of Biochemistry, School of Chemistry, Aristotle University of Thessaloniki, Thessaloniki 54006, Greece 5 Computational Bioscience and Engineering Laboratory, Center for Information Technology, National Institutes of Health, Bethesda, MD 20892-5624, USA 6 NIST Center for Neutron Research, National Institute of Standards and Technology, 100 Bureau Drive, Stop 8562, Bldg. 235/Room E151, Gaithersburg, MD 20899-8562, USA 7 Department of Chemistry, The Johns Hopkins University, Baltimore, MD 21210, USA The L11 binding site is one of the most important functional sites in the ribosome. The N-terminal domain of L11 has been implicated as a “reversible switch” in facilitating the coordinated movements associated with EF-G-driven GTP hydrolysis. The reversible switch mechanism has been hypothesized to require conformational flexibility involving re- orientation and re-positioning of the two L11 domains, and warrants a close examination of the structure and dynamics of L11. Here we report the solution structure of free L11, and relaxation studies of free L11, L11 complexed to its 58 nt RNA recognition site, and L11 in a ternary complex with the RNA and thiostrepton antibiotic. The binding site of thiostrepton on L11 was also defined by analysis of structural and dynamics data and chemical shift mapping. The conclusions of this work are as follows: first, the binding of L11 to RNA leads to sizable conformation changes in the regions flanking the linker and in the hinge area that links a β-sheet and a 3 10 -helix-turn-helix element in the N terminus. Concurrently, the change in the relative orientation may lead to re-positioning of the N terminus, as implied by a decrease of radius of gyration from 18.5 Å to 16.2 Å. Second, the regions, which undergo large conformation changes, exhibit motions on milliseconds-microseconds or nanoseconds-picoseconds time scales. Third, binding of thiostrepton results in more rigid conformations near the linker (Thr71) and near its putative binding site (Leu12). Lastly, conformational changes in the putative thiostrepton binding site are implicated by the re- emergence of cross-correlation peaks in the spectrum of the ternary complex, which were missing in that of the binary complex. Our combined analysis of both the chemical shift perturbation and dynamics data clearly indicates that thiostrepton binds to a pocket involving residues in the 3 10 -helix in L11. © 2007 Elsevier Ltd. All rights reserved. *Corresponding author Keywords: ribosome protein; thiostrepton inhibition; dynamics; NMR; L11 Abbreviations used: nt, nucleotide; CTD, C-terminal domain; NTD, N-terminal domain; EM, electron microscopy; RDC, residual dipolar coupling; SANS, small angle neutron scattering; SAXS, small angle X-ray scattering; NOE, nuclear Overhauser effect; TROSY, transverse relaxation optimized spectroscopy; CPMG, Car-Puercell-Meiboom-Gill. E-mail address of the corresponding author: [email protected] doi:10.1016/j.jmb.2007.01.013 J. Mol. Biol. (2007) 367, 1007–1022 0022-2836/$ - see front matter © 2007 Elsevier Ltd. All rights reserved. 
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 The Structure of Free L11 and Functional Dynamics ofL11 in Free, L11-rRNA(58 nt) Binary andL11-rRNA(58 nt)-thiostrepton Ternary Complexes
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 1Protein Nucleic AcidInteraction Section, StructuralBiophysics Laboratory,NCI-Frederick, NIH, Frederick,MD 21702, USA2Basic Research Program,SAIC-Frederick, Inc.,NCI-Frederick, Frederick,MD 21702, USA3Structural Biology andComputational Chemistry,Wyeth Research,87 CambridgePark Drive,Cambridge, MA 02140, USA4Laboratory of Biochemistry,School of Chemistry, AristotleUniversity of Thessaloniki,Thessaloniki 54006, Greece5Computational Bioscienceand Engineering Laboratory,Center for InformationTechnology, National Institutesof Health, Bethesda,MD 20892-5624, USA6NIST Center for NeutronResearch, National Institute ofStandards and Technology,100 Bureau Drive, Stop 8562,Bldg. 235/Room E151,Gaithersburg, MD 20899-8562,USA7Department of Chemistry,The Johns Hopkins University,Baltimore, MD 21210, USA Abbreviations used: nt, nucleotideRDC, residual dipolar coupling; SANOverhauser effect; TROSY, transversE-mail address of the correspondi
 0022-2836/$ - see front matter © 2007 E
 The L11 binding site is one of the most important functional sites in theribosome. The N-terminal domain of L11 has been implicated as a“reversible switch” in facilitating the coordinated movements associatedwith EF-G-driven GTP hydrolysis. The reversible switch mechanism hasbeen hypothesized to require conformational flexibility involving re-orientation and re-positioning of the two L11 domains, and warrants aclose examination of the structure and dynamics of L11. Here we report thesolution structure of free L11, and relaxation studies of free L11, L11complexed to its 58 nt RNA recognition site, and L11 in a ternary complexwith the RNA and thiostrepton antibiotic. The binding site of thiostreptonon L11 was also defined by analysis of structural and dynamics data andchemical shift mapping. The conclusions of this work are as follows: first,the binding of L11 to RNA leads to sizable conformation changes in theregions flanking the linker and in the hinge area that links a β-sheet and a310-helix-turn-helix element in the N terminus. Concurrently, the change inthe relative orientation may lead to re-positioning of the N terminus, asimplied by a decrease of radius of gyration from 18.5 Å to 16.2 Å. Second,the regions, which undergo large conformation changes, exhibit motions onmilliseconds-microseconds or nanoseconds-picoseconds time scales. Third,binding of thiostrepton results in more rigid conformations near the linker(Thr71) and near its putative binding site (Leu12). Lastly, conformationalchanges in the putative thiostrepton binding site are implicated by the re-emergence of cross-correlation peaks in the spectrum of the ternarycomplex, which were missing in that of the binary complex. Our combinedanalysis of both the chemical shift perturbation and dynamics data clearlyindicates that thiostrepton binds to a pocket involving residues in the310-helix in L11.
 © 2007 Elsevier Ltd. All rights reserved.
