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Dynamics-based recognition mechanism of dsRBD-dsRNA interaction 

Name: Mr. Harshad Paithankar. 

Registration No.: 20143299. 

Thesis Supervisor: Dr. Jeetender Chugh. 

Department: Department of Chemistry, IISER, Pune. 

Chapter 1: Introduction 

The broad range of cellular activities – ranging from cell-growth, development, to death – 

involves interaction between double-stranded RNAs (dsRNAs) and dsRNA-binding domains 

(dsRBDs)1,2. The dsRBDs have a well-defined structural fold of α-β-β-β-α, where two α-helices are 

packed against three antiparallel β-strands1,2. The dsRBDs from multiple proteins with this common 

fold are known to interact with A-form helical dsRNAs via minor-major-minor grooves spanning a 

length of about 12 base-pairs3. However, the dsRNAs in the cellular matrix can have imperfections in 

their duplex structures like internal loop or bulge that lead to change in their topology4. In the cellular 

environment, these dsRNAs with assortment of topologies are recognized by a handful of dsRBDs. The 

dsRBDs are present as modular units in proteins like TRBP (TAR RNA-binding protein), ADAR 

(Adenosine deaminase acting on RNA), and Staufen, and are involved in RNAi2, RNA editing5, RNA 

transport6, respectively. Recent reports have shown that dsRBDs slides along the length of the dsRNAs 

having different secondary structures in an ATP-independent manner7,8. These observations lead to the 

broader question that is “how do dsRBDs target a versatile range of dsRNA topologies?”. We 

hypothesized that conformational dynamics in the dsRBDs might play a role in the above-mentioned 

dsRBD-dsRNA interactions. In this thesis, two dsRBDs from two different species – TRBP2-dsRBD1 

from Homo sapiens and dADAR-dsRBD1 from Drosophila melanogaster – were employed to study 

their interaction with dsRNAs. TRBP has three dsRBD domains which it uses to target dsRNA (with 

dsRBD1 and dsRBD2) and bind to Dicer – an endonuclease (with dsRBD3) – so that Dicer can act on 

target dsRNA sites9. Previous studies have shown that dsRBD1 and dsRBD2 of TRBP can interact with 

various dsRNAs with and without helical imperfections10,11. However, the mechanism of recognition of 

these dsRNAs by dsRBDs is still unclear.  

Another protein used in the thesis is dADAR, which contains two N-terminal dsRBDs that 

allow binding to dsRNAs, and a deaminase domain at C-terminus that targets dsRNAs to carry out A-

to-I editing post-transcriptionally12. Similar to TRBP, studies have shown that dADAR can interact with 

dsRNAs non-specifically12 as opposed to structure and sequence-specific interactions reported for 



Page | vii  

 

ADAR2 in humans13,14, thus creating ambiguity about the recognition of the dsRNAs by dsRBD of 

ADAR. The known dsRNA binding partner of TRBP – precursor of miR-16-111 – is an RNA for which 

interaction with other dsRBDs like that of Dicer15, Drosha and DGCR816 has been reported. Thus, the 

duplex of this miRNA – miR-16-1:miR-16-1* – was employed to explore the recognition of dsRNAs 

by dsRBDs. 

Chapter 2: Methods 

In order to enhance the structural understanding of the dsRBD-dsRNA interactions, we have 

used various biophysical techniques for characterizing dsRBDs in the absence and presence of their 

substrates. These techniques include Size-exclusion chromatography coupled with Multi-Angle Light 

Scattering (SEC-MALS) detection, Circular Dichroism (CD), Isothermal Titration Calorimetry (ITC) 

and NMR spectroscopy. While on one hand, SEC-MALS, CD, and ITC give information on the global 

characteristics of the protein, NMR gives atomic level information. Along with the structural 

characterization of proteins, the motions at multiple timescales from ps to seconds or slower can also 

be probed by NMR. The two timescales particularly important from the functional viewpoint are ps-ns 

and μs-ms timescale. The detailed information about the NMR experiments that allow to characterize 

motions at these two timescales have been specifically discussed in detail in this chapter. 

Chapter 3: Protein purification and Resonance assignment 

A primary step in the characterization of the protein structure and dynamics by NMR is the 

assignment of the resonances that represent various nuclei in the protein chain. For this, an isotopically 

enriched (13C and/or 15N) protein was over-expressed in a bacterial expression system and purified by 

various chromatographic steps. The purified sample was then subjected to a set of experiments called 

triple-resonance experiments and 15N-edited-TOCSY-HSQC. These experiments allow to get the 

resonance assignments for N, HN, Cα, and C´ of the protein backbone and Cβ of the sidechain. The 15N-

edited-TOCSY-HSQC also allows to get few other side-chain protons of the amino acids. By using this 

approach, we have successfully assigned resonances for TRBP2-dsRBD1 protein. These resonances 

helped us to calculate the structure of the protein, which showed an additional helix α0 present at the N-

terminus of the dsRBD1 structural fold17. A comparison of the dsRBD core with the previously reported 

crystal structure showed a good match between the two structures. We also transferred the resonance 

assignment of dADAR-dsRBD1 from the previously reported assignment12. 

Chapter 4: Characterization of intrinsic dynamics of dsRBDs 

Preliminary information about the thermal stabilities of the two dsRBDs were extracted from 

CD-based melting studies which showed similar thermal stability of the two proteins. The 

characterization of ps-ns timescale dynamics by NMR showed that the two dsRBDs exhibit different 

dynamics profile. The TRBP2-dsRBD1 was found to be more flexible as compared to dADAR-
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dsRBD1. Interestingly, analysis of the ps-ns dynamics data for both the proteins suggested the presence 

of slower μs-ms timescale motions that are spread across the protein chain. This motional timescale is 

relevant for the ligand-binding interactions of the proteins. Further characterization of motions in this 

timescale by relaxation dispersion method showed that they exhibit a similar profile in two proteins. 

The RNA binding residues and a few allosteric residues exhibited motions at faster μs timescale with 

kex > 50000 s-1. Many of the residues in both the proteins showed presence of motions with kex < 5000 

s-1. The presence of such dynamics at multiple sites directed us to conclude that the dsRBDs exist as an 

ensemble of conformations in their native state. This partly supported our hypothesis of the presence of 

conformational dynamics of dsRBDs and excited us to further explore the effect of the substrate 

dsRNAs on these motions. 

Chapter 5: Effect of dsRNA substrates on dsRBD dynamics 

To study the effect of different dsRNA topologies on dsRBD-dsRNA interaction, three mutant RNAs 

were designed from the miR-16-1 RNA duplex. The 3D structure of these four RNA duplexes were 

modeled using SimRNA program which showed different topologies adapted by the four RNAs. ITC-

based binding studies of four RNAs with each of the dsRBD pointed that though the interaction between 

the dsRBD and dsRNA is an enthalpically driven process, the binding modes of dsRBDs vary in dsRNA 

shape-dependent manner. This observation was further corroborated with the distinct line-broadening 

pattern observed for four different dsRNAs when titrated in TRBP2-dsRBD1 and probed by 1H-15N 

HSQC experiment. The analysis of line-broadening observed in HSQC and the limited site-specific 

nuclear spin relaxation parameters (R1, R2, and [1H]-15N-NOE) obtained suggested that interaction might 

involve intermediate exchange timescale process between apo- and RNA-bound state of the protein and 

diffusion of dsRBD along dsRNA as reported earlier8. Further characterization of motions in the 

dsRNA-bound state using a short RNA duplex revealed that high-frequency motions (at μs timescale) 

present in apo-dsRBDs are quenched in the bound state, while it is induced in few other residues. 

Interestingly these residues are in close spatial proximity to the residues that show quenched dynamics 

and thus can be viewed as the relay of dynamics to the neighboring residues during dsRBD-dsRNA 

interaction. This supports the second part of our hypothesis that the inherent conformational dynamics 

in dsRBDs makes it adaptable to interact with substrate dsRNAs. 

Chapter 6: Conclusion 

Based on the studies carried out in the apo-state of the protein, we observe that irrespective of the origin 

of the dsRBD, their aggregation behavior, and the site-specific ps-ns timescale motions; dsRBDs exhibit 

similar dynamic behavior at μs-ms timescale. More specifically, the RNA-binding residues and few 

allosteric residues exhibit motions at fast μs timescale indicated by kex > 50000 s-1. Further ITC and 

NMR based studies also showed that the mode of interaction between dsRBD and dsRNA varied in 

shape-dependent fashion and might involve intermediate timescale motions. The characterization of 
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dynamics in the bound state of the protein and its comparison with dynamics in the apo-state helped us 

to conclude that the fast μs timescale dynamics is transferred to the nearby residues in the bound state. 

The ability to transfer dynamics in order to interact with the substrate makes dsRBDs adaptable, which 

is necessary for its interaction with dsRNAs of different topologies. Thus, we conclude that the 

conformational dynamics in dsRBDs allow them to recognize the dsRNAs in a shape-dependent 

manner. 

References 

1 G. Masliah, P. Barraud and F. H.-T. Allain, RNA recognition by double-stranded RNA binding 

domains: a matter of shape and sequence, Cell. Mol. Life Sci., 2013, 70, 1875–1895. 

2 B. Tian, P. C. Bevilacqua, A. Diegelman-Parente and M. B. Mathews, The double-stranded-

RNA-binding motif: Interference and much more, Nat. Rev. Mol. Cell Biol., 2004, 5, 1013–

1023. 

3 I. Fierro-Monti and M. B. Mathews, Proteins binding to duplexed RNA: one motif, multiple 

functions, Trends Biochem. Sci., 2000, 25, 241–246. 

4 M. H. Bailor, X. Sun and H. M. Al-Hashimi, Topology links RNA secondary structure with 

global conformation, dynamics, and adaptation, Science (80-. )., 2010, 327, 202–206. 

5 O. M. Stephens, B. L. Haudenschild and P. A. Beal, The binding selectivity of ADAR2’s 

dsRBMs contributes to RNA-editing selectivity, Chem. Biol., 2004, 11, 1239–1250. 

6 X. Wang, X. Xu, Z. Ma, Y. Huo, Z. Xiao, Y. Li and Y. Wang, Dynamic mechanisms for pre-

miRNA binding and export by Exportin-5, RNA, 2011, 17, 1511–1528. 

7 H. R. Koh, M. A. Kidwell, K. Ragunathan, J. A. Doudna and S. Myong, ATP-independent 

diffusion of double-stranded RNA binding proteins, Proc. Natl. Acad. Sci. U. S. A., 2013, 110, 

151–156. 

8 X. Wang, L. Vukovic, H. R. Koh, K. Schulten and S. Myong, Dynamic profiling of double-

stranded RNA binding proteins, Nucleic Acids Res., 2015, 43, 7566–7576. 

9 S. M. Daniels and  a. Gatignol, The Multiple Functions of TRBP, at the Hub of Cell Responses 

to Viruses, Stress, and Cancer, Microbiol. Mol. Biol. Rev., 2012, 76, 652–666. 

10 C. L. Noland and J. A. Doudna, Multiple sensors ensure guide strand selection in human RNAi 

pathways., RNA, 2013, 19, 639–648. 

11 R. Acevedo, N. Orench-Rivera, K. A. Quarles and S. A. Showalter, Helical defects in 

MicroRNA influence protein binding by TAR RNA binding protein, PLoS One, 2015, 10, 

e0116749. 



Page | x  

 

12 P. Barraud, B. S. E. Heale, M. A. O’Connell and F. H. T. Allain, Solution structure of the N-

terminal dsRBD of Drosophila ADAR and interaction studies with RNA, Biochimie, 2012, 94, 

1499–1509. 

13 R. Stefl, F. C. Oberstrass, J. L. Hood, M. Jourdan, M. Zimmermann, L. Skrisovska, C. Maris, L. 

Peng, C. Hofr, R. B. Emeson and F. H. T. Allain, The solution structure of the ADAR2 dsRBM-

RNA complex reveals a sequence-specific readout of the minor groove, Cell, 2010, 143, 225–

237. 

14 R. Stefl, M. Xu, L. Skrisovska, R. B. Emeson and F. H. T. Allain, Structure and specific RNA 

binding of ADAR2 double-stranded RNA binding motifs, Structure, 2006, 14, 345–355. 

15 C. Wostenberg, J. W. Lary, D. Sahu, R. Acevedo, K. A. Quarles, J. L. Cole and S. A. Showalter, 

The role of human Dicer-dsRBD in processing small regulatory RNAs, PLoS One, 2012, 7, 

e51829. 

16 C. Wostenberg, K. A. Quarles and S. A. Showalter, Dynamic origins of differential RNA binding 

function in two dsRBDs from the miRNA ‘Microprocessor’ complex, Biochemistry, 2010, 49, 

10728–10736. 

17 G. Masliah, C. Maris, S. L. König, M. Yulikov, F. Aeschimann, A. L. Malinowska, J. Mabille, 

J. Weiler, A. Holla, J. Hunziker, N. Meisner‐Kober, B. Schuler, G. Jeschke and F. H. Allain, 

Structural basis of siRNA recognition by TRBP double‐stranded RNA binding domains, EMBO 

J., 2018, e97089. 

List of Publications 

1 H. Paithankar, P. V. Jadhav, A. S. Naglekar, S. Sharma, and J. Chugh, 1H, 13C and 15N 

resonance assignment of domain 1 of trans-activation response element (TAR) RNA binding 

protein isoform 1 (TRBP2) and its comparison with that of isoform 2 (TRBP1), Biomol. NMR 

Assign., 2018, 12, 189–194.  

2 H. Paithankar, and J. Chugh, Characterization of conformational dynamics at microsecond 

timescale in the RNA-binding regions of dsRNA-binding domains, bioRxiv, 2019, 797449. 

(Manuscript submitted). 

3 H. Paithankar, and J. Chugh, Role of protein dynamics in enthalpy-driven recognition of 

topologically distinct dsRNAs by dsRBDs, bioRxiv, 2019, 862326. (Manuscript submitted). 