 *Corresponding author
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1008 Dynamics of Ribosome Protein L11 in Solution
 Introduction
 One of the remaining important questions in thepost-ribosome structure era is the mechanism oftranslocation in protein synthesis.1–3 During theelongation cycle of protein synthesis, both elonga-tion factors, EF-G and EF-Tu, play essential roles.EF-Tu forms a complex with aminoacyl-tRNA andGTP, and delivers the aminoacyl-tRNA to the Asite,4,5 whereas EF-G in complex with GTP drivesthe translocation reaction. Both factors interactwith a site that consists of the highly conservedribosomal protein L11 and a stretch of 58 nucleo-tides (nt) in 23 S rRNA. The functional importanceof this site on the ribosome is also suggested bythe fact that it is a target for the thiazole class ofantibiotics, e.g. thiostrepton and micrococin, whichinhibit EF-Tu and EF-G-dependent reactions.5–8
 L11-deficient mutants of both Escherichia coli andBacillus megaterium are viable but sick5 due todramatically slowed protein synthesis.9 The puta-tive interaction site on L11 for thiostrepton isbelieved to be centered around Pro21 and Pro22,which are conserved among bacterial and archaealproteins.10,11 The lack of these two proline residuesin eukaryotic L11 provides a plausible explanationfor the insensitivity of eukaryotic ribosomes tothiostrepton.The C-terminal domain (L11-CTD) is responsible
 for tight binding in the distorted minor groove of thehighly conserved L11 binding domain RNA (L11 BDRNA),12,13 whereas the N-terminal domain (L11-NTD) has limited interaction with the rRNA.12,14 InL11 structures derived from the crystal structure ofeither intact ribosomes or a binary L11–rRNAfragment complex,12 the relative position of theL11-NTD to the L11-CTD is not well-defined. A poorelectron density of the L11-NTD may be caused bythe rigid body movement of the L11-NTD.12 If so,this movement of the L11-NTD implies flexibility inthe linker between the two domains, even thoughthe linker is short and inherently rigid because of thepresence of two proline residues.12 Coordinatedmovements among the C-terminal domain of L7/L12, the G′ domain of EF-G and the L11-NTD havebeen proposed to play an important role in thetranslocation reaction.15,16Initial fits of L11 to lower-resolution cryo-electron
 microscopy (EM) electron density maps of the ribo-some suggested that a substantial rotation (∼40°)and a shift (∼7 Å) of the L11-NTD had occurredrelative to a conformation seen in a crystal structureof the binary L11–58mer rRNA complex,12,16 andthat further changes in the relative position of theL11-NTD took place in response to GTP hydro-lysis.16 A recent fitting of the L11 binary crystalstructure into a density map from a higher resolu-tion cryo-EM study required smaller adjustments inthe orientation of the L11-NTD, although inhibitionof L11-NTDmovements by thiostrepton remains theleading potential mechanism for thiostreptonaction.17 Given the importance of alternative L11-NTD orientations and relative positioning of the two
 domains to the ribosome function, it is essential toaccurately define the free L11 structure in terms ofboth the relative orientation and positioning, and tocarefully examine the dynamics profiles of L11 infree state, in the binary and ternary complexes in thecontext of the structure and its functions. Moreover,this study would provide insight into the behaviorof a functionally relevant section of the ribosome, ata level of detail not possible in experiments withintact ribosomes.Here, we present the high-resolution structure of
 free L11 of Thermus thermophilis, together withcomparative studies of the dynamics of L11 in thefree-state, and in the binary and ternary complexes.The solution structure and dynamics of L11 pre-sented here complement and extend previousstructural work, which includes a crystal structureof the L11–RNA complex,12 and a recent NMR studyof L11 of Thermotoga maritima.18
 Results
 Structure determination of free L11
 The structure determination of L11 using conven-tional NOE distance and torsion angle restraints wasstraightforward. The backbone-heavy atom root-mean-square deviations (rmsds) relative to theaverage structures were 0.75 and 0.55 Å for theL11-NTD (residues 1–66) and the L11-CTD (residues73–138, excluding a known flexible RNA bindingloop (RBL, residues 83–96)), respectively. However,the linker that connects the two domains (residues67–72) was poorly defined, possibly due toflexibility or lack of restraints to define thestructure of the region, or both. The relaxationparameters T1, T1ρ and 15N-[1H] nuclear Over-hauser effects (NOEs) of L11 backbone amides donot suggest that the linker is any more flexible thanthe rest of the protein. Model-free analysis of 15Nrelaxation data yields the generalized order para-meter, S2, and the effective internal correlation time,τe. The generalized order parameter of the linkerresidues is∼0.75 on average, and confirmed that thelinker residues are not particularly dynamic. There-fore, the apparent structure disorder in this linker islikely due to the lack of restraints, resulting in theunder-defined relative orientation and position ofthe two domains. We therefore applied both align-ment and diffusion tensor analysis to characterizethe relative orientation.We first analyzed residual dipolar couplings
 (RDC) data of L11 using the singular valuedecomposition method.19 An identical alignmenttensor for both protein domains was obtained,suggesting that the two domains act as a singlerigid body. We then refined the structure byincluding the RDCs of NH, CαHα and CαC′ in thestructure calculation (Table 1). Moreover, since thenumber of non-dynamic RDCs that we couldmeasure accurately was less than twice of the
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Table 1. Restraints and structural statistics
 RestraintsTotal experimental restraintsTotal distance restraints 1306
 Intraresidue (i= j) 492Sequential (|i–j|=1) 361Short range (1<|i–j|V4) 144Long range (|i–j|>4) 259Hydrogen bond 50
 Total dihedral restraintsa 373Phi 217Psi 162Chi1 180
 Total dipolar couplingsHNN 58CαHα 51CαC′ 41
 NOE violation >0.5 Å 0Dihedral angle violation >5 deg. 1SANS (2H2O)b range (Å−1) 0.03–0.2577
 rmsdsDeviation from idealized geometry
 Bonds (Å) 0.0015±0.0002Angles (deg.) 0.35±0.03Impropers (deg.) 0.31±0.1
 Backbone rmsds in regular secondarystructurec (Å)
 0.33±0.05
 Non-hydrogen atoms in regularsecondary structure (Å)
 0.85±0.2
 rmsds from Residual dipolar couplingNH 0.49±0.03CαHα 0.79±0.04C′Cα 0.63±0.03
 χ2 (Exp. SANS versus bkCalc SANS)d 1.23±0.14
 EnergiesE(NOE) (kcal/mol) 56.2±3.0E(dihed.) (kcal/mol) 9.2±1.0E(repel) (kcal/mol) 52.5±7.0E(RDC) (kcal/mol) 106.33±10E(SANS) (kcal/mol) 20.21±0.5
 a Torsion angles are restrained ambiguously due uncertainty instereo-specific assignments and in NOE assignment.61
 b The SANS in 2H2O was used for the refinement.c Regular secondary structure elements are the α-helices 1
 (residues 35–47), 2 (75–82), 3 (101–109), 4 (120–134); 310-helix(24–26); β-strands 1 (6–13), 2 (52–60), 3 (64–66), 4 (98–99) and 5(137–139).
 d Theχ2 between experimental and back-calculated SANS. Theχ2 is defined in the text.
 Table 2.Diffusion parameters for L11 from 15N relaxation
 Tensor Diso (10−7 s−1)2Dzz/
 (Dxx+Dyy) Dxx/Dyy
 Overall Isotropica 1.41±0.01 – –Axialb 1.50±0.01 1.53±0.01 –
 Anisotropic 1.49±0.01 1.52±0.01 0.88±0.03NTD Isotropica 1.40±0.01 – –
 Axialb 1.50±0.01 1.60±0.01 –Anisotropic 1.50±0.01 1.61±0.01 0.91±0.01
 CTD Isotropica 1.42±0.01 – –Axialb 1.49±0.01 1.53±0.02 –
 Anisotropic 1.49±0.01 1.52±0.02 0.92±0.05
 Values of D for 107, 55 and 52 residues were fitted using the localdiffusion approximation for overall, L11-NTD and L11-CTD,respectively.
 a Diso=Dxx=Dyy=Dzz.b D: =Dzz, Df=Dxx=Dyy, Diso= (D:+2Df)/3, D:/Df=2Dzz/
 (Dxx+Dyy).
 1009Dynamics of Ribosome Protein L11 in Solution
 number of the residues in the protein, the error inapplying the RDC for the structure calculation maystill exist.20 For this reason, we resorted to theorientation diffusion tensor analysis, which isindependent from alignment tensor analysis, tocharacterize the relative orientation.If the relative orientation between the domains
 is rigid and correctly defined, the RDC refinedstructure should agree with the diffusion tensoranalysis of the relaxation data. The calculatedrotational diffusion tensors of the individualdomains and the full length protein, using thestandard linear least-squares optimization, T1/T1ρratio21–25 and the solution structure coordinates,are listed in Table 2. Based on the calculation usingthe axial symmetric model, the overall rotationalcorrelation times for the L11-NTD, the L11-CTD
 and the overall structure were 11.1, 11.2 and11.1 ns, respectively. These values are expectedfor the L11 molecular mass of ∼16 kDa. In contrast,an overall rotational correlation time of ∼6.0 nswould have been expected if the individualdomains were to rotate independently.26 Theaverage angles between the principle inertia tensoraxes of the individual domains in their rotationaldiffusion tensor frames, from the longest to theshortest axes among the ensemble of the structures,were approximately 74°, 81° and 66°. These anglesare similar to those calculated based on thestructures refined with RDCs (88°, 81° and 65°).Therefore, in terms of the relative orientationbetween the two domains, the diffusion tensoranalysis of the relaxation data agrees with thestructure that was refined with RDCs, and both thediffusion tensor analysis and RDC data suggestthat the L11 acts as a single body.The ensemble of the 20 lowest-energy RDC-
 refined structures is shown in Figure 1(a). Theglobal rmsd values relative to the mean coordinateswere 0.75 Å and 1.22 Å, respectively, for thebackbone and all heavy atoms of residues 5–140,excluding the RBL. The L11-NTD consists of twointegral parts: a 310-helix-turn-helix (310HTH; resi-dues 14–50), depicted in magenta in Figure 1(c), andβ-sheets, depicted in cyan in Figure 1(c). “Hinges”link these two parts, allowing possible movementswithin the L11-NTD itself (see later sections).
 Refining the L11 structure using small-angleneutron scattering (SANS) data
 As discussed in the Introduction, anotherimportant question pertinent to the reversibleswitch is the relative positioning of the twodomains, which can normally be well definedwith enough NOE distance restraints. However,only a very few NOE distance restraints betweenthe two domains of the L11 from T. thermophiliswere extracted in our hands, and the sameproblem has also been recognized by Ilin et al. in
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Figure 1. Solution structure of L11 from T. thermophilus. (a) The polypeptide backbone represented by a bundle of the20 lowest-energy conformers calculated using NOE, dihedral angle and RDC constraints. The N, C termini and the RBLare indicated. (b) A bundle of the 20 lowest-energy conformers using a Rg from the SANS data, together with NOE,dihedral angle and RDC constraints. (c) Ribbon drawing of one of the 20 lowest-energy conformers from (b). The regularsecondary structure elements are labeled. The L11-NTD consists of β-sheets (cyan) and a 310HTHmotif (magenta) that areconnected by two hinges centered around residues Leu12 and Asp50.
 Figure 2. Normalized SANS intensity, I(Q) versus Q, offree L11 in 2H2O buffer (red with error bars), together withback-calculated SANS curves based on the RDC (blue), Rg(purple) and SANS (black)-refined minimized averagestructures. We also plot the GNOM67 preprocessed curve(yellow) of the experimental data in the Figure forcomparison. The nearly identical SANS curves of the Rgand SANS-refined structures suggest that the relativeposition of the two domains can be sufficiently restrainedusing Rg in the presence of the distance, torsion angle andRDC restraints in the case of L11 where the two domainsare linked by a short linker.
 1010 Dynamics of Ribosome Protein L11 in Solution
 their L11 from T. maritima.18 This lack of sufficientinter-domain distance restraints may lead to uncer-tainty in defining the relative positions of the twodomains.Small angle scattering curves contain information
 about dimensionality in the form of radius ofgyration (Rg) and global shape of molecules,27 andhave been used to generate low-resolution structuralmodels,28–31 or used to complement NMR data toderive the solution structures of multi-domainproteins.32,33 Very recently, a protocol has beenimplemented to directly refine NMR structuresusing small-angle X-ray scattering (SAXS) data.20
 We resorted to small-angle neutron scattering(SANS) measurements34 to resolve the globalshape, specifically the relative position of thedomains of L11.The Rg values for free L11 in 2H2O and H2O buff-
 ers extracted from the SANS data, were 18.2(±0.3)and 18.5(±0.3) Å, respectively. These values aresignificantly different from those calculated basedon the RDC-refined NMR structures (16.7 Å),suggesting a deviation in the overall dimension ofthe RDC-defined structure from that of the truesolution structure. This deviation is likely caused bypossible mis-placement of the relative position of thetwo domains. We then adopted two approaches torefine the structure that make use of the SANS data.Using a reported protocol,35 we first refined theRDC-refined NMR structure using Rg. Figure 2shows the average SANS data for the samples
 measured in the 2H2O buffer, along with the SANScurves back-calculated from the RDC-refined NMRstructure (χ2=4.2). With the simple refinement of
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1011Dynamics of Ribosome Protein L11 in Solution
 using experimental Rg as one of restraints, the χ2
 improves to ∼2.0 (Figure 2).Since small-angle scattering scattering data con-
 tain information about not only Rg but also theoverall shape of a molecule,27 SAXS data wererecently utilized in combination with NMR data todirectly refine the solution structure of γ-crystallinto better define relative position of the two domainsand the overall packing of the protein.20 Theadvantage of using SANS over SAXS is that theformer measures “dry volume” and the interpreta-tion of the data is relatively straightforward,whereas the latter measures “wet volume”36andthe interpretation requires making an assumptionabout the hydration water.37 This difference in thetwo approaches is important, because the size of thehydration layer is often comparable to the subtlechange in Rg due to a switch in conformation, anduncertainty in estimating the hydration layer mayobscure the change in dimension due to conforma-tion switch and may complicate the interpretation ofSAXS data. We have implemented the protocol ofdirect refinement of structures using NMR andSANS data in Xplor-NIH. The χ2 value was im-proved to be about 1.23 between the experimentaland back-calculated SANS. While the backbonermsds of domain-wise comparison between theRDC and Rg-refined, and between the RDC-refinedand SANS-refined minimized average structureswere rather small, about 0.35 Å for the bothdomains, the overall backbone rmsd, ∼1.3 Å,between the two structures was significantly large.Because the relative orientation between the twodomains was the same in all three structures becauseof RDC restraints, the difference in the overallbackbone rmsds between the RDC-refined andeither Rg-refined or SANS-refined structures wasattributed to the difference in the relative position-ing in the structures.