Page | xi  

 

 

Table of Content 

 

Certificate ii 

Declaration              iii 

Acknowledgments iv 

Synopsis vi 

Abbreviations xiv 

List of Figures xvi 

List of Tables xix 

Chapter 1 Introduction 1 

1.1. Protein-RNA interactions 2 

1.2. Double-stranded RNA-Binding Domain 3 

1.3. microRNAs and microRNA biogenesis pathway 5 

1.4. Interactions between dsRBDs and dsRNAs along the miRNA biogenesis pathway 7 

1.5. TAR RNA-Binding Protein (TRBP) 8 

1.6. Adenosine Deaminase acting on RNA (ADAR) 10 

1.7. miRNA-16-1 11 

1.8. Scope of the Thesis 12 

1.9. References 12 

Chapter 2 Biophysical Techniques 21 

2.1. Introduction 22 

2.2. Size Exclusion Chromatography (SEC) – Multi-Angle Light Scattering (MALS) 22 

2.3. Circular Dichroism 23 

2.4. Isothermal Titration calorimetry 25 

2.5. NMR Spectroscopy 27 

2.5.1. Resonance Assignment and structure calculations 28 

2.5.2. Protein dynamics 30 

2.5.2.1. ps-ns dynamics in proteins revealed by Nuclear Spin Relaxation method 31 

2.5.2.2. μs-ms dynamics in proteins revealed by Relaxation Dispersion method 34 

2.6. References 39 

Chapter 3 Protein Purification and Resonance Assignment 45 

3.1. Introduction 46 

3.2. Materials and Methods 46 

3.2.1. Resonance Assignment for TRBP2-dsRBD1 46 

3.2.1.1. Protein expression and Purification 46 



Page | xii  

 

3.2.1.2. Preparation of isotopically labeled protein sample 47 

3.2.1.3. NMR Experimental data collection 48 

3.2.1.4. NMR data analysis in CARA 49 

3.2.1.5. Structure Calculation and Validation 49 

3.2.1.6. Calculation of Chemical Shift Perturbations 49 

3.2.2. Resonance Assignment for dADAR-dsRBD1 50 

3.2.2.1. Protein expression and Purification 50 

3.2.2.2. Preparation of isotopically labeled protein sample 50 

3.2.2.3. Experimental data collection 50 

3.3. Results 51 

3.3.1. Resonance Assignment for TRBP2-dsRBD1 51 

3.3.1.1. Protein expression and purification 51 

3.3.1.2. NMR data analysis 53 

3.3.1.3. Structure Calculation 57 

3.3.1.4. Calculation of Chemical Shift Perturbations 57 

3.3.2. Resonance Assignment for dADAR-dsRBD1 58 

3.3.2.1. Protein expression and purification 58 

3.3.2.2. NMR data Analysis 59 

3.4. Discussion 60 

3.5. Summary 62 

3.6. References 62 

Chapter 4 Characterization of Intrinsic dynamics of dsRBDs 65 

4.1. Introduction 66 

4.2. Materials and Methods 66 

4.2.1. Size-Exclusion Chromatography - Multi-Angle Light Scattering Analysis 66 

4.2.2. Circular Dichroism Spectropolarimetry 67 

4.2.3. NMR Spectroscopy 67 

4.2.3.1. Nuclear Spin Relaxation Experiments 68 

4.2.3.2. Relaxation Dispersion Experiments 69 

4.3. Results 71 

4.3.1. Size-Exclusion Chromatography - Multi-Angle Light Scattering Analysis 71 

4.3.2. Circular Dichroism Spectropolarimetry 71 

4.3.3. NMR Spectroscopy: Nuclear Spin Relaxation 72 

4.3.4. NMR Spectroscopy: Relaxation Dispersion 79 

4.3.4.1. CPMG Relaxation Dispersion 79 

4.3.4.2. Hetero-nuclear Adiabatic Relaxation Dispersion 80 

4.4. Discussion 84 



Page | xiii  

 

4.5. Summary 86 

4.6. References 87 

Chapter 5 Effect of dsRNA substrates on dsRBD dynamics 89 

5.1. Introduction 90 

5.2. Materials and Methods 90 

5.2.1. Protein overexpression and purification 90 

5.2.2. Selection and design of RNA substrate 90 

5.2.3. RNA structure modeling 91 

5.2.4. Isothermal titration calorimetry 92 

5.2.5. NMR Spectroscopy 92 

5.2.5.1. NMR based titration with RNA duplexes with different topologies 92 

5.2.5.2. NMR-based relaxation experiments without and with RNA duplex 93 

5.3. Results 95 

5.3.1. RNA design and 3D structure modeling 95 

5.3.2. dsRBD-dsRNA binding studies by isothermal titration calorimetry 96 

5.3.3. Interaction of dsRBD with RNA duplex and its mutant 98 

5.3.4. Interaction of dsRBD with short RNA duplex 103 

5.4. Discussion 110 

5.5. Summary 112 

5.6. References 113 

Chapter 6 Conclusion 116 

Appendix 1 Protein Over-expression and Purification Protocol 122 

Appendix 2 Report of Ramachandran analysis for solution structures of TRBP2-dsRBD1 133 

Appendix 3 Supporting Tables and Figures 145 



Page | xiv  

 

 

Abbreviations 
 

 

°C Degree Celcius 

Å Angstrom 

aa Amino acid 

ADAR Adenosine deaminase acting on RNA 

ATP Adenosine triphosphate 

BMRB Biological Magnetic Resonance Bank 

bp Base-pair 

BSA Bovine Serum Albumin 

cal, kcal Calorie, kilo-calorie 

CARA Computer Aided Resonance Assignment 

CD Circular Dichroism 

CPMG Carr-Purcell-Meiboom-Gill 

CSA Chemical Shift Anisotropy 

CSP Chemical Shift Perturbation 

D2O Deuterium oxide 

DGCR8 Di-George syndrome Critical Region 8 

DNA Deoxy-ribonucleic acid 

dsRBD Double-stranded RNA-Binding Domain 

dsRNA Double-stranded RNA 

DSS 4,4-dimethyl-4silapentane-1-sulphonic acid 

DTT Dithiothreitol 

EDTA Ethylene diamine tetraacetic acid 

HARD Heteronuclear Adiabatic Relaxation dispersion 

hr Hour 

HS Hyperbolic Secant 

HSQC Heteronuclear Single Quantum Coherence 

Hz, kHz, MHz Hertz, kilo-Hertz, mega-Hertz 

IPTG Isopropyl-β-D-1-thiogalactopyranoside 

ITC Isothermal Titration Calorimetry 

K Kelvin 

kDa Kilo-Dalton 

M, mM, μM Mole, milli-mole, micro-mole 

MALS Multi-Angle Light Scattering 



Page | xv  

 

MBP Maltose Binding Protein 

miRNA, miR microRNA 

ml, μl Milli-liter, micro-liter 

NaCl Sodium chloride 

NDB Nucleic acid Data Bank 

nm Nano-meter 

NMR Nuclear Magnetic Resonance 

NOE Nuclear Overhauser Effect 

nt nucleotide 

OD Optical Density 

PDB Protein Data Bank 

PKR Protein kinase R 

ppm Parts per million 

RD Relaxation Dispersion 

RISC RNA Induced Silencing Complex 

RMSD Root-Mean-Square-Deviation 

RNA Ribonucleic acid 

RNAi RNA interference 

s, ms, μs, ps, ns Second, milli-second, micro-second, pico-second, nano-second 

SDS-PAGE Sodium dodecyl sulfate - Polyacryl Amide Gel Electrophoresis 

SEC Size Exclusion Chromatography 

siRNA Small interfering RNA 

TEV Tobacco Etch Virus 

TOCSY Total correlation Spectroscopy 

TRBP Trans Activation Response RNA Binding Protein 

TSP Total Soluble Protein 



Page | xvi  

 

 

List of Figures 

 

Figure 1.1: Some Examples of Secondary structures of RNA. 2 

Figure 1.2: The interaction interface between dsRNA and dsRNA-Binding domain 1 of TRBP. 4 

Figure 1.3: An overview of the canonical microRNA biogenesis pathway. 6 

Figure 1.4: Domain organization of TRBP isoforms (TRBP1 and TRBP2) and functional role of 

Domains. 9 

Figure 1.5: Adenosine to Inosine conversion by Adenosine Deaminase acting on RNA (ADAR). 10 

Figure 1.6: Domain Organization of ADAR protein from Drosophila melanogaster and the functional 

role of its domains. 10 

Figure 1.7: Secondary structure of the duplex of miR-16-1 showing probable TRBP binding residues.

 11 

Figure 2.1: Light scattered by the solute is detected by MALS detector at various angles       22 

Figure 2.2: (A) Origin of CD signal. (B) Typical CD spectra of the secondary structures in the proteins.

 24 

Figure 2.3: Typical ITC titration profile. 26 

Figure 2.4: Primary NMR observables. 27 

Figure 2.5: Resonance assignment in proteins. 29 

Figure 2.6: Range of NMR experiments that probe dynamics in proteins responsible for various 

structural changes occurring at different timescales. 31 

Figure 2.7: Plot of log(T1, T2) and 1H-15N NOE against log(ωτC) for 15N-nuclear spin relaxation 32 

Figure 2.8: Effect of chemical exchange on primary NMR observables. 35 

Figure 3.1: SDS-PAGE for Induction time optimization for over-expression of TRBP2-dsRBD1 when 

induced with 1 mM IPTG at 28°C.           51 

Figure 3.2: SDS-PAGE showing the optimization of cleavage conditions for cleavage of the tagged 

protein by TEV protease. 52 

Figure 3.3: Overview of optimized protocol for purification of TRBP2-dsRBD1 protein. 52 

Figure 3.4: (A) SDS-PAGE showing TRBP2-dsRBD1 protein at various stages of purification. (B) Gel 

filtration chromatogram showing the purity of the protein TRBP2-dsRBD1. 53 

Figure 3.5: Overlay of the 1H-15N-TROSY-HSQC assignment of TRBP2-dsRBD12 (19-228 aa) on the 

1H-15N-HSQC spectrum of TRBP2-dsRBD1 (1-105 aa). 54 

Figure 3.6: Sequential connectivities along the protein backbone using HNCA strips. 55 



Page | xvii  

 

Figure 3.7: (A) Assignment of backbone resonance in the 1H-15N-HSQC spectrum for TRBP2-

dsRBD1. (B) Primary sequence of the protein construct used in the study with the secondary structure 

of the protein marked on the sequence. 56 

Figure 3.8: Structure of TRBP2-dsRBD1 calculated using the backbone chemical shifts from the CS-

Rosetta program. 57 

Figure 3.9: Chemical shift perturbations for residue 19-105 calculated from the new assignment of 

TRBP2-dsRBD1 (1-105 aa) and previously available assignment of TRBP2-dsRBD12 (19-228 aa). 58 

Figure 3.10: Overview of optimized protocol for purification of the dADAR-dsRBD1 protein construct.

 59 

Figure 3.11: (A) SDS-PAGE showing dADAR-dsRBD1 protein at various stages of purification. (B) 

Gel filtration chromatogram showing the purity of the protein dADAR-dsRBD1. 59 

Figure 3.12: (A) Assignment of backbone resonance in the 1H-15N-HSQC spectrum for dADAR-

dsRBD1. (B) Primary sequence of the protein construct used in the study with the secondary structure 

of the protein marked on the sequence. 60 

Figure 3.13: Comparison of common residues between the calculated solution NMR structure and the 

previously reported crystal structure. 61 

Figure 3.14: Comparison of the solution structure of TRBP2-dsRBD1 determined at CS-rosetta using 

assigned chemical shifts and dADAR-dsRBD1. 62 

Figure 4.1: SEC-MALS analysis of Reference protein BSA, TRBP2-dsRBD1 and dADAR-dsRBD1.

               71 

Figure 4.2: Thermal melting studies for TRBP2-dsRBD1 and dADAR-dsRBD1 by Circular Dichroism.

 72 

Figure 4.3: 15N-Nuclear spin relaxation rates R1, R2 and [1H]-15N-NOE for TRBP2-dsRBD1 and 

dADAR-dsRBD1. 73 

Figure 4.4: Model-free analysis of TRBP2-dsRBD1 and dADAR-dsRBD1. 75 

Figure 4.5: Effective relaxation rates (R2eff) plotted against for CPMG frequencies for TRBP2-dsRBD1.

 79 

Figure 4.6: Effective relaxation rates (R2eff) plotted against for CPMG frequencies for dADAR-

dsRBD1. 80 

Figure 4.7: Representative plot of R1ρ and R2ρ rates against stretching factor (n) of Hyperbolic Secant 

pulses for a few residues in the (A) TRBP2-dsRB1 and (B) dADAR-dsRBD1. 81 

Figure 4.8: Dispersion in the adiabatic relaxation rates in dsRBDs. 81 

Figure 4.9: Mapping of Dynamics parameters extracted from the HARD NMR data using the geometric 

approximation method for TRBP2-dsRBD1 and dADAR-dsRBD1. 82 

Figure 5.1: Secondary and tertiary structure of RNA (miR-16-1) and its mutants used in the study.

               96 



Page | xviii  

 

Figure 5.2: Isothermal Titration Calorimetric data showing interactions of all four RNAs with (A) 

TRBP2-dsRBD1 and (B) dADAR-dsRBD1. 97 

Figure 5.3: Thermodynamic parameters (ΔG, TΔS, ΔH and n) obtained from binding studies of TRBP2-

dsRBD1 and dADAR-dsRBD1 with four topologically different RNAs using isothermal titration 

calorimetry. 98 

Figure 5.4: Comparison of 1H-15N-HSQC spectra of TRBP2-dsRBD1 titrated with for four 

topologically different RNAs monitored with increasing concentration. 99 

Figure 5.5: Intensity decay profile from titration of TRBP2-dsRBD1 with four RNA duplexes with 

different topologies plotted against increasing RNA:Protein ratio. 100 

Figure 5.6: Mapping of the line-broadening profile of HSQC peaks of TRBP2-dsRBD1 on the addition 

of increasing concentration of RNA. 100 

Figure 5.7: Chemical shift perturbations (CSP) calculated for TRBP2-dsRBD1 upon the addition of 0.1 

equivalent of RNA. 101 

Figure 5.8: 15N-R1, 
15N-R2 and [1H]-15N-NOE for TRBP2-dsRBD1 protein in the absence and in the 

presence of RNA with different topologies as marked on the top of each column. 102 

Figure 5.9: Interaction of D10-RNA with dsRBDs studied by ITC. 103 

Figure 5.10: Intensity decay profile for TRBP2-dsRBD1 on interaction with D-10 RNA. 104 

Figure 5.11: Chemical shift perturbations (CSP) calculated for TRBP2-dsRBD1 in presence of 0.5 

equivalents of D10-RNA. 104 

Figure 5.12: Comparison of 15N-Relaxation parameters 15N-R1, 
15N-R2 and [1H]-15N-NOE values for 

TRBP2-dsRBD1 plotted against residue number for apo-protein and in presence of 0.5 equivalents of 

D10-RNA. 105 

Figure 5.13: Plot of R2eff against CPMG frequency, νCPMG, for residues in TRBP2-dsRBD1 in presence 

of 0.5 equivalents of D10-RNA. 106 

Figure 5.14: Comparison of Adiabatic R1ρ and R2ρ relaxation rates for TRBP2-dsRBD1 obtained in apo-

protein and in RNA-bound protein with D10-RNA. 107 

Figure 5.15: Mapping of dynamics parameters extracted from the HARD NMR data using the 

geometric approximation method for TRBP2-dsRBD1 in (A) apo- and (B) RNA-bound states. 108 

Figure 5.16: Effect of D10-RNA on conformational exchange in TRBP2-dsRBD1. 109 

Figure A.1: Residue wise plot of local correlation time (τM) for (A) TRBP2-dsRBD1 and (B) dADAR-

dsRBD1.            198 

Figure A.2: 1H-NMR spectra of the imine-region of the annealed RNAs indicating the formation of 

RNA duplexes. 199 

Figure A.3: 1H-15N-HSQC spectrum of TRBP2-dsRBD1 in presence of 0.5 equivalents of D10-RNA.