 L11 changes conformations near the ends of thelinker and in the hinges upon binding to RNA
 To determine whether free and RNA-bound L11are structurally different, we compared the structureof free L11 described above with that of the L11 inthe binary complex crystal structure.12 These find-ings are important, because they may revealresidues or regions that may be susceptible toconformation changes and may be critical to theL11-NTD movements necessary for its function.Comparisons of the individual domains in thesolution structure with those of the crystal structureshow nearly identical folds, with backbone rmsdvalues of 1.45(±0.11) and 1.16(±0.04) Å for theregular secondary structures in the L11-NTD and-CTD, respectively. However, when the regularsecondary structures of both the domains aresimultaneously superimposed, the backbone rmsdvalue increased to 7.20(±0.12) Å. The large rmsddifference between the two structures is attributedroughly to a rotation of the L11-NTD by ∼70°around the longest principal component of the
 inertia tensor, and to a tilt of the domain by ∼40°along one of the horizontal axes relative to the L11-CTD (Figure 3). In detail, the conformation changeupon binding to RNAwas accomplished via a seriesof change in both ϕ and ψ angles. We calculated theaverage difference of both ϕ/ψ angles between thetwo structures as defined using the followingformula:
 Dang ¼1=2
 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðfðsolutionÞ � fðcrystalÞÞ2 þ ðcðsolutionÞ � cðcrystalÞÞ2
 q
 Δang clearly revealed the residues where the ϕ/ψtorsion angles underwent substantial changes uponL11 binding to the RNA (Figure 4). Those residuesinclude not only those located in the L11-CTDregions in direct contact with the RNA (Ala82–Gly97, Met112, Leu115 and Thr118) as expected, butalso residues in or around the linker (Thr71 andAla74) and in the L11-NTD. The latter residuesinclude those in the two hinges (Ala14–Lys16 in one,and Met48 and Asp50 in another, Figure 4). Thelarge changes in the torsion angles of the hingeresidues Ala14–Lys16, Met48 and Asp50 allowedthe 310 HTH motif to re-orient relative to the β-sheets in the L11-NTD when bound to rRNA. Theselarge changes were also accompanied by changes inthe torsion angles in the post-310-helix residues in aloop (Gly28 and Ala32). The regions that exhibitedlarge changes in ϕ/ψ angles were also those thatshowed motions on various time scales (see thefollowing sections).
 Dynamics of L11 in the free state and in thebinary and the ternary complexes
 We have optimized solution conditions for NMRinvestigations of L11 in binary (L11-RNA) andternary (L11-RNA-thiostrepton) complexes. Almostcomplete assignments of the backbone 1H/13C/15Nchemical shifts of the L11 in both complexes havebeen obtained by using a combination of 3Dtransverse relaxation optimized spectroscopy(TROSY) experiments. For the binary complex, theratio of RNA:L11 had to be at least 2:1 due to a fastexchange between bound and free states in order toobtain a high-quality spectrum. The weaker bindingbetween the RNA and L11, which is estimated to beon a micromolar-scale, may complicate the inter-pretation of the T1 and T1ρ of the binary complexdue to contributions from chemical exchanges. Theratio of RNA:L11 in the ternary complex was kept to1:1, with an excess of thiostrepton. The TROSYspectra of the L11 in all three states are illustrated inFigure 5.Due to in part of the large molecular masses,
 ∼40 kDa, and in part chemical exchanges betweenthe bound and free L11 in complex samples, it wasimpossible to apply the conventional array ofexperiments to record relaxation data for L11 in allthree states. The estimated low end of the overallrotational correlation time was approximately 17 nsfor both the binary and ternary complexes using the

Page 6
						

Figure 3. Comparison of the relative orientation between L11-NTD and L11-CTD among the solution structure (a),the structure of L11 in the complex with 58 nt RNA fitted into cryo-EM density of 70 S ribosome (1JQS)16 (b) and thecrystal structure of L11 in the complex with 58 nt RNA (1MMS)12 (c). The backbone atoms for L11-CTD (residues 75–140,excluding the flexible RBL) have been superimposed for the best fit. The principal components of inertia tensors of L11-NTD of the solution structure, the cryo-EM structure and the crystal structure were calculated using the MolMol programand are shown in magenta. The N and C termini are indicated.
 1012 Dynamics of Ribosome Protein L11 in Solution
 1D [15N,1H]-TRACT experiment.38 We then appliedTROSY-type T1, T1ρ and 15N-[1H] NOE mea-surements39,40 in order to compare the dynamicproperties of all states (Figure 6). However, due to apoor signal-to-noise ratio in the T1ρ measurementsof the binary and ternary complexes, we thenresorted to measuring T1ρ of the TROSY-componentof L11 in all three states using Palmer's scheme.41
 These relaxation parameters are sensitive to motionson the picoseconds and nanoseconds time scale.However, the quantitative interpretation of therelaxation parameters of these TROSY components
 Figure 4. Comparison of torsion angles between the
 1=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðfðsolutionÞ � fðcrystalÞÞ2 þ ðcðsolutionÞ � cðcrystalÞÞ2Þ
 qs
 indicated.
 has not been developed. Therefore, we present hereonly the qualitative interpretation of the data.Nevertheless, we have measured the relaxationof free L11 using conventional experiments (FigureS2) and the results showed basically the same trendas that for free L11 using the TROSY-based experi-ments (Figure 6). In addition, we have also per-formed quantitative analysis of the relaxationparameters of free L11.The TROSY-type T1, T1ρ and NOE data, referred as
 T1, T1ρ and NOE in the rest of the text, for free L11were plotted against residue numbers as shown in
 solution structure and the crystal and the ðDang ¼tructure of L11. Residue regions showing Δang>∼50° are
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Figure 5. 2D [15N,1H]-TROSYspectra of (a) L11; (b) L11-RNAcomplex; and (c) L11-RNA-thios-trepton complex. The concentrationof 15N,2H-labeled L11 in all sam-ples was 0.7 mM. For both com-plexes, non-labeled RNAwas used.For the L11-RNA-thiostrepton, non-labeled thiostrepton was used. Allspectra were recorded at pH 6.5and 40 °C on a Bruker Avance600spectrometer. In order to achieve
 the maximum sensitivity, all three spectra were recorded using different delays for polarization transfer, as well asdifferent t1max and t2max.
 Figure 6. Comparison of thepolypeptide backbone amide 15N(a) T1; (b) T1ρ; and (c) 15N-[1H] NOEof free L11 (green); L11 in the binary(blue); and L11 in the ternary com-plexes (red). All spectra were ac-quired with the selection of a slowlyrelaxing component of the 15Ndoublet, using a pulse scheme.39–41
 The errors were estimated based onduplicating the measurements thatwere recorded several days apart.The concentrations of 15N,2H-labeled L11 in all samples wereabout 0.7 mM. Non-labeled RNAwas used to prepare the L11-RNAcomplex and L11-RNA-thiostrep-ton complexes. The secondarystructure of L11 is drawn on thetop of the Figure. Excess non-labeled RNA and thiostreptonwere used to prepare the binaryand ternary complexes, respec-tively. All spectra were recordedat 40 °C on a Bruker Avance600spectrometer.
 1013Dynamics of Ribosome Protein L11 in Solution
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Figure 7. (a) Plot of the difference ΔR1ρ=R1ρ(τCP=10 ms)−R1ρ(τCP=1 ms) of L11 versus the residue number, and theribbon drawings of (b) the solution structure and (c) the crystal structure of L11. The surface areas of Ala51 and Pro72 inmagenta, which were calculated using programMolMol, are in close hydrophobic contact in both the free state and binarycomplex. The residues showing conformational exchange are indicated (Gly49 and Ser75).