 200 



Page | xix  

 

 

List of Tables 

 

Table 2.1: Correlations observed in 13C-dimension for every NH peak in HSQC in triple resonance 

experiments. 29 

Table 3.1: Composition of Minimal Media for labeled protein overexpression.         48 

Table 3.2: Experimental Parameters for NMR data collected for the Resonance assignment of TRBP2-

dsRBD1. 48 

Table 4.1: Experimental parameters used for the relaxation data acquisition for TRBP2-dsRBD1 and 

dADAR-dsRBD1.             70 

Table 4.2: Model-free parameters for TRBP2-dsRBD1 extracted from the nuclear spin relaxation data 

recorded at 600 MHz and 750 MHz NMR spectrometer. 75 

Table 4.3: Model-free parameters for dADAR-dsRBD1 calculated from the nuclear spin relaxation data 

recorded at 600 MHz and 750 MHz NMR spectrometer. 77 

Table 5.1: RNA sequences used to study interaction with dsRBDs.       91 

Table 5.2: Experimental parameters for relaxation data acquisition for TRBP2-dsRBD1 in the absence 

of RNA and in presence of miR-16-1 and its mutants (RNAs with different topologies) 93 

Table 5.3: Experimental parameters for relaxation data acquisition for TRBP2-dsRBD1 in presence of 

0.5 equivalents of D10-RNA. 95 

Table A.1: Nuclear spin relaxation data for TRBP2-dsRBD1 recorded at 600 MHz and 750 MHz NMR 

spectrometer            146 

Table A.2: Nuclear spin relaxation data for dADAR-dsRBD1 recorded at 600 MHz and 750 MHz NMR 

spectrometer 148 

Table A.3: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for TRBP2-dsRBD1 at 600 MHz NMR spectrometer 150 

Table A.4: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for TRBP2-dsRBD1 at 750 MHz NMR spectrometer 154 

Table A.5: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for dADAR-dsRBD1 at 600 MHz NMR spectrometer 158 

Table A.6: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for dADAR-dsRBD1 at 750 MHz NMR spectrometer 162 

Table A.7: R1ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

TRBP2-dsRBD1 at 600 MHz NMR spectrometer 166 

Table A.8: R2ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

TRBP2-dsRBD1 at 600 MHz NMR spectrometer 168 



Page | xx  

 

Table A.9: R1ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

dADAR-dsRBD1 at 600 MHz NMR spectrometer 170 

Table A.10: R2ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

dADAR-dsRBD1 at 600 MHz NMR spectrometer 172 

Table A.11: Dynamics parameters extracted from HARD experimental data from geoHARD method 

for TRBP2-dsRBD1 174 

Table A.12: Dynamics parameters extracted from HARD experimental data from geo HARD method 

for dADAR-dsRBD1 176 

Table A.13: Thermodynamic parameters calculated for dsRBD-dsRNA interaction calculated from 

fitting of Isothermal Titration Calorimetry data to one-set of sites binding model 178 

Table A.14: Nuclear spin relaxation data for TRBP2-dsRBD1 recorded at 950 MHz 179 

Table A.15: Nuclear spin relaxation data for TRBP2-dsRBD1 in presence of miR-16-1 duplex recorded 

at 950 MHz 181 

Table A.16: Nuclear spin relaxation data for TRBP2-dsRBD1 in presence of miR-16-1-D duplex 

recorded at 950 MHz 182 

Table A.17: Nuclear spin relaxation data for TRBP2-dsRBD1 in presence of miR-16-1-M duplex 

recorded at 950 MHz 183 

Table A.18: Nuclear spin relaxation data for TRBP2-dsRBD1 in presence of miR-16-1-B duplex 

recorded at 950 MHz 185 

Table A.19: Nuclear spin relaxation data for TRBP2-dsRBD1 in presence of D10-RNA recorded at 600 

MHz 186 

Table A.20: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for TRBP2-dsRBD1 in presence of D10-RNA at 600 MHz NMR spectrometer 188 

Table A.21: R1ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

TRBP2-dsRBD1 in presence of D10-RNA at 600 MHz NMR spectrometer 192 

Table A.22: R2ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

TRBP2-dsRBD1 in presence of D10-RNA at 600 MHz NMR spectrometer 194 

Table A.23: Dynamics parameters extracted from HARD experimental data from geoHARD method 

for TRBP2-dsRBD1 in presence of D10-RNA 196 



Page | 1  

 

 

 

Chapter 1 Introduction 



Page | 2  

 

1.1. Protein-RNA interactions 

RNA performs a broad range of vital cellular functions. They serve as information carriers1, 

form part of ribosome2, exhibit catalytic activities3,4, involved in gene regulation5,6, etc. Most of these 

functions involve the interaction of RNAs with proteins. For example, the genetic information contained 

in DNA is transcribed to RNA assisted by RNA polymerase7,8, the ribosome contains tRNA molecules 

bound to aminoacyl-tRNA synthetase that are responsible for the translation of information encoded in 

the mRNA9,10, etc.. Another example of protein-RNA interaction involves the processing of RNAs by 

ribonucleases that form the ribonucleoprotein complex (RNP)11. These complexes are involved in gene 

regulation, antiviral defense, immune response, etc. The formation of the correct complex is governed 

by the different types of interactions between the amino acids of the protein and the nucleobases or 

ribose sugar or phosphodiester backbone of the RNA that include hydrogen bonding, electrostatic, 

stacking interactions, etc. Any irregularities in these interactions can lead to dysfunction of the complex 

and can lead to diseases such as cancer12, cardiovascular dysfunction13, neurodegenerative diseases14, 

to name a few. Regardless of the large number functionally significant protein-RNA interactions 

known, the molecular mechanisms of interactions between the RNA and the protein are poorly 

understood15–19. An important aspect of understanding these mechanisms involves the characterization 

of these interactions at structural, kinetic, and thermodynamic levels. 

 

Figure 1.1: Some Examples of Secondary structures of RNA: (A) double-stranded RNA, (B) Bulge, (C) Internal-loop, (D) 
Hairpin and (E) Pseudoknot 

RNA molecules can fold into a variety of secondary and tertiary structures that are formed due 

to the various type of base-pairing interactions between the nucleobases. The base-pairing in RNA can 

vary from most commonly observed Watson-Crick pairs to others like Hoogsteen, Wobble, reverse 

Watson-Crick, reverse Hoogsteen, etc20,21. Proteins can recognize RNAs by interacting with a single-

stranded RNA and/or secondary and tertiary structures like an RNA duplex, duplex with internal bulge 

or mismatch, stem-loop structures, quadruplexes, etc (Figure 1.1). The basis of recognition of these 

different RNA structures by proteins involves the direct or the solvent-mediated contacts between 

protein and the RNA22. The simplest of these RNA structures is the double-stranded (ds) RNA which 

plays a vital role in many biological processes. RNAs like, tRNA, mRNA, precursors of small 
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regulatory RNA (miRNA or siRNA) also contain segments that are double-stranded. The segments of 

the protein chain known to interact with these double-stranded RNAs or RNA segments are termed as 

double-stranded RNA-binding domains (dsRBD). 

1.2. Double-stranded RNA-Binding Domain 

The double-stranded RNA-Binding Domain (dsRBD) was first reported by sequence similarity 

studies as a conserved domain among three different proteins namely, Staufen protein in Drosophila, 

RNA-Binding Protein A (Xlrbpa) in Xenopus leavis, and human TAR RNA-Binding Protein (TRBP)23. 

Later, dsRBDs have been identified in several prokaryotic, eukaryotic, and viral proteins24,25. These 

dsRBDs are critical factors for cellular functions that involve RNA interference25, -localization26,27, -

export28,29, -editing30, -splicing31 etc. Ivo Fierro-Monti and Michael B. Mathews have reported nine 

different protein families that contain one or more dsRBDs in a protein chain and are distributed in 

different organisms24. The arrangement of multiple dsRBDs in a protein may serve to enhance the 

binding affinity of the protein. For example, the second dsRBD of PKR has a limited binding affinity, 

but the affinity of the protein is enhanced due to the cooperative effect of the first dsRBD32. A typical 

dsRBD is about 65-70 amino acid long with conserved dsRNA-binding residues. The sequence 

comparison among different dsRBDs has shown strong sequence conservation of > 40 % in the last 

one-third sequence at the C-terminus of the domain while the N-terminal one-third region shows 

relatively weaker sequence conservation24,33. The dsRBDs with conserved RNA-binding residues are 

grouped as type-I dsRBDs. Some of the dsRBDs having more divergent sequences are reported to show 

weaker binding affinity (than type-I dsRBDs) and have been categorized as type-II dsRBDs33. 

The characterization of the three-dimensional structure of the dsRBDs, initially reported for E. 

coli RNase III dsRBDs and Drosophila Staufen dsRBD3 by solution NMR, showed an α1-β1-β2-β3-α2 

fold where two α-helices are packed against three antiparallel β-strands34,35. Though the structures of 

many dsRBDs have been reported in absence of RNA, mere 22 structures of dsRBDs in presence of 

substrates are available (data as on December 2019) in the protein data bank (https://www.rcsb.org/)36,37 

and nucleic acid database (http://ndbserver.rutgers.edu/)38,39. It has been concluded from the analysis of 

these structures that the typical arrangement of the secondary structures not only helps dsRBD in 

maintaining the tertiary structural contacts but also in dsRNA binding33. The hydrophobic core, formed 

by the aliphatic residues, has been reported for almost all the secondary structures and the aromatic 

sidechains that are typically present in the β-strands and have been shown to contribute to the stability 

of the protein tertiary structure33. Some of the dsRBDs have been reported to show some structural 

variation or extended secondary structures. For example, the mammalian ADAR2 dsRBDs contain a 

shorter loop connecting α1 helix and β1 strand40. This loop helps in the alignment of the secondary 

structures in dsRBD to maintain the structural fold of the dsRBD. Though no particular effect on RNA-
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binding has been observed for this protein, a study on Yeast RNase III (Rnt1p) has shown that the 

mutation in this region can lead to loss of RNA-binding activity41.  

Another variation in the structure of dsRBDs can be in the form of an extension of the secondary 

structural elements. The first extension was reported in Yeast RNase II (Rnt1p) that contains an 

additional α-helix at the C-terminus42. Though this helix has not been reported to interact with dsRNA 

directly, it has been reported to aid in RNA-binding by helping in proper positioning α1 helix for RNA 

recognition. A recent study on human dihydrouridine synthase-2 dsRBD has shown that it contains N- 

and C-terminal extensions43. Out of these, the N-terminal extension has been reported to show extended 

contacts for interaction with t-RNA like substrate while residues in both N- and C-terminal have been 

reported to contribute to the hydrophobic core of the dsRBD thus stabilizing the tertiary structure43,44.  

 

Figure 1.2: The interaction interface between dsRNA and dsRNA-Binding domain 1 of TRBP (PDB ID: 5N8M)45. (A) The 
dsRNA-binding domain (dsRBD - shown in green) shows a well-defined structural fold of α1-β1-β2-β3-α2 specific to dsRBD. 
The dsRNA-binding residues of the dsRBD are clustered in three regions (marked in red color) in α1-helix (Region 1), in the 
β1-β2 loop (Region 2) and at N-terminal of α2-helix (Region 3). The conserved RNA-binding residues (marked in (B)) in the 

three RNA-binding regions interact with the ribose sugar and phosphodiester (shown in stick representation in (B)) backbone 
in the minor-major-minor groove of the dsRNA (shown in orange). 

Although dsRBDs can have such structural variations, the RNA-binding residues are mostly 

conserved among type-I dsRBDs. The interactions between a dsRBD and a dsRNA is known to occur 
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via three distinct regions in the dsRBD25,33, that mainly involve: (1) E residue in the middle of α1 helix; 

(2) GPxH motif in the loop connecting β1-β2 sheets; and (3) KKxAK motif at N-terminus of α2 helix 

(Figure 1.2). dsRNAs typically adopt A-form helical structure and the dsRBDs interact with the dsRNA 

from one of the faces of this A-form helix covering consecutive minor-major-minor groove that spans 

a length of about 12 base-pairs. Region 1 and region 2 has been shown to interact with the two minor 

grooves via extensive interaction with the 2ʹ-OH of the ribose sugar. In region 1, a hydrogen bond is 

formed between the carboxylic group of the glutamate and the 2ʹ-OH of the ribose sugar of the RNA. 

In region 2, the carbonyl group of histidine present in the peptide backbone interacts with 2ʹ-OH of the 

one strand of the dsRNA, while the imidazole ring stacks on the ribose ring and shows hydrogen 

bonding interactions with the 2ʹ-OH of the previous ribose on another strand of the dsRNA. The region 

3 interacts with both the strands across the major groove of the A-form helix of the RNA where the 

amino group of each of the lysine contacts the non-bridging oxygen of the phosphodiester backbone of 

the dsRNA. From the three lysines, the first and the third lysine have been shown to interact with one 

of the strands whereas the second lysine gets directed towards the other strand of the dsRNA. Along 

with these well-conserved interactions, few other interactions in a specific dsRBD can be observed at 

the interface of the two molecules. 

Since the commonly observed interactions at the dsRBD-dsRNA surface involve contacts with 

the backbone of the A-form helical dsRNA, these interactions are known to be structure-specific rather 

than sequence-specific25,33. However, it has been shown that the dsRBDs can bind to the dsRNAs with 

some imperfections in the A-form helical structure like internal loops or mismatches46,47. These 

imperfections in the dsRNAs can alter the A-form helical structure (by altering the Eular angles48) and 

thus can change the spread of the minor-major-minor grooves that interacts with the dsRBDs. These 

imperfections in the double-stranded regions of RNA leading to different RNA topologies can affect 

the interaction between a dsRBD and a dsRNA. Though some structural studies of the interactions of 

dsRBDs – like Staufen-dsRBD327, Rnt1p-dsRBD49, ADAR2-dsRBD150, hDUS-dsRBD43 – with 

dsRNAs deviating from the A-form helical dsRNA structures have been reported, the mechanism of 

interaction of dsRBDs with these topologically different dsRNAs with or without helical imperfections 

still remains unexplored. Therefore, in order to understand the mechanism of interaction of dsRBD and 

to study the effect of these helical imperfections on the interactions, this thesis has employed two model 

dsRBDs, namely TRBP2-dsRBD1 from Homo sapiens and ADAR-dsRBD1 from Drosophila 

melanogaster, involved in microRNA biogenesis pathway. 

1.3. microRNAs and microRNA biogenesis pathway 

MicroRNAs (miRNAs) are small non-coding single-stranded RNAs of ~20-24 nt in length and 

are responsible for cellular processes like post-transcriptional gene regulation, immune response, 

antiviral response, etc51,52. They are the principal components of the RNAi pathway where they bind to 
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the mRNAs and induce or suppress the expression levels of the target gene or cause mRNA 

degradation53. Dysregulated miRNA levels have been reported in various diseases and thus they can be 

used as a marker that indicates a disturbance in the normal physiological state of an organism13,54–57 and  

can serve as indicators for disease diagnosis. In order to understand the physiological or 

pathophysiological role of these miRNAs, it is necessary to study the processes which are involved in 

their synthesis. 

 

Figure 1.3: An overview of the canonical microRNA biogenesis pathway. The process starts with the generation of pri-miRNA 
that is transcribed from the miRNA gene. This pri-miRNA is processed by microprocessor complex containing Drosha and 
DGCR8 proteins to a shorter hairpin RNAs (pre-miRNA). The pre-miRNA is then transported by the nuclear export factor 
Exportin-5 (EXP-5) to the cytoplasm. In the cytoplasm, the pre-miRNA is further processed to ~22 bp duplex RNA by an 
RNase III enzyme Dicer with the help of TRBP. One of the strands of this duplex (miRNA) is transferred to the effector protein 
complex (RISC) which then acts for gene regulation. The other strand (miRNA*) is often degraded. 

The canonical process of miRNA biogenesis is a two-step process (Figure 1.3), that starts with 

the transcription of the miRNA genes, located either in the intron or exons of the protein-coding genes 

or in the intergenic regions of the genome, primarily by RNA polymerase-II58–60. The primary 

transcripts called pri-miRNAs contain hairpin structures with or without the internal loops and bulges 

and are recognized and processed by microprocessor complex in the nucleus61–63. This complex contains 

an endonuclease Drosha – an RNase III enzyme – and a protein cofactor DGCR8 (Di-George Syndrome 

Critical Region 8) – a dsRNA-Binding Protein – that cleaves the pri-miRNA near dsRNA-ssRNA 
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junction at the base of the hairpin to a shorter (~60-70 nt long) hairpin precursor miRNA (pre-miRNA). 