 1014 Dynamics of Ribosome Protein L11 in Solution
 green in Figure 6. The average NOE value, excludingoutliers, was about 0.83. The NOE values for the L11-NTD were relatively uniform, except in the regionaround Ala51. In contrast, the L11-CTD contains thelarge unstructured RBL, part of which shows sig-nificantly depressed NOE values (residues 90–95),agreeing with previous measurements of the L11-C76fragment (from Bacillus stearothermophilus, comprisingresidues 64–139).42,43 The C-terminal tail showedstrongly depressed NOEs from residues 143–147.The depression of the NOEs, which reflects internalmotion on the sub-nanoseconds timescale, was alsoreflected in depressed T1 and elevated T1ρ values for
 90–95 in theRBL.Additionally, theC-terminal tail andresidue Ala51 in the L11-NTD showed substantiallyincreased T1ρ, which, together with substantiallydepressed NOE at these positions, indicate possiblemotions on the sub-nanoseconds timescale. It isinteresting to note that in contrast to those in the Cterminus, the residues in the N terminus, whichmakeβ1 strand, are not particularly dynamic (Figure 6).For comparison, the T1, T1ρ, and NOE data for the
 binary and ternary complexes were plotted next tothose for free L11 (Figure 6). The average T1ρ of theTROSY components of L11 in the binary complexwas approximately 60 ms, about 5 ms shorter than
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 that of L11 in the ternary complex (Figure 6(c)), andmay be attributed to the slow chemical exchangedue to transient inter-complex interaction. Com-pared to the T1ρ of free L11, the T1ρ of L11 in thecomplexes showed relatively small fluctuationsaround their average mean values, with theexception of Ala51. The T1 of L11 in both thebinary and ternary complexes varied in concert,although the T1 of L11 in the binary complex ex-hibits a larger variation (Figure 6). The NOE valuesof the binary are consistently lower than those ofthe ternary complexes. The NOE values for thebinary complex are virtually identical in two sets ofmeasurements recorded with 3 and 6 s recyclingtime (data not shown). Furthermore, the T1ρ, T1 and15N-[1H] NOE values indicate that the RBL incomplexes is flexible and still exhibits motion fasterthan their overall tumbling time in the complexes(Figure 6(c)).The L11-NTD in free L11 was more dynamic than
 the CTD. The average T1ρ of the L11-NTD in free L11was ∼210 ms, whereas that of the L11-CTD was∼180 ms, suggesting that, on average, the residuesin the L11-NTD undergo internal motions on a timescale faster than those in the L11-CTD. This resultappears to be in agreement with a recent moleculardynamics study, in which the L11-NTD was seen tofluctuate significantly more than the L11-CTD.44
 This difference between the domains disappeared inL11 bound to the RNA in both the binary andternary complexes, possibly due to the changes indynamics upon the binding in the regions flankingthe linker (see the following discussion).We also examined the relaxation data in the linker
 between the two domains and the regions flankingthe linker in the three states. The linker may serveas a hinge for the L11-NTD movement, and therelaxation data may provide a clue to the dynamicsof the linker. First, the residues in the linkerappeared to have an average value of NOE in allthree states (Figure 6(c)). Second, Ala51 in all threestates showed a deeply depressed NOE and agreatly elevated T1ρ, indicating internal motion onthe sub-nanoseconds time scale. Ala51 in free L11also showed a greatly elevated T1, comparable onlyto residues at the end of the L11-CTD, suggesting avery fast motion of Ala51. This is in contrast to thecomplexes in which the Ala51 T1 value is aboutsame as the mean value of T1. Lastly, the NOE valueof the L11 Thr71 was depressed in the binarycomplex but was about the average value in theternary complex (Figure 6(c)), suggesting thatthiostrepton binding resulted in an altereddynamics, most likely more rigid conformation. Itis noteworthy that Leu12 showed a depressed valuein the binary complex but had an average NOEvalue in the ternary complex (Figure 6(c)), indicat-ing a more rigid conformation, which might beattributed directly to thiostrepton binding as Leu12was located right across from the 310-helix, theputative binding site for the antibiotic. We alsoattempted to investigate the slow motion dynamicsof L11 in the three states. The slow motion dynamics
 of free L11, using the Car-Puercell-Meiboom-Gilltechnique (CPMG) dispersion experiments41,45 indi-cate residues Ser75 at the end of the linker alongGly49 in the hinge region in free L11 showed internalmotions on a microseconds-milliseconds timescale(Figure 7). Ser75 is located at the beginning of α-helix2 in the L11-CTD. We have performed the sameexperiments for L11 in the binary and ternarycomplexes but were unable to obtain consistent setsof results due to a poor signal-to-noise ratio of thespectra.It is clear that residues that exhibit dynamic
 motion in the free state also have large changes theϕ/ψ torsion angles when compared with those inthe binary complex (Figures 4 and 6).12 In particular,Ser75, located at the beginning of α2, showsmilliseconds-microseconds timescale motions;Thr71, located at the end of the linker, shows ananoseconds-picoseconds timescale motion (Figures4 and 6). Both of the regions undergo largeconformation changes (Figure 4). Furthermore,binding of L11 to the RNA causes sizable changesin the torsion angles of the hinge residues that holdthe 310HTH and β-sheets (Figures 1(c) and 4). As aresult, Pro21 and Pro22 in the motif begin to facetoward A1067 and A1095 of the RNA, as shown inthe binary complex.12 The ability of torsion angles tochange in the region around G49 also appears to beassociated with motions of microseconds-millise-conds (G49) and nanoseconds-picoseconds (residues48–52) timescales (Figures 4 and 5).
 The mode of action of thiostrepton
 The chemical shift differences of the L11 amidegroups between the free protein and binary complexindicate, as expected from RNA binding studieswith truncated L1114,46 and from crystal structuresof L11-RNA complexes,12,13 that L11 binds to theRNA via the L11-CTD (Figure 8(a) and (b)). Thelargest chemical shift perturbations were seen in theRBL between residues Gly83 and Gly97. Besides thelarge perturbations of chemical shifts in the L11-CTD, smaller perturbations of chemical shifts alsooccurred in the L11-NTD residues.In contrast to the difference between chemical
 shifts in free and RNA-bound L11, a comparison ofthe binary and ternary complexes suggests thatbinding of thiostrepton mainly perturbs residueswithin the L11-NTD, while those in the L11-CTDremain largely unchanged (Figure 8(c) and (d)).Some of the largest perturbations of chemical shiftsin the L11-NTD occurred in amides of residues Val5,Val7, Leu10, Ala32, Gly49-Ala51, Val53 and Ser75,among which residues Gly49–Ala51 are located inone of the hinges that bridge the β-sheets and the310HTH motif. The same region also showed one oflargest changes in the torsion angles when bound tothe RNA (Figure 4), and milliseconds-picosecondsmotions (Figure 6(c)). The amide chemical shifts ofIle52 were assigned in the free L11 but the cross-peak was missing in both the spectra of the binaryand ternary complexes. We could not obtain
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Figure 8. 1H and 15N chemical shift differences in the backbone amide groups of L11 in the free state and the binarycomplex (a) and (b), respectively, and L11 in the binary and ternary complexes (c) and (d), respectively. The secondarystructure of L11 is drawn on the top of the Figure.