Once generated, the pre-miRNAs, which often contain 3ʹ-overhang, are exported by nuclear export 

protein Exportin-5 with the associated events involving RanGTP hydrolysis28,29. In the cytoplasm, the 

pre-miRNAs are processed by another RNaseIII enzyme Dicer to ~22 bp long RNA duplex 

(miRNA:miRNA*) and the process is aided by a dsRNA-Binding protein TRBP (TAR RNA-Binding 

Protein)64–66. This ribonucleoprotein complex is called the RNA Induced Silencing Complex (RISC) 

Loading Complex (RLC). From the duplex RNA, one of the strands termed as guide strand act as 

miRNA and the other strand called the passenger strand is often degraded. The guide strand is 

selectively transferred to effector complex (RISC), which contains the Argonaute (Ago) protein along 

with Dicer and TRBP, and the process of the transfer is assisted by TRBP that helps in the guide strand 

selection based on the thermodynamic stability of the two strands67. The mature miRNA in the RISC is 

then involved in the gene regulation activities. 

Various proteins are involved in spatial and temporal regulation of the miRNA biogenesis52,68,69. 

They act at the transcriptional level, or at processing by RNase III enzymes (Drosha or Dicer) in the 

nucleus, by RNA editing or by RNA decay, etc. For example, proteins like SMAD69,70, p5352,70, 

ADAR71–73 regulate the processing of pri-miRNA by the Drosha-DGCR8 complex. Further, PACT74,75, 

ADAR71–73, MAPK ERK76,77, Lin-2878,79 are some of the examples of proteins that regulate the 

cytoplasmic processing of the pre-miRNAs. The synthesis of miRNA involves interactions of RNAs – 

that are mostly present in the form of stem-loop structures – with the proteins involved in the biogenesis 

pathway (Drosha, DGCR8, Dicer, TRBP) and other regulatory proteins like ADAR, PACT contains 

one or more dsRBDs80–82. Therefore, studying the interactions of these domains and RNAs are important 

for a detailed understanding of the biogenesis pathway. 

1.4. Interactions between dsRBDs and dsRNAs along the miRNA biogenesis pathway 

 It has been shown that the absence or presence of the double-stranded RNA-binding proteins 

affect the functioning of other proteins like RNase III enzymes Dicer67,83 or Drosha63,84,85. Therefore, 

the interaction of the dsRBDs with dsRNAs is one of the major regulators of the miRNA biogenesis 

pathway. There are about 48860 miRNAs known till date,86–88 most of which are produced from the 

canonical miRNA biogenesis pathway from their precursors. These precursors may have one or more 

helical perturbations like mismatch or bulge in the stem-loop structure (in the pri-miRNA and the pre-

miRNA) or the dsRNA (in the miRNA:miRNA* duplex), and the dsRBDs need to interact with all of 

these topologically different dsRNAs. Thus, it would be interesting to understand the molecular 

mechanism of recognition of multiple substrate RNAs of different topologies by a single dsRBD. 

Further, it will be exciting to explore whether the dsRBDs from different proteins have similar 

mechanisms of interaction or they differ from each other.   
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Such detailed information can be extracted from the structural and dynamical characterization 

of dsRBDs from various proteins in the presence and absence of their substrates. As mentioned before, 

there are only 22 structures of dsRBD complexed with dsRNAs are available (till December 2019) in 

PDB and NDB and thus the generalizable conclusion cannot be made from these structures36–39. Further 

NMR-based studies have shown that the interaction between dsRNA and dsRBD of Dicer involves 

dynamical component as indicated by line-broadening of NMR peaks81. Also, recently fluorescence-

based studies have shown that dsRBDs of TRBP slide along the length of dsRNA and such sliding is 

responsible for the accurate processing by the catalytic protein partner Dicer47. Another report has 

shown that such sliding is a property of dsRNA-Binding Proteins containing multiple dsRBDs as it is 

observed in four different proteins – ADAR1, ADAR2, Staufen1, and TRBP46. There are only a few 

studies which report on the atomic-level characterization of motions in dsRBDs by NMR spectroscopy 

and show that dsRBDs in DRB4 in Arabidopsis thaliana89, in Rnt1p of S. cerevisiae41, in Protein Kinase 

R32, Drosha80 and DGCR880 in humans possess intrinsic dynamics, which governs its interaction with 

substrate RNAs. 

This thesis has focused on studies of two dsRBDs as model systems – one being from TRBP 

(TAR RNA-Binding protein), part of canonical miRNA biogenesis pathway; and the other from ADAR 

(Adenosine Deaminase Acting on RNA), one of the regulatory protein of miRNA biogenesis – to 

enhance the understanding of the dsRBD-dsRNA interaction. The two proteins are from two different 

species – TRBP from humans and ADAR from Drosophila – to understand and reflect the evolutionary 

differences, if any. 

1.5. TAR RNA-Binding Protein (TRBP) 

Trans-Activation Response (TAR) RNA-Binding Protein (TRBP) is a dsRNA-binding protein 

involved in various biological processes. It was first identified as a protein partner for HIV TAR RNA 

element90. The protein was later reported to be involved in the RNAi pathway, canonical miRNA 

biogenesis pathway, stress response, viral replication, cell growth, and cancer91.  

TRBP is expressed in two isoforms, TRBP1 and TRBP2, due to differential splicing of the 

mRNA transcribed from the same Trbp2 gene92,93. TRBP2 differs from TRBP1 by 21 amino acids that 

are present at the N-terminus of TRBP2 (Figure 1.4), however, the structural and functional differences 

between the two isoforms have still not been explored. A report by Daniels et al. has suggested that 

these additional 21 amino acids might be responsible for cellular localization of the TRBP294. Both the 

isoforms of TRBP contain three dsRBDs arranged in a modular fashion, of which two N-terminal 

dsRBDs are involved in protein-RNA interaction82 while dsRBD3 is involved in protein-protein 

interaction95. All the three dsRBDs have α1-β1-β2-β3-α2 fold – a canonical structural feature of all 

dsRBDs64,82. 
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Figure 1.4: Domain organization of TRBP isoforms (TRBP1 and TRBP2) and functional role of Domains. 

Being a part of the miRNA biogenesis pathway, TRBP has been known to interact with a wide 

range of topologically distinct miRNA precursors. It encounters RNA precursors at two distinct stages 

in cytoplasmic processing67. Firstly, it interacts with pre-miRNA and allows its positioning on Dicer 

and ensures accurate processing by Dicer to generate RNA duplexes94,96. Secondly, it interacts with the 

RNA duplexes, generated by Dicer, to assist selective transport of the guide strand to the Argonaute 

protein, which acts as mature miRNA in RISC83,97. Reports by Noland et al., Daniels et al., and Lee et 

al. have independently shown that TRBP is an indispensable cofactor for Dicer processing and helps it 

to accurately process pre-miRNAs (60-70 nt long stem-loop structures) to duplex RNAs (22-23 base 

pairs) during microRNA biogenesis83,94,98. About ~1881 precursor microRNAs (pre-miRNAs) are 

known, most of which are targeted by TRBP containing RNA induced silencing complex (RISC) 

loading complex for the processing. The stem part of pre-miRNAs may or may not be a perfect duplex 

and often has imperfections, like base-pair mismatches or bulges in the A-form helix. Such 

imperfections perturb the A-form helical structure of the molecule and create an assortment of 

topologies defined by the Euler angles48. A study by Yamashita et al. has shown that the interaction of 

dsRNA with TRBP-dsRBDs does not perturb the structure of the protein82.  Also, a report by Acevedo 

et al. has reported that this interaction does not lead to the bending of RNA99 as has been reported for 

DNA-protein interactions100,101.  

Since the interaction between the dsRBD and the dsRNA does not perturb the structure of either 

of the partner, it is intriguing to understand how dsRBDs of TRBP interact with the miRNA precursors 

with an assortment of topologies. Reports by Koh et al., have shown that the RNA processing by Dicer 

gets affected by the diffusion of the TRBP-dsRBDs along the length of the RNA47 and the perturbations 

in the helical structure46,102. Furthermore, they have shown that the fraction of TRBP involved in the 

diffusion process is dependent on the structure of dsRNA47. A perfect duplex RNA shows a major 

fraction involved in the diffusion while as the points of imperfections in the duplex are increased it 

leads to a reduction in the diffusive fraction of TRBP. Fareh et al. have recently reported two binding 

events103 at TRBP:dsRNA interactions: (i) a short binding mode involving entry of RNA to Dicer-TRBP 

complex; and (ii) a long binding mode involving cleavage competent state of the complex. These reports 

suggest the involvement of dynamics at the dsRBD-dsRNA interface responsible for the interaction 

between the two; however, till date the details of the mechanism of interaction remain unexplored.  
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1.6. Adenosine Deaminase acting on RNA (ADAR) 

 Adenosine Deaminase acting on RNA (ADAR) are a group of proteins involved in editing 

dsRNA substrates where they catalyze the conversion of Adenosine to Inosine by deamination reaction 

(Figure 1.5)104. Inosine is read as guanine by the translational machinery and thus leads to a change in 

the triplet code and the resultant protein sequence. 

 

Figure 1.5: Adenosine to Inosine conversion by Adenosine Deaminase acting on RNA (ADAR). 

ADAR is known to mainly affect the RNA transcripts that get translated to proteins involved 

in electrical and chemical neurotransmission104. ADAR is also known to alter the dsRNAs which enter 

into the RNAi pathway and regulate gene expression71,105. The edited RNA may inhibit the action of 

microprocessor complex or RISC loading complex or may interact with other mRNAs and thus affect 

gene expression. In humans, ADAR exists in three isoforms – ADAR1, ADAR2, and ADAR3, where 

all three proteins contain two dsRBDs. However, Drosophila melanogaster has only one ADAR protein 

(represented as dADAR in this thesis hereafter) homologous to ADAR2 in humans with two dsRBDs 

at N-terminus and one deaminase domain at C-terminus (as shown in Figure 1.6). The interaction of 

ADAR2 with dsRNA has been reported to be sequence-specific, wherein dsRBD1 of ADAR2 has been 

shown to bind to an RNA with G-X9-A sequence and dsRBD2 has been shown to bind to G-X8-A 

sequence50. However, an article by Eggington and coworkers has shown that the specificity of ADAR 

is exhibited mainly by the catalytic domain of the protein106 and de-amination can occur in the absence 

of dsRBDs at the N-terminus of the deaminase domain107. Barraud et al. have also shown that dsRBD 

of dADAR interacts with dsRNAs with minimal sequence-preference and thus create uncertainty about 

the sequence specificity of the dsRBDs of ADAR family of protein108. This protein may also involve 

dynamic interactions as reported for other dsRBDs; however, the characterization of dynamics has not 

been reported. 

 

Figure 1.6: Domain Organization of ADAR protein from Drosophila melanogaster and the functional role of its domains. 
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With this background, we proposed that the characterization of the dynamics of dsRBD of 

TRBP and ADAR (as model systems) will enhance our understanding of the dsRBD-dsRNA 

interactions. The characterization needs to be performed in the absence and presence of a substrate RNA 

to distinguish the inherent dynamics of the dsRBDs from those in the RNA-bound state. Among various 

miRNA sequences available from the database, we proposed to use miR-16-1 (Figure 1.7) as the target 

RNA substrate for the above-mentioned study as this has been reported in the literature to interact with 

the dsRBDs of Drosha80, DGCR880, Dicer81, and TRBP109.  

1.7. miRNA-16-1 

miR-16 is one of the miRNAs of miRNA-15 family that has been extensively investigated for 

its biological functions. This miRNA is known to be deleted in many chronic lymphocytic leukemias110 

and downregulated in malignancies like glioma111, prostate cancer112, etc. It is also known to regulate 

the function of vascular smooth muscle cells (VSMC)113 and act as a tumor suppressor in Gastric 

cancer114.  

 

Figure 1.7: Secondary structure of the duplex of miR-16-1 showing probable TRBP binding residues (marked in orange)115. 

The precursor miRNA sequence of this miRNA is available in the miRBase registry 

(http://www.mirbase.org/)86–88,116 with accession number MI0000070. The secondary structure of miR-

16-1 duplex shows that it contains one mismatch and one bulge in the probable TRBP binding sites115 

(Figure 1.7). It has previously been reported by studies involving DNA-substitution in siRNA that the 

base-pair 9 to 12 and 15 to 18 are involved in binding of RNA to TRBP115. Thus, apart from being a 

known binder of TRBP, it can also serve as an informative substrate to study the effect of structural 

perturbations (mismatch and bulge) in the A-form helix of RNA duplex on dsRBD-dsRNA interactions. 

Though a report by Takahashi et al. have predicted the TRBP binding site on dsRNA115, there are 

multiple studies reporting multiple dsRBDs binding to a dsRNA80,81,109,117. Also, Acevedo et al. have 

shown that stoichiometry of the interaction of TRBP-dsRBD12 and miR-16-1 duplex is more than one 

which supports multiple dsRBDs interacting with a dsRNA109. These multiple dsRBD binding also 

supports the non-sequence specific interaction of dsRBDs that spans 10-12 bp on a dsRNA that can 

have longer length25,33,109. Interactions of Dicer-dsRBD with pre-miR-16-1 and with pre-siRNA have 

shown that it is unable to discriminate between various dsRNA substrates, but interacts with them with 

nearly similar affinities81. A report by Acevedo et al. has also shown interactions of TRBP-dsRBD12 

with miR-16-1 precursors where the binding with pre-miRNA as well as with its product 

http://www.mirbase.org/
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(miRNA:miRNA* duplex) after Dicer cleavage is shown to have similar binding affinities109 as 

observed for Dicer-dsRBD81. Further, they report that the imperfections like mismatch or bulge in the 

A-form helix affect the binding affinity of TRBP-dsRBD12109. With this background, we have used 

miR-16-1 duplex as a model dsRNA in this thesis, to enhance the structural understanding of dsRBD-

dsRNA interactions and also to study the effect of the helical imperfections on these interactions. 

1.8. Scope of the Thesis 

This work carried out in this thesis will add to the current knowledge of the dsRBD-dsRNA 

interaction and will explore the mechanism of interaction between dsRBD and dsRNA. The 

investigations carried out in this thesis have used NMR spectroscopy as a primary tool for the 

characterization of the structure and dynamics of the dsRBDs in the free and substrate-bound state. 

Chapter 2 discusses the basic features and applications of the different biophysical techniques used in 

the later chapters. Chapter 3 discusses the resonance assignment of the dsRBDs, which is the primary 

step to the structure and dynamics characterization of the proteins by NMR spectroscopy. Chapter 4 

discusses the intrinsic dynamics of the two dsRBDs at a ps-ns timescale that contributes to the internal 

residue level flexibility of the protein and μs-ms timescale motions that are responsible for catalytic 

interactions, ligand-binding and -release, allosteric effects, etc. Chapter 5 discusses the effect of the 

dsRNA with and without helical imperfections on dsRBDs based on the biophysical characterization of 

the binding events and then will focus on the mechanism of interaction of dsRBD and dsRNA via 

characterization of the dynamics of the dsRBDs in dsRNA-bound state. We hypothesize that the results 

of these studies will allow us to understand the role of dynamics in the dsRBDs recognition of dsRNAs 

of different shapes; and how these adapt to a suitable conformation to be able to bind to the substrate 

due to the inherent adaptability in the dsRBD fold. 
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2.1. Introduction 

Proteins are complex molecules, wherein permutation and combination of 20 different amino 

acids in the primary sequence lead to a variety of three-dimensional structures, making their 

characterization a difficult task. However, it is necessary to characterize proteins to understand their 

structure-function relationship. Different biophysical techniques have been developed to provide a 

detailed understanding into the structural and dynamic properties of proteins and protein-ligand 

complexes. In order to enhance the current structure and dynamic information of dsRBDs and their 

interaction(s) with dsRNAs, the different biophysical techniques that have been used in this thesis are 

reviewed in the following sections. 

2.2. Size Exclusion Chromatography (SEC) – Multi-Angle Light Scattering (MALS) 

For the biophysical characterization of the proteins and other biomolecules, it is necessary that 

they need to be studied in their native form (as monomers, oligomers, aggregates, etc.). Biophysical 

studies in non-native form adversely affect the interpretation of their structure and dynamic properties 

along with ligand-binding or functional properties. For the characterization of the structure and 

dynamics in proteins by NMR, it is necessary that the homogeneity of the protein sample needs to be 

tested. This can be done by using Size Exclusion Chromatography (SEC) coupled with Multi-Angle 

Light Scattering (MALS) detection1. This technique has been used to determine the absolute molecular 

mass of the molecules – monomers as well as oligomers or aggregates – in the solution2,3.  

 

Figure 2.1: Light scattered by the solute is detected by MALS detector at various angles 

During SEC-MALS analysis of a protein solution, the species in the solution are first separated 

based on their molecular size by SEC. Size-separated molecules in the sample enter into inline three 

detector system UV, differential refractive index (dRI), and MALS3,4. The UV and dRI detectors help 

to measure the concentration of the protein by measuring the absorbance at 280 nm and by recording 

the change in the refractive index that occurs due to the differences in solute concentration, respectively. 

Since the determination of concentration by UV depends on the calculation of the theoretical extinction 
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coefficient, which can get affected by the tertiary structure of the molecule, dRI detectors become a 

preferred choice. dRI is a universal detector that measures concentration of biological samples based 

on the change in the refractive index of the solution. The MALS detector measures the intensity of light 

scattered at different angles (as shown in Figure 2.1).  This intensity changes due to scattering with 

respect to the intensity of the incident light, called as Rayleigh Ratio (R(θ)) at scattering angle θ, is used 

to calculate the molecular mass by using Equation 2.1 and 2.24–6: 

𝑴 =  
𝑹(𝟎)

𝑲𝒄(
𝒅𝒏

𝒅𝒄
)

𝟐          (2.1) 

𝑲 =
𝟒𝝅𝟐𝒏𝟐

𝝀𝟎
𝟒𝑵𝑨

(
𝒅𝒏

𝒅𝒄
)

𝟐

        (2.2) 

where, M is the molecular mass of the solute, R(0) is the relay ratio at scattering angle of zero obtained 

from the R(θ) determined by MALS detector, K is the system constant, c is the concentration determined 

by UV or dRI detector and (dn/dc) is the refractive index increment in the solution due to solute, n is 

the solvent refractive index and λ0 is the vacuum wavelength of the incident light, NA is the Avogadro’s 

Number. Thus, MALS provides a direct readout of the molecular weight of each species separated by 

the SEC, without any need of a reference material or calibration curve. Additionally, MALS detection 

provides information about the radius of gyration of the molecule and thus can support to interpret about 

the size and shape of the molecule in the solution. Since dsRBDs have been reported to form oligomers7–

10, SEC-MALS measurements will serve as a basis for the detection of the oligomeric species of 

dsRBDs, if any, present in the solution. Though the technique is very useful in identifying the soluble 

oligomers in the sample, it has a few disadvantages11: (1) The SEC technique separates molecules based 

on their size, thus different molecules of same size cannot be distinguished; (2) MALS detector requires 

long equilibration time as particles from SEC columns can interfere in the light scattering signal of the 

detector; (3) the injection volume of the sample also influences the separation ability of SEC columns 

and thus high concentrations are required from small sized proteins relative to the larger proteins; (4) 

SEC-MALS analysis can be applied to a suitably resolved peaks only, which depends on the resolution 

of the SEC columns – the oligomers that are exceed the column resolution range might elute during 

void volume and cannot be characterized ; (5) the oligomeric species being larger in size have higher 

light scattering and thus can create errors in the calculated mass of that species.  

2.3. Circular Dichroism 

Circular Dichroism (CD) is a type of absorption spectroscopy that relies on the difference in 

the absorption of the left (AL) and right (AR) circularly polarized light by the molecule with chiral center 

or placed in a chiral environment. When there is differential absorption of the left and/or right circularly 

polarized light, it results in an elliptically polarized light (Figure 2.2(A)). This differential absorption is 

referred to as Circular Dichroism (CD)12. The CD signal is expressed as the difference in these 
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absorption signals (ΔA = AL – AR) or in terms of ellipticity (θ = tan-1(b/a)) where b and a indicate the 

minor and major axis of the ellipse (Figure 2.2(A)). Proteins contain many chiral centers and 

chromophores and thus they show differential absorption of the circularly polarized light resulting in 

the CD signal13. The far-UV CD spectrum in between 190-250 nm, which originates because of the 

differential absorption by the peptide bond, is used for the analysis of the secondary structure content13–

15. The signature peaks for (1) an α-helical structure are observed as a strong maximum near 190 nm 

and double minima at 208 nm and 222 nm; (2) the β-sheet as a maximum near 195 nm and a minimum 

near 217 nm; and (3) random coil as a minimum near 200 nm. Typical spectra representing the 

secondary structural features of the proteins have been illustrated in Figure 2.2(B)16. The CD spectrum 

in the near UV region from 250-350 nm originates from the sidechains of the aromatic residues like 

tryptophan, tyrosine, phenyl-alanine, and from disulfide bonds and thus signal in this region reflects the 

tertiary structural features of the protein13. Any change in the conformation of protein either due to 

unfolding, ligand binding, or pH change, etc., be it in the tertiary structure or in the secondary structure, 

is reflected by the changes in the CD spectrum of the protein in the respective wavelength range.  

 

Figure 2.2: (A) Origin of CD signal: a and b are the components of left and right circularly polarized light. The resultant of 
the two components is shown by red arrow which makes an angle θ which is recorded as CD signal (Adapted from Kelly and 
Pric. Current Protein and Peptide Science, 2000, Vol. 1, No. 4). (B) Typical CD spectra of the secondary structures in the 
proteins α-helix (dotted line), β-sheet (dashed line), and random coil (solid line) (Adapted from Ruggeri et al.  Current 
Pharmaceutical Design, 2016, Vol. 22, No. 26). 

Far-UV CD spectroscopy is commonly used to monitor the thermal stability of a protein by 

measuring CD signal as a function of temperature. For example, the unfolding of the protein from a 

well-defined structural fold to a random coil leads to a change in the CD signal. As a simple case, the 

transition can be assumed to be between a folded (f) and an unfolded state (u). During the transition, 

fraction folded (α) at each temperature can be calculated as in Equation 2.3: 
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𝜶 =  
𝑺𝒐𝒃𝒔−𝑺𝑼

𝑺𝑭−𝑺𝑼
         (2.3) 

where, Sobs, SF and SUF are the CD signal at a fixed wavelength at observed temperature, for completely 

folded protein and for completely unfolded protein, respectively.  

If the unfolding is reversible, then the thermodynamics of the unfolding event can be calculated 

by using the Gibbs-Helmholtz equation (Equation 2.4-2.6): 

∆𝑮 =  ∆𝑯(𝟏 − 𝑻 𝑻𝑴⁄ ) − ∆𝑪𝑷((𝟏 − 𝑻 𝑻𝑴⁄ ) + 𝑻𝒍𝒏(𝑻 𝑻𝑴⁄ )    (2.4) 

𝑲 = 𝒆𝒙𝒑 (−∆𝑮 𝑹𝑻⁄ )         (2.5) 

𝜶 = 𝑲 (𝟏 + 𝑲)⁄         (2.6) 

where G is the free energy (cal.mol-1) of the unfolding at temperature T (Kelvin), H is the change in 

enthalpy during unfolding (cal.mol-1), Cp is the heat capacity at constant pressure (cal.K-1.mol-1), TM 

is the melting temperature (Kelvin), K is the equilibrium constant of folding at temperature T and R is 

the gas constant (1.98 cal.K-1.mol-1). Even if the unfolding is irreversible, the CD signal as a function 

of temperature can give information about the thermal stability of the protein. The TM and/or the slope 

of the transition helps to have insights into the relative stability when, for example, mutations are carried 

out in the protein. In the current study, CD spectroscopy has been used as a tool for identification of the 

thermal stability of the dsRBDs and has been helpful in providing an overview of the conformational 

entropy the dsRBDs may have to interact with target dsRNAs. 

2.4. Isothermal Titration calorimetry 

Isothermal titration calorimetry (ITC) is a powerful technique used to study the 

thermodynamics of interaction of biomolecules like protein, nucleic acids among each other and with 

the small molecules like drugs17–19. Any binding interaction between two molecules is associated with 

a net change in the total energy of the system as absorption (endothermic processes) or release 

(exothermic processes) of heat with the surroundings. For protein-RNA interaction studies, other 

techniques like Spectroscopy or Surface Plasmon Resonance (SPR) can also be used to determine the 

thermodynamics of the interactions; however, ITC is unique as it provides direct measure of heat change 

during binding20. In addition, ITC is a sensitive and non-destructive technique and does not require any 

modification or immobilization of the samples17.  

In ITC experiments, titrations are carried out by gradually adding one binding partner (or 

ligand) from a syringe in to the sample cell containing a solution of the other binding partner, and the 

heat change is measured as the amount of external energy required to maintain the sample and the 

reference cell at a fixed temperature. This change is monitored until all of the binding partner is 

saturated and a constant change resulting from the dilution of the ligand is observed and is plotted as a 

function of time. The area under the curve for each of the peaks represents the heat change associated 
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with the binding interaction upon addition of the ligand and is proportional to the enthalpy of the 

interaction. The resultant plot is an isotherm of the enthalpy of interaction against the molar ratio of the 

two binding partners18,21 (Figure 2.3). 

 

Figure 2.3: Typical ITC titration profile. The upper panel is the plot of energy required to maintain sample and reference cells 
at the same temperature after each addition of ligand. The lower panel depicts the heat of binding calculated by peak integration 
from the upper panel plotted against molar ratio of the two binding partners.  

The fitting of the isotherm to various binding models22,23 allows estimation of the binding 

stoichiometry – n as the inflection point; association constant – Ka as the slope of the curve; and binding 

enthalpy – ΔH as the amplitude of heat change, respectively. Since the titrations are carried out 

isothermally, the free energy change associated with the binding can be calculated from the association 

constant. The free energy of binding along with the enthalpy change determined from the titration serves 

as a measure to calculate the entropy change. The association constant and the free energy change of 

binding indicates the affinity of the ligand to its binding partner, while the enthalpy and entropy 

contribution of each process represents the physical process involved in binding like conformational 

change, hydrogen bonding or van der Waal interactions etc17. The enthalpy-entropy contribution also 

suggests the probable mechanism of the binding of the two molecules20. Though the technique has wide 

applicability, it requires that the titrant and the titrate must be in the same buffer. Also, as the heat 

evolved in a titration depends on the concentration of the interacting species, this may require large 

amount of sample for the optimization of the titration in the range to get the isotherm that can correctly 

define the mechanism of binding between the interacting molecules. In the current study, the ITC 

titrations of dsRBDs with dsRNAs have been performed to explore the mechanism of interactions at 

the thermodynamic level. 
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2.5. NMR Spectroscopy 

Nuclear Magnetic Resonance (NMR) spectroscopy is a well-known biophysical technique used 

to explore the structure and dynamics in biomolecules at the atomic level. Though the structure of 

proteins can give information on their function, proteins have intrinsic flexibility at multiple timescales, 

which might also serve as a critical factor for their functions. Nevertheless, the structure of the protein 

can be determined by biophysical techniques like X-ray Crystallography or Cryo-Electron-Microscopy; 

NMR spectroscopy has an advantage that it can also give information about the dynamics in proteins. 

NMR is unique in quantifying protein dynamics as: (1) it can quantify motions occurring at picoseconds 

to seconds or slower; (2) it can probe dynamics using various NMR active nuclei simultaneously 

without the need of any external probe; and (3) the dynamics can be quantified in equilibrium conditions 

without any perturbations required. In order to study the structure or dynamics in proteins by NMR, it 

is labeled with 15N and/or 13C NMR active nuclei mostly by using recombinant DNA technology. This 

labeling scheme provides uniformly labeled protein when overexpressed in a suitable expression system 

– bacterial system being most commonly used – by using 13C-D(+)-glucose as a sole source of carbon 

and/or 15N-ammonium chloride as a sole source of nitrogen in the bacterial growth medium. The 

overexpressed protein is then purified in the desired state using various chemical and/or 

chromatographic methods.  

 

Figure 2.4: Primary NMR observables: (1) Chemical shift which reports on the local chemical environment, (2) Linewidth 
measured at peak width measured at half height reports on local dynamics, and (3) Intensity, measured as peak height or 
volume reports on the population of the spins in the local environment defined by chemical shift. 

The structural and dynamics information of a nucleus under investigation by NMR is contained 

in the form of three fundamental observables24,25: (1) chemical shift (or frequency), (2) linewidth and 

(3) intensity of the NMR signal (Figure 2.4). The chemical shift, δ, of an NMR peak depends on the 

local chemical environment of the nucleus in the molecule under study. The linewidth, λ, is determined 

as width of the peak at half height and depends on the relaxation profile of the nuclear spin and informs 

about the dynamic properties of the nucleus in the solution. The intensity, I, of the peak is expressed in 
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terms of peak height, integral, or volume and reports on the number of spins in the local chemical 

environment defined by the chemical shift of the peak. 

2.5.1. Resonance Assignment and structure calculations 

In order to determine the structure or to characterize the dynamics in proteins, a preliminary 

requirement is to have the resonance assignment, that is to identify which NMR peak corresponds to 

which atom in the protein chain. These resonance frequencies, expressed in terms of chemical shift in 

NMR, contain information of the local chemical environment of the nucleus. Coupling interactions 

between the NMR active nuclei present in the 15N and/or 15N-13C labeled protein chain are used to assign 

the chemical shifts of each nucleus. The chemical shift information that can be collected from NMR 

experiments is divided in two sets – backbone resonances (that include chemical shifts of HN, N, Hα, 

Cα, Cʹ) and side-chain resonances (for example, chemical shifts of Cβ, Hβ, Cγ, Hγ, etc)26,27. Generally, 

backbone resonances are sufficient to assign the resonances in the HSQC spectrum to the amino acids 

in the protein chain. However, determination of type of amino acid may require information of some of 

the side-chain nuclei. It is also shown that backbone chemical shifts can also suffice to calculate the 

structure of the protein28,29. The resonance assignment for protein starts with the recording of the 1H-

15N heteronuclear single quantum correlation (HSQC) spectrum which is a map of all the backbone 

amide resonances. This spectrum contains peaks (in the form of contours) corresponding to every amide 

N-H in the protein chain. For example, if there are 100 non-proline amino acids – as N involved in the 

peptide bond of proline lacks a HN – in the protein, then we can expect 100 peaks in the HSQC spectrum. 

In addition, the side-chain -NH2 of amino acids (Asn, Gln, Arg, Lys) also show peaks in the HSQC 

spectrum and can be easily identified as they appear as doublets with two 1H-chemical shifts for a single 

15N-chemical shift. Just having an HSQC spectrum with these peaks does not provide information on 

which peak represents which amino acid, and it is necessary to collect additional resonance information. 

For the backbone resonance assignment, a set of triple resonance experiments which include, 

CBCANH, CBCA(CO)NH, HNCA, HN(CO)CA, HNCO, and HN(CA)CO can be recorded26,27,30,31. 