 1016 Dynamics of Ribosome Protein L11 in Solution
 chemical shift perturbation data in the putativebinding site for thiostrepton because it contains twoproline residues (Pro21 and Pro22); the cross-peaksof residues next to these two proline residues werealso missing in the binary complex spectrum,possibly due to exchange line broadening. How-ever, many of these missing cross-peaks in thespectrum of L11 in the binary complex, includingtwo residues immediately following these prolineresidues, re-emerged in the spectrum of the ternarycomplex. These residues were Lys3, Val4, Gln11,Val23, Gly24, Ala26, Gly28 and Gln29. The re-emergence of these missing cross-peaks was thedirect result of altered chemical exchange/dynamicsof the region caused by thiostrepton binding. Theseaffected residues are located in β1 and the 310-helix(Figure 9).
 Discussion
 In the bacterial ribosome, the complex betweenprotein L11 and the associated 58mer nt domain ofrRNA is involved in several important, factor-dependent processes.47 During the elongation cycleof protein synthesis, EF-Tu–aminoacyl-tRNA com-plexes and EF-G, which share structural simi-larities,48 alternately interact with the same regionof the ribosome.49 It has been hypothesized that theL11-NTD,which onlyweakly interacts with rRNA,12
 may be able intrinsically to change its conformationor position, and function as a molecular switch insynchronization with the binding and release of EF-Tu and EF-G during the elongation cycle.12,16,50 Theantibiotic thiostrepton may affect the ribosomefunction by altering the conformations accessible tothe L11-NTD.10,11 Here, we present experimentalevidence that may reveal the structural and dynamicbasis for the mobility of the L11-NTD.The question of the relative orientation and
 position of the two domains is central to the
 reversible switch hypothesis. The L11-NTD in thefree-state and in the binary complex adoptsdifferent conformations and orientations relativeto its CTD. The different orientations are due toalternative conformations in the regions flankingthe linker and in one of the hinges in the L11-NTD,both of which exhibit nanoseconds-picosecondsmotions. In the crystal structure of the binarycomplex,12 interface residues forming hydrogenbonds (the equivalent of Thr71 is bonded to Lys111and Asp114) are highly conserved. However, thesehydrogen bonds are not present in our solutionstructure of the free L11, and our relaxation dataindicate that the amide 15N of Thr71 of L11 in thebinary complex exhibits nanoseconds-picosecondsmotions (Figure 6). The major structural differencesin terms of the torsion angles can be seen in theresidues flanking the linker and the residues in thehinges between the β-sheets and the 310HTH motifin the L11-NTD, in addition to those expected in theL11-CTD (Figure 4). These structural differencescorrelate well with the chemical shift perturbationdata (Figure 8(a) and (b)): wherever a large changein torsion angles occurs between the two structures,a large change in chemical shifts occurs in the sameregion, suggesting that these structural differencesare not artifacts of crystal packing. Furthermore, thechange in the Rg value, from 18.5 Å for free L11 to16.2 Å for the L11 in the binary complex (1MMS12),with the χ2=9.4 between the experimental and theback-calculated SANS, indicates a decrease in over-all dimension, likely due to a shift of the relativeposition between the two domains, upon binding tothe RNA. We suggest that the inherent dynamics inthe regions flanking the linker and in the hingesallows them to adopt different conformations andthe relative position with little penalties in freeenergy when L11 binds to rRNA. While this workwas in progress, an NMR study of L11 from T.maritima18 also concluded that the L11 domaininterface in solution is rigid and differs from that
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Figure 9. The molecular surface and ribbon diagram of L11. Residues whose chemical shifts of backbone amidegroups either re-emerged or were significantly perturbed upon thiostrepton binding are indicated by their residuenumbers and magenta color in the ribbon diagram. The Pro21 and Pro22 positions in the structure are also indicated. Theposition of Tyr60 is indicated at the back of the N terminus.
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 in the crystal structure. Unfortunately, the coordi-nates of that structure are not available for a detailedcomparison with the T. thermophilis structurereported here.Thiostrepton is believed to be the only antibiotic
 drug to bind to both rRNA and a protein inribosome. Its binding site on 23 S rRNA, whichinvolves A1067 and A1095,7,51 is relatively welldefined. In contrast, the interface between L11 andthiostrepton is less clear. A mutagenesis studysuggests that both Pro21 and Pro22 may be involvedin the binding.10 A recent proposal suggests that theantibiotic primarily binds to rRNA, inhibiting
 protein synthesis by blocking a conformationalchange in the L11-NTD.11,47 Indirect experimentalevidence came from the altered protease suscept-ibility of Tyr62.11,47 Tyr62 (Tyr60 in T. thermophilis) islocated at the end of β2, which is adjacent to the Nterminus of the protein. The chemical shift perturba-tion data indicate that the residues in the N terminuswere among the most affected by thiostreptonbinding (Figures 8(c) and (d), and 9), suggestingthat significant conformation change took place inthe region. It is possible that the thiostrepton-induced conformational change in the N terminusrenders Tyr62 less accessible to the protease.

Page 12
						

1018 Dynamics of Ribosome Protein L11 in Solution
 Moreover, the residues that were affected bythiostrepton binding can be divided into twogroups. The first group is located either in thevicinity of the putative binding site, and the secondgroup in the remote region at the hinge and the endof the linker. The perturbed residues near theputative binding site include those in the 310-helix,in the opposing β1 and the rest of the N terminus(Figure 9). The 310-helix and the opposing β1 strandform a shallow pocket. Interestingly, almost allresidues following, but none of those preceding thePro21 and Pro22, were affected by the binding. Oneplausible explanation is that thiostrepton may be inclose contact to the residues in the 310-helix, whichdirectly faces RNA residues A1067 and A1095 in thebinary complex.12 This explanation is consistentwith the proposed “thiostrepton pocket” model, inwhich the antibiotic is sandwiched between A1067and A1095, and the 310-helix.
 47 The second group ofthe perturbed residues include those in the hingeand those at the end of the link (Figure 9). BothAla51 in the hinge and Thr71 at the end of the linkerexhibit nanoseconds-picoseconds dynamics in thebinary complex (Figure 6(c)), and Thr71 appears tobecome rigid upon thiostrepton binding in theternary complex (Figure 6(c)). The chemical shiftperturbation of these amide groups in the hinge andat the end of the linker is likely due to theconformation change taking place in these twodynamic regions to accommodate the antibioticinsertion into the pocket formed between theA1067 and A1095, and the 310-helix. Furthermore,restricted motions of Thr71 and elsewhere through-out the L11 backbone, as suggested by an increase inaverage values of NOE upon thiostrepton binding,may limit the conformation space that is required fora concerted movement involving L11 and severalother factors during the elongation cycle in proteinsynthesis.