These experiments give information on chemical shift(s) of the additional nucleus (nuclei) in the protein 

in additional dimension – mostly carbon in case of triple resonance experiments – coupled to backbone 

N-H of the amino acid represented by a peak in the 1H-15N HSQC. These experiments allow transfer of 

magnetization from one nuclear spin to another via through-bond (scalar) coupling interactions between 

the NMR active nuclei in the amino acid chain. The nuclei in the amino acids that are detected via these 

coupling interactions are shown in Figure 2.5(A). For example, in case of CBCANH experiment, we 

get correlations between Cα, Cβ, N
H, and HN. In CBCANH experiment, every peak in the 1H-15N-HSQC 

spectrum can be correlated to four additional peaks in the 13C-dimension – two from self Cα,i and Cβ,i 

and two from previous Cα,i-1 and Cβ,i-1 (Figure 2.5(B)) and has been represented as strips as shown in 

Figure 2.5(D). This experiment is complemented by another experiment CBCA(CO)NH where peaks 

only from the previous residue i.e. Cα,i-1 and Cβ,i-1 are observed (Figure 2.5(C)), thus allowing distinction 
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between the two sets of peaks in the CBCANH spectrum. The distinction between Cα and Cβ can be 

done based on the phase of the peak as they appear in opposite phases in the spectrum.  In addition, the 

self-peaks appear more intense than the peaks for the previous residue as one bond intra-residue 

coupling (N-Cα) is stronger than the two bond inter-residue coupling (N-C´-Cα). By aligning the Cα and 

Cβ peaks in 13C-dimension of CBCANH, after identifying the self and the previous peaks, it is possible 

to get the sequential connections between the peaks to assign resonances in the HSQC spectrum. An 

example of the sequential connectivities in the CBCANH spectrum is shown in Figure 2.5(d). 

 

Figure 2.5: Resonance assignment in proteins. (A) Nuclei in the amino-acid chain coupled through scalar coupling used for 
getting sequential connectivities in various triple resonance experiments. Connectivities observed have been marked in colour 
in (B) a CBCANH spectrum and (C) a CBCA(CO)NH experiment. Atoms for which peaks are observed in the 1H-15N HSQC 
are marked in purple and carbon (13C) atoms that are correlated to the NH peak are represented by green box for Cα and orange 
for Cβ. (D) A representation of the correlations observed in the CBCANH experiments allowing sequential walk along the 
protein chain. Colours represent Cα and Cβ as marked in the spectral connectivities of CBCANH experiment (Figure(B)). 

Bigger circles represent higher intensity of peaks due to stronger one-bond coupling between Ni and Ci and smaller circles 

represent lower intensity peaks due to weaker two-bond coupling between Ni and Ci-1 in the CBCANH spectrum. 

 

Table 2.1: Correlations observed in 13C-dimension for every NH peak in HSQC in triple resonance experiments. 

Experiment Peaks in 
13

C-Dimension 

HNCA Cαi, Cαi-1 

HN(CO)CA Cαi-1 

CBCANH Cαi, Cαi-1, Cβi, Cβi-1 

CBCA(CO)NH Cαi-1, Cβi-1 

HNCO Cʹi-1 

HN(CA)CO Cʹi, Cʹi-1 
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All triple resonance experiments show peaks corresponding to a different set of carbons in 13C-

dimension for every peak in the 1H-15N-correlation plane. The correlations observed 13C-dimension in 

various experiments have been listed in Table 2.1. 

The 1H-15N-TOCSY-HSQC experiment, recorded on a 15N labeled sample, is used to identify 

the type of the residue. TOCSY experiment gives a correlation among the protons of the same spin 

system or amino acid. Since every residue in the protein chain represents a spin system, it shows a 

typical pattern of TOCSY correlation representative of the type of the amino acid. In the 1H-15N-

TOCSY-HSQC experiment, every peak in the HSQC or the amide resonance is correlated to the spin 

system of the residue it represents. Since all the amino acids have a defined pattern of these TOCSY 

correlations, it helps to identify which type of amino acid is represented by the HSQC peak. Thus, 

having information from these triple resonance experiments and the 1H-15N-TOCSY-HSQC can help to 

identify and confirm the assignment for each peak in the 1H-15N-HSQC. These methods are widely 

applicable to the structural analysis of the proteins of ~20 kDa in size; proteins with higher molecular 

mass may require deuteration of the protein during synthesis or use of modified techniques like TROSY 

based experiments for the resonance assignments26,32. 

The chemical shifts obtained from the NMR analysis are highly sensitive to the local 

environment of each spin and can aid in extracting information about secondary structure and hydrogen 

bonding interactions between different residues. Shen et al. have reported a robust protocol in the 

Chemical shift (CS)-Rosetta program to generate the protein structure from the incomplete resonance 

assignment28,29,33–35. The program is available at the Biological Magnetic Resonance Bank at 

https://csrosetta.bmrb.wisc.edu/csrosetta/submit. The protocol uses chemical shifts at two stages for 

model generation: (1) fragment selection with sequence similarity and the structural data deposited in 

the Protein Data Bank; and (2) re-scoring of the all-atom models generated by fragment assembly with 

energy minimization by ab initio protein structure prediction by Rosetta method. It has been shown that 

this protocol is sufficient to generate structural models comparable with the models generated from the 

all-atom resonance assignments along with the distance restrains29,34. The calculated structures from 

CS-Rosetta can then be validated at a range of available programs like MOLPROBITY36 

(http://molprobity.biochem.duke.edu/), Protein Structure Validation Software (PSVS) suite37 

(http://psvs.nesg.org/),  ProCheck38 (https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/), etc. 

2.5.2. Protein dynamics 

Dynamics in proteins leads to spatial and/or temporal changes in the local/global changes in the 

protein structure. Thus, the native structure of the protein may not correctly represent its active 

conformation that is responsible for its function. These changes, reflected by the flexibility at atomic 

level at multiple timescales, are important to understand its functions. Most experiments used to study 

https://csrosetta.bmrb.wisc.edu/csrosetta/submit
http://molprobity.biochem.duke.edu/
http://psvs.nesg.org/
https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/
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the dynamics in proteins by NMR spectroscopy are based on the relaxation behavior of the nuclear spins 

of NMR active nuclei like 15N, 13C, and 1H/ 2H. While 15N-relaxation-based experiments are widely 

used to study backbone dynamics in proteins, the 13C and 2H relaxation experiments are important 

probes for characterization of the side-chain dynamics. The different dynamic processes in proteins 

occur at different timescales and they can be probed by a vast variety of NMR experiments24,39–43. Each 

of the experiments is able to detect dynamics occurring in different timescale window (Figure 2.6). The 

most commonly studied dynamic timescale in proteins involve ps-ns timescale and μs-ms timescale 

because of their sensitivity towards functionally relevant processes. The local motions in the proteins 

like bond vibration, side-chain rotation, as well as loop motions or molecular tumbling are characterized 

by ps-ns timescale dynamics while the μs-ms timescale dynamics represent slower motions responsible 

for conformational changes resulting from ligand binding or release, catalytic or allosteric interactions, 

protein folding, etc. The dynamics information at ps-ns and μs-ms timescales are obtained by nuclear 

spin relaxation, relaxation dispersion methods, residual dipolar couplings, etc. We have used nuclear 

spin relaxation and relaxation dispersion methods to probe the dynamics and these two methods are 

discussed in more detail below.  

 

Figure 2.6: Range of NMR experiments that probe dynamics in proteins responsible for various structural changes occurring 
at different timescales. These include (1) Nuclear Spin Relaxation (NSR), (2) Residual Dipolar Coupling (RDC), (3) 
Heteronuclear Adiabatic Relaxation Dispersion (HARD), (4) Rotating Frame Relaxation Dispersion (RF-RD), (5) Carr-
Purcell-Meiboom-Gill Relaxation Dispersion (CPMG RD), (6) Exchange Spectroscopy (EXSY), (7) Real Time NMR (RT-

NMR).  

2.5.2.1. ps-ns dynamics in proteins revealed by Nuclear Spin Relaxation method 

Picosecond to nanosecond timescale motions involve bond vibration, loop motion, side-chain 

rotation, molecular tumbling etc42,44–47. The nuclear spins excited by application of the radio frequency 

pulses relax to the equilibrium state by three principle mechanisms that are linked to ps-ns motions: (1) 

Chemical shift anisotropy (CSA), (2) Dipolar Coupling, and (3) Quadrupolar interactions24,26. These 

motions can be characterized by using nuclear spin relaxation experiments that measure site-specific 

parameters: (1) Longitudinal relaxation rates, R1, (2) Transverse relaxation rates R2, and (3) 
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heteronuclear nuclear overhauser effects (hetNOE). Longitudinal relaxation (R1) refers to the process 

where excited spins relax to thermal equilibrium by transferring their energy to the environment. It is 

determined by the inversion recovery experiment where the magnetization is first inverted and then 

allowed to relax for a defined delay period followed by detection in the transverse plane. The rate of 

decay of the signal indicates the R1 relaxation rate. Transverse relaxation rates (R2) dictate the 

irreversible loss of coherence in the transverse plane in the ensemble of spins. These R2 rates are 

determined by flipping the magnetization to transverse plane and then allowing to diffuse for variable 

delay period followed by detection. hetNOE measures the perturbations in through-space magnetization 

transfer between different types of nuclei (typically a 1H and a 15N or 13C) coupled via dipolar 

interactions. It is calculated as a ratio of the signal intensity with and without saturation of the 

magnetization transfer between the two coupled nuclei. Though these parameters can be determined 

directly, they provide limited information for dynamics characterization. Typically, a plot of these 

values along the protein chain helps to identify the residues or regions of inconsistent dynamic behavior. 

If the protein is internally rigid and tumbles isotropically, then these parameters have parallel values for 

each residue and the residues with inconsistent dynamics deviate from the average values of these 

parameters. These relaxation parameters are a function of rotational correlation time (τc) and frequency 

of motions (ω) and can vary (as shown in Figure 2.7)48,49.  

 

Figure 2.7: Plot of log(T1, T2) and 1H-15N NOE against log(ωτC) for 15N-nuclear spin relaxation (Adapted from Lewis E. Kay, 

Dennis A. Torchia, and Ad Bax,  Biochemistry, Vol. 28, No. 23, 1989) 

The quantification of the ps-ns timescale motions from these observables is achieved by using 

a time-dependent rotational correlation function C(t), or a spectral-density function J(ω), for each bond 

vector. The correlation function describes the probability that a bond-vector is found in an orientation 

relative to the permanent magnetic field at time t=0 and a later time t. The actual form of the correlation 

function depends on the nature of the molecular motions involved. For example, in a simple case of 

random isotropic rotations of a molecule without internal motion, the correlation function follows 
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exponential decay C(t) = exp(t/τm), where τm is the molecular rotational time. Fourier transform of the 

correlation function is the spectral density function J(ω) that remodels this information in terms of 

probabilities of motions at a frequency ω. The relation between the spectral density function J(ω) and 

the measured site-specific relaxation parameters (R1, R2, and hetNOE) are given by equations (2.7-

2.9)50: 

𝑹𝟏(𝑿) =
𝒅𝟐

𝟒
[𝑱(𝝎𝑯 − 𝝎𝑿) + 𝟑𝑱(𝝎𝑿) + 𝟔𝑱(𝝎𝑯 + 𝝎𝑿)] + 𝒄𝟐𝑱(𝝎𝑿)   (2.7) 

𝑹𝟐(𝑿) =
𝒅𝟐

𝟖
[𝟒𝑱(𝟎) + 𝑱(𝝎𝑯 − 𝝎𝑿) + 𝟑𝑱(𝝎𝑿) + 𝟔𝑱(𝝎𝑯) + 𝟔𝑱(𝝎𝑯 + 𝝎𝑿)] +

𝒄𝟐

𝟔
[𝟒𝑱(𝟎) + 𝟑𝑱(𝝎𝑿)] +

𝑹𝒆𝒙             (2.8) 

𝒉𝒆𝒕𝐍𝐎𝐄 = 𝟏 +
𝒅𝟐

𝟒𝑹𝟏

𝜸𝑯

𝜸𝑿
[𝟔𝑱(𝝎𝑯 + 𝝎𝑿) − 𝑱(𝝎𝑯 − 𝝎𝑿)]    (2.9) 

where X = 13C or 15N nucleus attached to a 1H nucleus, ωx is the Larmor frequency of the nucleus X, d 

= (μ0hγHγX/8π2)(rHX
-3) is the dipolar interaction between H and X directly attached with the distance 

between them rHX, μ0 is the permeability of free space, h is the Planck’s constant, γH and γX are the 

gyromagnetic ratio for H and X, c = (ΔσX/√3) with ΔσX is the CSA of the X nucleus.  

 The term Rex in equation 2.8 describes the contribution of the chemical exchange to the R2 rate. 

As it can be noted that each of the relaxation parameters (R1, R2, and hetNOE) are functions of multiple 

frequencies ω of motion as well as J(0) which depends on the inhomogeneity in the static magnetic 

field. Simultaneous fitting of the observed relaxation rates (R1 and R2) and the hetNOE values to these 

equations allows to determine the spectral density at the respective motional frequencies. To improve 

accuracy in the extracted fitting parameters, the data is collected at multiple magnetic fields. The 

spectral density approach51 to describe the ps-ns motions in proteins – a technique pioneered by Peng 

and Wagner – allows to extract site-specific information about the motions at a range of frequencies. 

However, the approach has no assumption to assess the global motions in the proteins. Also, this 

approach does not provide information about the amplitude of motions. Though spectral densities 

provide limited information about the ps-ns motions, they can be translated to model-free parameters 

described by the Lipari-Szabo model-free approach52–54.  

The model-free approach assumes that the internal motions of the residues are independent and 

faster than the global motions of the protein. As the name suggests, the approach assumes no structural 

model to describe the motion. It describes motions using four distinct types of parameters24,26,43,47: (1) 

rotational diffusion tensor D, which is a combination of three terms Dxx, Dyy, and Dzz which represent 

the rate of molecular rotation about x-, y-, and z-axis, respectively. This is also defined in terms of 

rotational correlation time (τc); (2) the effective correlation time (τe) for every N-H bond vector that 

represents timescale of motion of a N-H bond vector; (3) site-specific order parameter (S2) which is a 

measure of the amplitude of motion of the N-H bond vector; and (4) an Rex value that is the indicator of 

the chemical exchange broadening which contributes to R2 rates due to μs-ms timescale motions. The 
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approach was further extended by Clore et al. for interpretation of more complex dynamics with 

motions on two independent internal timescales55: (1) at faster ps timescale defined by S2
f (amplitude 

of motion) and τf (timescale of motion) and (2) slower motions at ns timescale but faster than the global 

tumbling of the molecule defined by S2
s (amplitude of motion) and τs (timescale of motion).  

The order parameter (S2) brings in the most from the model-free analysis. It represents the 

amplitude of motion of the N-H bond vector in a cone with semi-angle θ, such that S2 = [(1/2) (cos θ) 

(1+cos θ)]2. The larger the cone angle represents higher flexibility with S2 value close to 0. The rigid 

residues show motions within smaller cone and have S2 values close to 1.Empirically, the value of S2 

calculated from 15N-relaxation experiments for a residue in the structured region are more than 0.8 while 

for loops and turns they range from 0.5 to 0.824, however, with increased flexibility the values close to 

0 can be observed. A plot of S2 against residue number helps to identify the deviation in the S2 value 

from the average that represents the residue having higher flexibility at ps-ns timescale than the rest of 

the structured areas of the protein. Further changes in the S2 upon ligand binding or changes in the 

environmental conditions is an indicator of the conformational plasticity of the molecule. Other model-

free parameters also deliver valuable information about the ps-ns timescale motion. The correlation 

times (τe, τf, τs) directly give the timescale of the motions for every nuclear spin studied, while the D 

value is an indicator of hydrodynamic properties of the molecule suggestive of the overall shape of the 

molecule. The Rex value represents the contribution of the μs-ms timescale dynamics in the detected 

spin relaxation parameters. These motions can be studied in more detail by the relaxation dispersion 

experiments. In the current study, the nuclear spin relaxation experiments of the dsRBDs allow to study 

the local motions at ps-ns dynamics that give information on the conformational entropy of the dsRBDs. 

Further, it will also give insights into the effect of dsRNAs of different shapes on the internal flexibility 

of the dsRBDs. Though the model-free approach is a method of choice, the method is applicable only 

when the protein structure is predetermined. For a multi-domain protein, the approach may not be 

applicable to all residues, as all of them may not be represented by the same global diffusion model and 

may have different dynamics based on the physiochemical phenomenon they are involved in. 

2.5.2.2. μs-ms dynamics in proteins revealed by Relaxation Dispersion method 

μs-ms timescale motions result from the dynamical fluctuations in the residue(s) in the protein 

or segment(s) of a protein that leads to changes in the conformation. These conformational changes may 

result from protein folding-unfolding events, ligand binding or release processes, domain motions, 

etc39,56–58. These dynamic processes are commonly defined as chemical exchange39,59 of the spin 

between at least two distinct states, A and B with resonance frequency of the two states being ωA and 

ωB, respectively; with k1 as the forward rate constant for A to B conversion and k-1 as the reverse rate 

constant (Figure 2.8). The intensity of the two peaks representing the two states is proportional to the 

population of the two states (pA and pB) and the exchange rates between the two states. Thus, the 
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chemical exchange process between these states directly remodels the fundamental observables in 

NMR. The appearance of the peak pattern depends on the relative magnitude of the exchange rate 

defined as kex = k1 + k-1 and the resonance frequency difference between the two states Δω = |ωA – ωB| 

as shown in Figure 2.8.  

 

Figure 2.8: Effect of chemical exchange on primary NMR observables. (A) Description of the Chemical exchange process 
between two states, A and B, can be given by the forward and reverse rate constants, k1 and k-1, and resonance frequency 
(indicated by chemical shift in NMR) of two states and the population of the two states. (B) The pattern of the peak depends 

on the relative magnitude of the kex = k1 + k-1 and the Δω and are categorized in three exchange timescale regimes. The peaks 

are simulated assuming that the pA = 80% and pB = 20%.  

When in the slow exchange regime (kex ˂ |Δω|), the two states can be distinguished and two 

separate signals can be obtained and thus two states can be directly characterized from fundamental 

NMR observables. However, when the exchange is in the intermediate or fast exchange regime (kex ≥ 

|Δω|), the NMR peak observed is a population-averaged signal from the two states. Dynamics in this 

time frame are characterized in terms of the exchange contribution, Rex, to the transverse relaxation rate 

– as detected in model-free analysis – as: 

𝑹𝟐,𝒆𝒇𝒇 = 𝑹𝟐
𝟎 + 𝑹𝒆𝒙        (2.10) 

where, R2,eff and R2
0 represent the effective and the intrinsic transverse relaxation rates, respectively for 

the observed spin. Two commonly used approaches for characterization of these dynamics include Carr-

Purcell-Maiboom-Gill (CPMG) relaxation dispersion technique and Rotating frame relaxation 

dispersion that monitors motions mainly on slower ms timescale and faster μs timescale, respectively. 

Both the relaxation dispersion methods allow suppression of the exchange term creating a dispersion in 

the measured R2 values that help to characterize the exchange process by extracting the population of 
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the two states (pA and pB) and the difference in the two chemical shifts (Δω) along with the exchange 

rate kex. 

Constant time CPMG (Carr-Purcell-Maiboom-Gill) relaxation dispersion experiment60 is the 

most often used experiment for characterization of slow dynamics in slow ms regime. The experiment 

is simply based on the concept that dephasing of the spins can be refocused by using a Spin-Echo 

scheme (τ - 180° - τ). In absence of any exchange, if spins exist in two distinct states, their evolution 

results in two distinct peaks at their respective chemical shifts. However, if the spins are in the chemical 

exchange between two states during chemical shift evolution, the exchange between the states leads to 

dephasing of the signal and thus results in line broadening. The Spin-Echo block helps to refocus the 

magnetization during evolution. As the frequency of the application of 180° pulses – CPMG frequency 

(νCPMG = 1/4τ) – is increased compared to kex, it results in better refocusing of the magnetization. Thus, 

it suppresses the dephasing/exchange between the two states. The change in the line broadening is 

detected by calculating effective transverse relaxation. In CPMG relaxation dispersion experiment, 

series of HSQC spectra are recorded with an increasing number of spin-echo blocks applied during 

fixed relaxation time (Trelax) – thus increasing the frequency of CPMG blocks applied – and the effective 

relaxation rates can be determined by equation 2.11: 

𝑹𝟐𝒆𝒇𝒇 (𝝂𝑪𝑷𝑴𝑮) =  −
𝟏

𝑻𝒓𝒆𝒍𝒂𝒙
𝐥𝐧 (

𝑰𝝂,𝑪𝑷𝑴𝑮

𝑰𝟎
)      (2.11) 

where I0 indicates the intensity of the peak in the absence of CPMG block applied and IνCPMG indicates 

the intensity of the peak in the presence of CPMG block with frequency applied. The relation between 

the amount of refocusing defined by the effective relaxation rate (R2,eff) and the CPMG frequency 

(νCPMG) allows to extract the dynamics parameters describing exchange event40,58,61–64. For a two-site 

exchange process in fast exchange limit (kex ˃˃ |Δω|), the relation between R2,eff and νCPMG is commonly 

defined by Carver-Richards equation61 as: 

𝑹𝟐𝒆𝒇𝒇 = 𝑹𝟐 + (
𝝋𝒆𝒙

𝒌𝒆𝒙
) (𝟏 −

𝟒𝝂𝑪𝑷𝑴𝑮

𝒌𝒆𝒙
𝐭𝐚𝐧𝐡 {

𝒌𝒆𝒙

𝟒𝝂𝑪𝑷𝑴𝑮
})     (2.12) 

where, R2 is the intrinsic relaxation rate of each proton, φex = pApBΔω2 is the exchange contribution to 

the effective relaxation rate, kex is the timescale of the exchange event, Δω is the chemical shift 

difference between two states in exchange and pA, pB are the populations of the two states. Fitting of the 

relaxation dispersion data can show best fit by multiple sets of model parameters. In order to retrieve 

accurate exchange parameters, the number of observables are increased by recording data at multiple 

static magnetic fields. Experimentally, CPMG relaxation dispersion is limited to probe exchange 

processes occurring at 0.3-10 ms timescale due to the limit of applied CPMG frequency and the intrinsic 

relaxation properties of the protein. The lower limit of the CPMG frequency can be set with a single 

spin-echo applied during CPMG block. For proteins, this limit is around 25 Hz as the transverse 

magnetization for the proteins will decay before a total CPMG time of 20-50 ms24,26. The upper limit of 
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CPMG frequency is set around 1200 Hz by the hardware limitation, as fast pulsing with much shorter 

τ delay can lead to probe and sample heating24. 

Another method of detecting chemical exchange is by Rotating frame (R1ρ) relaxation 

dispersion experiment65,66 is used to study events occurring at a timescale of 20-100 μs. This method 

uses either on-resonance or off-resonance radio-frequency (RF) pulses to spin-lock the magnetization 

in the rotating frame during evolutions. These pulses can produce effective filed strengths from 1000 to 

50000 Hz. The strength of spin-lock for each nucleus depends on the three primary parameters of the 

RF pulse (1) carrier frequency, ωRF, (2) amplitude, ω1, and (3) phase, φ. The nuclei that are affected by 

the applied spin-lock pulse also depend on the resonance offset Ω = ω0 - ωRF, where ω0 is the Larmor 

frequency of a particular nucleus. The relaxation rate (R1ρ) in the rotating frame is defined as (Equation 

2.13): 

𝑹𝟏𝝆 = 𝑹𝟏 𝐜𝐨𝐬𝟐 𝜽 + 𝑹𝟐 𝐬𝐢𝐧𝟐 𝜽 +
𝝋𝒆𝒙𝒌𝒆𝒙

𝒌𝒆𝒙
𝟐 +𝝎𝒆

𝟐 𝐬𝐢𝐧𝟐 𝜽      (2.13) 

where, R1 and R2 represent laboratory frame longitudinal and transverse relaxation rates, and θ is the tilt 

angle (θ = tan-1(ω1/Ω)) of the effective spin-locking field ωe = (ω1
2+ Ω2)1/2. The application of spin-lock 

pulses with varying field strengths by varying carrier frequency and amplitude of the pulse. This allows 

suppression of the exchange between the two states to different extent with variable field strength and 

thus creates a dispersion in the observed R1ρ rates. Since the effective field can be varied by varying the 

offset, the measurements at multiple static magnetic fields are not required as required in the R1ρ RD. 

Though this poses an advantage, the variation in the effective field with offset demands the collection 

of relaxation data with multiple offsets for a spin-lock field-strength. Further to get the dispersion, 

multiple of such field-strengths need to be applied. This thus increases the total data recording time. 

Further, for 15N spectral widths as large as 40 ppm for backbone amides of proteins, on-resonance data 

needs to be recorded at multiple offsets to keep the tilt angle close to 90 degrees. A slight deviation in 

the tilt angle from 90 degrees creates large phase errors in the spectrum away from the offset values 

limiting the number of analyzable peaks in a given offset data. 

In the current study, a modified version of R1ρ type relaxation dispersion experiments called 

Heteronuclear Adiabatic Relaxation Dispersion (HARD) was used67,68. This experiment uses hyperbolic 

secant family (HSn, where n = stretching factor) adiabatic pulses that allow spin-locking of the 

magnetization in the rotating frame69–71. The method has an advantage that the applied spin-lock fields 

can cover the whole range of spectral width that 15N-spins in proteins spans and thus avoids the need of 

collection of data at multiple offsets or ωRF as required in conventional R1ρ type experiment. The applied 

RF field strength is varied by modification in phase and amplitude of the pulse – by changing the 

stretching factor (n). Both longitudinal (R1ρ) and transverse (R2ρ) relaxation rates in the rotating frame 

are determined for each spin by recording HSQC spectra with increasing relaxation delays in terms of 

a number of adiabatic pulses applied. The method uses five adiabatic pulses (HS1, HS2, HS4, HS6, and 
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HS8) and the relaxation rates for each of the pulse are calculated which indicate dispersion when plotted 

against HS pulse stretching factor. The magnetic field strength increases with increase in the stretching 

factor and results in increase in R1ρ rate and decrease in R2ρ rate. These rates along with the R1 rates are 

used for determining exchange parameters – kex, pA or pB and Δω – from computational approach, 

geometric approximation approach72 by data fitting in Bloch-McConnell equation for two site exchange 

model. In general, the evolution of magnetization (N) of a nuclear spin (a) under the influence of 

radiofrequency pulse is defined by phenomenological Bloch equations in as (Equation 2.14): 

     (2.14) 

where R1 and R2 are the longitudinal and transverse relaxation rates, ω1 is the amplitude of the 

radiofrequency pulse, and Ωa is the resonance offset. The term Naj is the component of nuclear 

magnetization of spin (a) in x-, y-, and z-direction respectively. In the presence of exchange, the 

magnetization is affected due to the exchange phenomenon and the Bloch-McConnel equation that 

define the evolution is modified as (Equation 2.15): 

 (2.15) 

 The parameters (ka and kb) the forward and reverse reaction rates, (δa and δb) the resonance 

offset of state A and B with respect to radiofrequency pulse, (ω1) the amplitude of the radiofrequency 

pulse, and (R1 and R2) the longitudinal and transverse relaxation rates describe the system undergoing 

exchange. The term Nij is the nuclear magnetization where i = a, b defines state A or B, and j = x, y, z 

defines components of magnetization in x-, y-, and z-direction respectively. The geometric 

approximation method helps to construct solution surfaces for the above equation by assuming R1 and 

R2 rates as a linear combination of functions of R1, R2, and Rex for the defined set of dynamic parameters 

(kex, pA, Δω, and offset). A rigorous grid search through these solution surfaces by the Monte Carlo 

method allows to determine the exchange parameters best fit to the observed dispersion in R1 and R2 

rates. This method has been suggested to be able to probe motions over a much wider range of 10 μs – 

10 ms. Though the method shows better applicability than the typical CPMG-RD or R1 type 

experiments, at the current stage, the method cannot be used for global analysis, where the residues 
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involved in a specific catalytic process may have similar exchange rates. Also the method needs further 

developments in order to accommodate the exchange models with exchange between more than two 

states. 

Relaxation dispersion experiments for the dsRBDs in absence of substrate RNA will allow to 

study the internal conformational dynamics at μs-ms timescale. Further, relaxation dispersion 

experiments on dsRBDs in presence of dsRNAs will permit to probe the interaction surface of dsRBD 

at the dsRBD-dsRNA interface, which in turn will help to study the perturbation in the inherent 

conformational dynamics of the dsRBD due to the substrate dsRNAs. 
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3.1. Introduction 

NMR spectroscopy is a well-known biophysical technique used to explore the structure and 

dynamics of proteins at the atomic level. A pre-requisite for this characterization is to have the 

resonance assignment of the protein, which is achieved by triple-resonance NMR experiments1,2 as 

discussed in section 2.5.1 using protein samples, isotopically enriched with NMR active 15N and/or 13C 

nuclei. These experiments help us to obtain the sequential connectivities along the protein chain via 

correlations of every N-H peak in the 1H-15N-HSQC spectrum to the carbon resonances in the self and 

previous residue in the amino acid chain in the spectra from the triple-resonance experiments. A double-

resonance experiment 1H-15N-TOCSY-HSQC is recorded to identify the type of amino acid, where a 

unique pattern of TOCSY correlation for every amino acid can be observed in the third dimension for 

every N-H correlation in the HSQC. The backbone chemical shifts (HN, N, Cʹ, Cα, Hα) obtained from 

these experiments help us to determine the structure of the protein using the CS-rosetta3 web server 

(https://csrosetta.bmrb.wisc.edu/csrosetta/submit) available at Biological Magnetic Resonance Bank4 

(BMRB). The model protein structures generated from the submitted NMR chemical shift data further 

need to be validated in order to ensure the best fit for the geometrical constraints. 

3.2. Materials and Methods 

3.2.1. Resonance Assignment for TRBP2-dsRBD1 

3.2.1.1. Protein expression and Purification 

The plasmid (pSV272-TRBP2-dsRBD1) containing the cDNA for TRBP2-dsRBD1 (received 

from Prof. Jennifer Doudna, University of California, Berkeley, USA as a gift) was transformed into 

bacterial cells E. coli strain BL21(DE3) for protein expression. Briefly, the cells were allowed to 

multiply in 20 ml of LB broth containing 50 μg/ml of Kanamycin overnight at 37°C. The culture was 

then transferred to 1 liter of LB broth containing the antibiotic and was further allowed to grow till 

OD600 ~1.0 was obtained. This plasmid system upon induction with Isopropyl-β-D-thiogalactoside 

(IPTG) overexpresses TRBP2-dsRBD1 as His6-MBP-TEV-TRBP2-dsRBD1 recombinant protein. The 

His6 tag enables the purification of overexpressed protein by the Ni-NTA affinity chromatography. The 

Maltose binding protein (MBP) tag has been known to improve the solubility of the protein5,6. The 

Tobacco Etch Virus (TEV) cleavage site after the MBP tag helps to remove the tag from the protein of 

interest (TRBP2-dsRBD1).  