 Materials and Methods
 Sample preparation
 The 58mer rRNA fragment was prepared using aprotocol similar to one previously described by otherresearchers.52 RNAwas transcribed in vitro using purifiedHis6-tagged T7 RNA polymerase and plasmid DNA, oneend of which was generated by digestion using RsaI togive the exact 5′ ending sequence of the RNA fragment.52
 The RNA was purified by denaturing 20% (w/v) poly-acrylamide gel electrophoresis and excised from the gel.RNAwas eluted from the gel using an Elutrap (Schleicherand Schuell, Keene, NH), ethanol-precipitated, anddesalted using 3000 molecular cutoff spin filters (Milli-pore, Billerica, MA). The purified RNA was lyophilizedand suspended in a buffer containing 50 mMNaCl, 20 mMMes (pH 6.5) and 0.5 mM MgCl2 to make a 1.2 mM stockRNA solution. The protein L11 sample was prepared in away similar to that reported,53 with the followingexception: a His-tag followed by a thrombin digestionsite was cloned into the N terminus of the protein;therefore, a cobalt column was used in the first step of
 purification. The His-tag was cleaved by thrombindigestion (0.01 unit/μg) at ambient room temperatureovernight. The digestion mixture was passed through a C-18 reverse-phase column, and the L11 fractions werelyophilized and suspended in the same buffer as the RNAsample to make a 1.5 mM stock solution. Thiostrepton waspurchased from Sigma (St. Louis, MO) and was dissolvedin dimethylsulfoxide (DMSO) to make a concentratedstock of ∼100 mM. To make the ternary complex of L11-RNA-thiostrepton, we first titrated the L11 solution withthe RNA using amide 2D [15N, 1H]-TROSY spectra54 untilthe peaks of L11 in the free form were not observed. Wethen added thiostrepton stock solution to the L11-RNAcomplex to confirm the ternary complex by monitoringwith 2D [15N,1H]-TROSY. The final ternary complexsolution contained 5% (v/v) DMSO. As a control, up to10% DMSO was added to the L11-RNA complex sample,but the signal from the protein in 2D [15N,1H]-TROSYspectra was not changed. The ternary complex solutionwas then spin-filtered in a 10,000 MWCO filter toconcentrate it to 0.7 mM in about 330 μl volume. Using apreviously reported procedure,55 a preparation of 85%perdeuterate, 13C/15N-labeled L11 was used for assigningthe backbone of L11 in the ternary complex. The RDCsof L11 were recorded using a 6% polyacrylamide gel asdescribed in a published procedure.56 The ratio ofstretching was 6:4.8.
 Solution structure determination of free L11
 The 1H/13C/15N chemical shift assignments of the freeL11 were made in 10 mM KPi (pH 6.5), 70 mM KCl,53
 which is different from our current buffer. We verified theassignments using the normal array of through-bondassignment experiments.57 For the structure determina-tion of the free L11, we obtained distance constraints fromthree NOESYexperiments with a mixing time of 90 ms, i.e.3D 15N-resolved [1H,1H]-NOESY, and 3D 13C-resolved[1H,1H]-resolved NOESY, with the 13C carrier frequencyin the aliphatic and aromatic region, respectively. AllNMR data were processed with the program nmrPipe,58
 and the program CARA was used for the spectralanalysis.59
 The three NOESY spectra were picked and assigned byautomated NOESYpeak picking and the NOE assignmentmethod ATNOS/CANDID.60 The input for the ATNOS/CANDID approach consisted of the chemical shift listobtained from a sequence-specific assignment and thethree NOESY spectra. A total of 1256 meaningful NOEupper limits obtained fromATNOS/CANDID calculation,together with 565 torsion angle constraints, was used forstructure calculation with the program CYANA.61 Basedon the 20 lowest target function conformers from theaforementioned structure calculation, 50 backbone hydro-gen bonds were identified by CYANA and used for thefinal structure calculation.This NOE-based solution structure of L11 was further
 refinedwith RDC, using Xplor-NIH version 2.6. About 150RDCs, for residues with order parameters greater than 0.7and well-resolved cross-peaks, were used in the refine-ment. The initial Da and R values were estimated from ahistogram,62 and the final values, 14.0 and 0.55, and 14.3and 0.5, were determined using the SA and SVDmethods,respectively.19,62 Because L11 consists of two domainsjoined by a short linker, we also evaluated the Da and R ofthe two domains individually, using both approaches.Since the results were very similar for each domain usingboth approaches, one alignment was sufficient to
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 characterize L11. The structure validation was performedusing standard procedures63,64 and the average Petersoncorrelation coefficients, Rp, were approximately 0.95. Thecalculated structures have good covalent geometries, andthe residues in the most favored, additionally allowed,generously allowed and disallowed regions are 64.8%,26.2%, 6.6% and 2.5%, respectively. It is noteworthy thatmore than 50% of the L11 residues are in non-regular,secondary structure regions. The residues that are ingenerously allowed and disallowed regions are mostlythose in the flexible loops where there is little restraint.
 Chemical shift assignment of L11 in binary andternary complexes
 Assigning the backbone heteronuclear chemical shifts ofthe L11 in the binary and ternary complexes waschallenging due to unfavorable solution behavior of thecomplexes. This was especially true for the binarycomplex and was likely due to “rigid body” movementsof the L11-NTD relative to the rest of the complex. Theoverall rotational correlation times of L11 in the complexeswere estimated to be ∼17 ns using the 1D [15N,1H]-TRACT.38 We applied a combination of 3D TROSY-typetriple resonance experiments,65 namely HNCA, HNCACBand 3D 15N-resolved [1H,1H]-NOESY spectra to assignmore than 98% of the backbone amide group, 13Cα and13Cβ of L11 in the binary and the ternary complexes using15N,13C,2H-triply labeled L11.
 Relaxation experiments
 For detailed analysis of the dynamic properties of L11 inthe free form, we recorded conventional T1, T1ρ and 15N-[1H] NOE at 30 °C on a Bruker Avance600 spectrometeroperating at a 1H frequency of 600.133 MHz. The T1 datawere obtained using 15N relaxation delays of 8, 64, 136,232, 336, 472, 664 and 800 ms. The T1ρ data were obtainedusing 15N relaxation delays of 8, 24, 48, 72, 96, 120, 160 and192 ms with the 625 Hz field strength CPMG. For the 15N-[1H] NOE measurement, two 2D spectra were acquired inan interleaved manner with and without the saturation ofprotons.To compare the dynamic properties among L11, the L11-
 RNA and L11-RNA-thiostrepton complexes, we recordedT1, T1ρ, and
 15N-[1H] NOE of the TROSY component39,41 at40 °C on the Bruker Avance600 spectrometer. For L11, theT1 data were obtained using relaxation delays of 10.7, 85.3,192, 320, 480, 687.3 and 981.3 ms, and T1ρ was obtainedusing relaxation delays of 32, 64, 96, 128, 192, 288, 320, 384and 448 ms with the 625 Hz field strength CPMG. For theL11-RNA complex and L11-RNA-thiostrepton complex,the 15N T1 was obtained using relaxation delays of 10.7,85.3, 192, 320, 480, 687.3, 981.3 and 1440 ms; T1ρ wasobtained from experiments with relaxation delays of 3.2,6.4, 9.6, 12.8, 19.2, 28.8, 32.0, 38.4, 44.8, 57.6, 76.8 and96.0 ms, with a 625 Hz field strength CPMG. The values of15N-[1H] NOE for all samples were from an intensity ratioderived from two data sets taken with and withoutsaturation of the protons.For the relaxation dispersion measurement of L11, we
 recorded two sets of T1ρ41 with τCP of 1 and 10 ms
 refocusing CPMG at 30 °C. For T1ρ with the 1 msrefocusing CPMG, the relaxation delays of 4, 8, 16, 32,64, 128, 256 and 512 ms were measured, while therelaxation delays of 40, 80, 160, 240, 320 and 440 mswere measured with the 10 ms refocusing CPMG. All
 relaxation measurements were duplicated several daysapart.All data were processed with the NMRPipe software
 package,58 and peak integrations were performed with theCARA software package.59 The peak intensities versusrelaxation delays for T1 and T1ρ were fitted to a singleexponential decay to obtain the relaxation times.
 Determination of components of the rotationaldiffusion tensor of the free L11
 The rotational diffusion tensors were calculated bystandard linear least-squares optimization using thestructures of the individual domains (55 and 52residues were used for the L11-NTD and the L11-CTD, respectively) and the full-length L11 (107 residues)solution structure.24,25 Even though the relative lengthsof the principal axes of the inertia tensor for L11(1.00:0.69:0.41) imply that the rotational diffusion tensormay be anisotropic, the rotational diffusion tensorscalculated using the axial symmetric model and theanisotropic model are very similar (Table 2). Thus, weused the axial symmetric model for the detailedanalysis of 15N relaxation22. The rotational diffusiontensor D was determined by a linear least-squares fit tothe T1/T1ρ ratio of a set of 15N-1H vectors24,25 in theindividual domains and overall L11, using the 20 lowest-energy conformers representing the solution structure.Residues with 15N-[1H] NOE values less than 0.65 wereexcluded from the calculation, due to fast internalmotions. In addition, residues that are subject to con-formational exchange were excluded with the followingcriteria:22
 ðhT1qi � T1qÞ=hT1qi � ðhT1i � T1Þ=hT1i > ð3=2Þr ð1Þwhere σ is the standard deviation of (⟨T1ρ⟩−T1ρ)/⟨T1ρ⟩−(⟨T1⟩−T1)/⟨T1⟩, and the brackets indicate average overallresidues.
 SANS measurements and refinement of the structureswith SANS data
 SANS measurements were performed on the 30-meterSANS instruments at the National Institute of Standardsand Technology (NIST) Center for Neutron Research inGaithersburg, MD.53 The neutron wavelength, λ, was5 Å, with a wavelength spread, Δλ/λ, of 0.15. Scatteredneutrons were detected with a 64 cm×64 cm two-dimensional position-sensitive detector with 128×128pixels at a resolution of 0.5 cm/pixel. Raw counts werenormalized to a common monitor count and correctedfor empty cell counts, ambient room background countsand non-uniform detector response. Data were placed onan absolute scale by normalizing the scattered intensityto the incident beam flux. Finally, the data were radiallyaveraged to produce scattered intensity, I(Q), versus Qcurves, where Q=4πsin(θ)/λ and 2θ is the scatteringangle. A sample-to-detector distance of 1.5 m was usedto cover the range 0.03 Å−1≤Q≤0.3 Å−1. The scatteredintensities from the samples were then further correctedfor buffer scattering and incoherent scattering fromhydrogen in the samples.Initial data analysis was performed using the Guinier
 approximation, on the low-Q:
 IðQÞ ¼ Ið0Þexpð�Q2Rg2=3Þ; ð2Þ
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Table 3. Scaling force constants used in the refinement
 Term High temperature Initial Final Units
 RDC 0.001 0.001 1 kcal/mol Hz2
 NOE 30 2 30 kcal/mol Å2
 Dihedral 10 200 200 kcal/mol rad2
 TADB 0.002 0.002 1 kcal/molSANS 100 100 100 kcal/molBond 1 1 1 kcal/mol Å2
 Angle 0.4 0.4 1 kcal/mol rad2
 Improper 0.1 0.1 1 kcal/mol rad2
 N bond 0.004 0.004 4 kcal/mol Å4
 Radius 1.2 0.9 0.8 Å
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 portions of the data to obtain values for the radius ofgyration, Rg, and the forward scattering intensity, I(0), ofthe samples. This analysis is valid only in the regionwhere QRg ∼1. SANS scattered intensity curves werecompared to model curves calculated from high-resolu-tion X-ray crystal or NMR structures using the programXTAL2SAS.54,55 The Rg values from the model SANSintensity curves were obtained by XTAL2SAS using thefollowing relation:
 Rg2 ¼
 Z l
 0PðrÞr2dr
 Z l
 0r2dr
 ð3Þ
 where P(r) is the distance distribution function. The Rgvalues calculated from the model structures were com-pared to the average Rg calculated from the combinedH2O and 2H2O data. In addition, the model scatteredintensity curves were compared to the average scatteredintensity curve for the data obtained in 2H2O buffer.The I(Q) versus Q SANS data were recorded for L11 atconcentrations ranging from 2 mg/ml to 5 mg/ml inH2O buffer and from 1 mg/ml to 5 mg/ml in 2H2Obuffer, along with the Rg and I(0) values calculated usingthe Guinier analysis. We used the same buffer for bothNMR and SANS experiments.Refinement of the NMR-structures against the SANS
 data was performed using the newly implementedprotocol in the Xplor-NIH package. While the details ofthe protocol will be described elsewhere to avoid dilutingthe main focus of this article, a brief outline follows: Aharmonic energy potential, along with other standardmultiple energy terms,66 was used for the refinementagainst the scattering intensity:
 Escat ¼ Nscat
 Xj
 Nj½IðqjÞ � IobsðqjÞ�2 ð4Þ
 where ωscat is an overall scale factor on the energy term,ωj is a per q weighting, Iobs(qj) is the observed scatteringintensity, and the sum is over the data points of qj. Theprotocol consists of 20 ps of dynamics at 3000 K,followed by annealing from 3000 K to 25 K at 12.5 Kincrements, with 0.2 ps of dynamics run at eachtemperature. Final gradient minimization was per-formed in torsion-angle space, followed by all-degreeof freedom minimization. The 20 lowest-energy (omit-ting TADB and non-bonded terms) structures were usedfor analysis. Atomic masses were set to 300 amu. Withthe regard to the fitness of the structures to the SANS,χ2 values were calculated for the top 20 structures usingthe equation where NI is the total number of data points,and are the observed and calculated scattering intensitiesat point j, and I0
 obs and I0calc are the scattering intensities
 normalized to their q=0 values:
 v2 ¼ ðNI � 1Þ�1Xj
 ðIobsj =Iobs0 � Icalcj =Icalc0 Þ2=r2I ðqiÞ ð5Þ
 The RDC-refined structure was used as the startingcoordinates for the refinement with the SANS data. Theforce constants on the various energy terms, Table 3, wereeither scaled geometrically during refinement, or heldconstant, while the atomic radius used in the non-bondedinteraction was scaled down. Xplor-NIH versions 2.16 andlater contain support for SANS refinement. The inputscripts used in these calculations can be obtained from theauthors.
 Protein Data Bank accession codes
 The L11 structures have been deposited with RCSBProtein Data Bank with accession codes 2H8W (NOE-dihedral-refined), 2E34 and 2E35 (Rg-refined) and 2E36(SANS-refined). The assignments of the backbone amide1H and 15N, 13Cα and 13Cβ have been deposited with ac-cession codes 7314 for the binary, 7315 for the ternarycomplexes.
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