The expression of TRBP2-dsRBD1 protein was optimized with respect to IPTG concentration 

(0.1 mM, 0.5 mM, 1.0 mM), induction temperature (16°C, 28°C and 37°C) and time of induction (2 

hours -16 hours) to get the maximum yield of protein. Post-standardization, induction was performed 

with optimized 1 mM IPTG wherein cells were allowed to overexpress protein at 28°C for 8 hours. 
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After 8 hrs, cells were harvested by centrifugation at 8000xg for 20 min at 4°C. The cell pellet thus 

obtained was resuspended in Lysis buffer (20 mM Tris-HCl, 500 mM NaCl, 10 mM Imidazole, 10% 

glycerol, 1 mM DTT), pH 7.5. The cells were lysed by incubating with 1 % Triton-X 100, and 100 μl 

of Lysozyme (20 mg/ml; Sigma Aldrich) for 20 min. This is followed by cycles of sonication by 

ultrasonic sonicator (Vibra Cell VCX-130, Sonics & Materials Inc., USA) to ensure complete cell lysis 

and to fragment the nucleic acids released during lysis. The sonication was performed with cell 

suspension in ice using a 6 mm microprobe with a sonication cycle of 10 sec ON, 10 sec OFF at an 

amplitude of 70 %. The lysate was then centrifuged at 32000 x g at 4°C for 30 min and the supernatant 

(further referred to as total soluble protein - TSP) was collected. The TSP was then circulated from the 

Ni-sepharose column (HisTrap column, 5ml, GE healthcare). The column was washed with wash buffer 

(pH 7.5), containing 30 mM Imidazole. The tagged protein was then eluted using Elution buffer (pH 

7.5) containing 300 mM Imidazole. This purified protein was exchanged with TEV cleavage buffer (20 

mM Tris-HCl, 25 mM NaCl, 10 % glycerol, 1 mM DTT), pH 7.5. The concentration of TEV required 

for the cleavage was optimized by adding TEV to the purified tagged protein in TEV protease:protein 

ratio of 1:30, 1:100, 1:500, 1:1000 and 1:5000 and incubated at 4°C with end to end rotation for 16 

hours. The concentration of TEVprotease optimal to remove the fusion tag by was in the ratio of 1:100 

to the protein for 16 hours at 4°C with end to end rotation. The His6-MBP tag was separated from the 

cleaved protein by passing through a fresh Ni-sepharose column (HisTrap column, 5ml, GE healthcare) 

and the protein without tag was collected by washing column with Gel filtration buffer (20 mM Tris-

HCl, 500 mM NaCl, 10 % glycerol, 1 mM DTT), pH 7.5. The protein was concentrated and passed 

through the size-exclusion chromatographic column (Sephacryl S100 HR 16/60, GE healthcare) to 

ensure > 95 % purity of the protein. The purified protein TRBP2-dsRBD1 thus obtained was finally 

exchanged with NMR buffer (10 mM Sodium Phosphate, 100 mM NaCl, 1 mM EDTA, 1 mM DTT), 

pH 6.4 for all NMR experiments. The purified protein has amino acid sequence as: 

            10         20         30         40         50         60  

GGA MSEEEQGSGT TTGCGLPSIE QMLAANPGKT PISLLQEYGT RIGKTPVYDL LKAEGQAHQP  

 

        70         80         90        100   105  

NFTFRVTVGD TSCTGQGPSK KAAKHKAAEV ALKHLKGGSM LEPAL 

where GGA at the N-terminus (Underlined in the sequence above) of the protein are non-native residues 

left after cleavage by TEV protease. 

3.2.1.2. Preparation of isotopically labeled protein sample 

15N-TRBP2-dsRBD1 sample was prepared by using 15N-NH4Cl (Sigma-Aldrich) as the sole 

source of nitrogen in minimal media used for cell growth. The composition of the minimal media used 

is as mentioned in Table 3.1. The sample containing 13C-15N-TRBP2-dsRBD1 was prepared with 13C-

D(+)-glucose (Cambridge Isotope Laboratories) as the sole source of carbon along with 15N-NH4Cl as 
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the sole source of nitrogen in minimal media. The expression and purification protocol remains the 

same for the labeled proteins as optimized for the unlabeled protein sample. 

Table 3.1: Composition of Minimal Media for labeled protein overexpression. 

Ingredient Volume required for 1 L of Medium 

5x Minimal salt solution (30 g/L Na2HPO4, 15 g/L 

KH2PO4, 2.5 g/L NaCl, 1 g/L NH4Cl) pH 7.4 
200 ml 

20 %w/v D-(+)-Glucose 20 ml 

1 M MgCl2 1 ml 

1 M CaCl2 100 μl 

1.5 %w/v Casein Hydrolysate 120 ml 

Water to 1liter 

 

3.2.1.3. NMR Experimental data collection 

All the NMR data were recorded on Bruker AVANCE III HD 600MHz NMR spectrometer. 

All the samples for NMR studies were exchanged in NMR buffer (10 mM sodium phosphate, 100 mM 

NaCl, 1 mM EDTA, and 1 mM DTT), pH 6.4 for data collection. All the experiments were performed 

at 25 °C unless mentioned otherwise. A standard set of triple-resonance NMR experiments, HNCA, 

HN(CO)CA, CBCANH, CBCA(CO)NH, HNCO, and HN(CA)CO along with 1H-15N-TOCSY-HSQC 

experiment, were recorded to get the backbone chemical shift assignment of the protein. The 

experimental parameters used for the collection of NMR data for resonance assignments have been 

listed in Table 3.2. The spectra collected were referenced with respect to DSS directly in 1H-dimension 

and indirectly in 15N and 13C dimension7,8 using a sample of DSS in NMR buffer, pH 6.4. The referenced 

spectra were processed in Topspin 3.2 (Bruker Biospin) and converted to ucsf format for analysis in 

CARA (Computer Aided Resonance Assignment) v1.9.1.7.9 

Table 3.2: Experimental Parameters for NMR data collected for the Resonance assignment of TRBP2-dsRBD1. 

Experiment  

(Pulse Sequence used) 

Nucleus TD
a
 SW

b
 

(ppm) 

Offset 

(ppm) 

NS
c
 d1

d
  

(s) 
1
H-

15
N-HSQC 

(hsqcetf3gpsi) 

1H 
15N 

2048 

256 

12 

28 

4.69 

117.00 

2 1.0 

HNCA 

(hncagpwg3d) 

1H 
15N 
13C 

2048 

40 

128 

12 

28 

32 

4.70 

117.00 

54.00 

16 1.0 

HN(CO)CA 

(hncocagpwg3d) 

1H 
15N 
13C 

2048 

40 

128 

12 

28 

32 

4.70 

117.00 

54.00 

16 1.0 

CBCANH 

(cbcanhgpwg3d) 

1H 
15N 
13C 

2048 

40 

128 

12 

28 

80 

4.69 

117.00 

43.00 

16 1.5 
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Experiment  

(Pulse Sequence used) 

Nucleus TD
a
 SW

b
 

(ppm) 

Offset 

(ppm) 

NS
c
 d1

d
  

(s) 

CBCA(CO)NH 

(cbcaconhgpwg3d) 

1H 
15N 
13C 

2048 

40 

128 

12 

28 

80 

4.69 

117.00 

43.00 

16 1.5 

HNCO 

(hncogpwg3d) 

1H 
15N 
13C 

2048 

40 

128 

12 

28 

22 

4.69 

117.00 

176.00 

8 1.0 

HN(CA)CO 

(hncacogpwg3d) 

1H 
15N 
13C 

2048 

40 

128 

12 

28 

22 

4.69 

117.00 

176.00 

32 1.0 

1
H-

15
N-TOCSY-HSQC 

(mlevhcqsetf3gpsi) 

1H 
15N 
1H 

2048 

40 

128 

12 

28 

12 

4.69 

117.00 

4.69 

16 1.0 

aTD: Number of data points/size of fid, bSW: Spectral Width, cNS: Number of scans, dd1: relaxation delay 

3.2.1.4. NMR data analysis in CARA  

For the analysis of NMR data collected, a project was created in CARA and the amino acid 

sequence of the TRBP2-dsRBD1 was added in the sequence (.seq) format9. This was followed by 

importing all the NMR spectra formatted in ucsf file formats into the CARA project. The peaks picking 

for all the peaks in the HSQC spectrum, triple-resonance NMR experiments, and 1H-15N-TOCSY-

HSQC were performed as per guidelines in CARA manual9. Then, using stripscope mode in CARA, 

the successor and the precursor for each of the amide resonance were identified and confirmed following 

the appearance of the resonances in the strips of multiple spectra. This was supported by the 

identification of the type of residue using 1H-15N-TOCSY-HSQC data and their alignment with the 

amino acid sequence of the protein. 

3.2.1.5. Structure Calculation and Validation 

The assigned backbone chemical shifts (HN, N, C ,́ Cα, and Hα) were used to calculate the 

structure of the protein using CS-Rosetta program3 (https://csrosetta.bmrb.wisc.edu/csrosetta/submit) 

available at BMRB. During structure calculations, three thousand structures were allowed to generate 

to get the best structure for the chemical shift data. The calculations were performed by disabling the 

option to remove the flexible tails. The structure, thus calculated, was further validated by using 

Ramachandran plots10 for all best-fit models from CS-rosetta generated at MolProbity webserver11,12 

(http://molprobity.biochem.duke.edu/). 

3.2.1.6. Calculation of Chemical Shift Perturbations 

Given, the chemical shift change in 1H and 15N dimension respectively are ΔδN and ΔδH 

respectively, the overall chemical shift perturbations (Δδ) were calculated using the following formula: 

http://molprobity.biochem.duke.edu/
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∆𝛿 = √(∆𝛿𝑁 5⁄ )2+∆𝛿𝐻
2

2
        (3.1) 

3.2.2. Resonance Assignment for dADAR-dsRBD1 

3.2.2.1. Protein expression and Purification 

Plasmid for dADAR-dsRBD1 was provided as a gift sample by Prof. Frederic H.T. Allain 

(ETH, Zurich, Switzerland). The overexpression and purification were performed as described by 

Barraud et al.13. Briefly, the plasmid-encoded in the pET28a(+) vector was transformed into E. coli 

BL21(DE3) cells. The cells were grown in 20 ml of LB broth overnight at 37°C in shaker-incubator 

rotating at 225 rpm. The overnight culture was then added to 1 liter of LB broth and allowed to grow 

till OD600 ~0.8 was observed. Protein over-expression was then carried out with IPTG as an inducer at 

0.5 mM final concentration for 15 hours at 30°C. The cells were harvested as described for TRBP2-

dsRBD1 in section 3.2.1.1. The cells were lysed as described for TRBP2-dsRBD1 by using lysis buffer 

(20 mM Tris-HCl, 1 M NaCl, 1 mM DTT) pH 8.0. The protein was then circulated through the Ni-

affinity column (HisTrap column, 5 ml, GE healthcare) and the tagged protein was eluted using elution 

buffer (20 mM Tris-HCl, 1 M NaCl, 30 mM Imidazole, 1 mM DTT) pH 8.0. The eluted protein was 

then purified from the Gel filtration column (Sephacryl S100 HR, GE healthcare) using 20 mM Tris-

HCl, 1 M NaCl, 1 mM DTT, pH 8.0 as elution buffer. The purified protein has amino acid sequence as: 

                              50         60         70         80  

       MGSSHHHHHHSSGLVPRGSHM SDP KKKMCKERIP QPKNTVAMLN ELRHGLIYKL  

 

        90        100        110        120        130        140  

ESQTGPVHAP LFTISVEVDG QKYLGQGRSK KVARIEAAAT ALRSFIQFKD GAVLSPLKPA  

where the residue MGSSHHHHHHSSGLVPRGSHM at the N-terminus (Underlined in the sequence 

above) of the protein are non-native residues that are expressed from the plasmid along with the protein 

of interest. 

3.2.2.2. Preparation of isotopically labeled protein sample 

 15N-ADAR-dsRBD1 sample was prepared by using 15N-NH4Cl (Sigma-Aldrich) as the sole 

source of nitrogen in minimal media (Table 3.1) used for cell growth. 

3.2.2.3. Experimental data collection 

For the resonance assignment of the 15N-labeled dADAR-dsRBD1, a sample was prepared in 

NMR buffer (10 mM sodium phosphate, 100 mM NaCl, 1 mM EDTA and 1 mM DTT), pH 6.4 and the 

1H-15N-HSQC spectrum was recorded. The spectrum was then processed in Topspin3.2 and converted 

to ucsf format. The assignment available in BMRB database4 (BMRB accession number: 1793613) was 

then transferred by using the “simulate and transfer assignment” tool in the NMRFAM-Sparky14. 
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3.3. Results 

3.3.1. Resonance Assignment for TRBP2-dsRBD1 

3.3.1.1. Protein expression and purification 

The overexpression of the TRBP2-dsRBD1 protein was optimized by varying the time, 

temperature and concentration of IPTG used for induction. The expression of the protein was monitored 

at 16°C, 28°C, and 37°C by adding 0.1 mM, 0.5 mM, and 1.0 mM final IPTG concentration for 16 hours 

at an interval of 2 hours. An aliquot of 1 ml from the cell culture was collected every 2 hours; cells were 

pelleted; lysed; and loaded onto a 15 % SDS-PAGE gel to check the induction of the protein. The 

maximum expression of the protein was observed when cells were induced with 1.0 mM IPTG at 28°C 

for 8 hours. The gel image in Figure 3.1 shows the induction of TRBP2-dsRBD1 protein monitored at 

every 2 hours interval (for 16 hours) when cells were induced with 1.0 mM IPTG at 28°C. 

  

Figure 3.1: SDS-PAGE for Induction time optimization for over-expression of TRBP2-dsRBD1 when induced with 1 mM 
IPTG at 28°C. The lanes in the gel have been labeled for the time-point at which samples were collected - L1:0 hr, L2: 2 hr, 
L3: 4 hr, L4: 6 hr, L5: 8 hr, L7: 10 hr, L8: 12 hr, L9: 14 hr, L10: 16 hr. The lane L6 contains the protein ladder (Bio-rad 

Laboratories). 

The over-expressed protein was then purified using the protocol as mentioned in the Methods 

section. However, this protocol yielded protein with some nucleic acid contamination as indicated by 

higher A260/280 ratios. Thus the protocol was further modified to remove the contaminating nucleic 

acids from the lysate by: (1) precipitation of nucleic acids using 5% polyethylene(imine) solution; (2) 

followed by precipitation of protein using saturated ammonium sulfate solution to 60% saturation; and 

(3) dialysis in lysis buffer to remove the ammonium sulfate in order to bind the protein in solution to 

Ni-affinity column. The cell lysate without any contaminating nucleic acids was further purified by Ni-

affinity chromatography.  
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Figure 3.2: SDS-PAGE showing the optimization of cleavage conditions for cleavage of the tagged protein by TEV protease. 
The lanes are labeled with the ratio of the TEV protease to tagged protein as- L1: Uncleaved protein, L2: (1:1000), L3: (1:500), 

L4: Protein Ladder (Bio-rad Laboratories), L5: (1:200), L6: (1:100), L7: (1:30), respectively. 

 

Figure 3.3: Overview of optimized protocol for purification of TRBP2-dsRBD1 protein 

The TEV cleavage conditions were further optimized to obtain efficient cleavage of the tagged 

protein with a minimum amount of TEV protease by varying the protein to protease ratio. The efficiency 

of cleavage reaction at different relative concentrations of protease was assessed by the SDS-PAGE 

after 16 hours of cleavage at 4°C. Figure 3.2 shows that the optimum cleavage can be obtained at a ratio 

of 1:100 of TEV protease to the tagged protein.  Post-cleavage, the tag and the cleaved protein were 

separated by another round of Ni-affinity purification and the cleaved protein without tag (TRBP2-

dsRBD1) was collected in column washing. The purity of the protein was then assessed by running it 
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through the gel filtration column (Figure 3.4). This optimized protocol (as shown in Figure 3.3) was 

then used to overexpress and purify the protein with 15N and/or 13C NMR active nuclei using Minimal 

media. A gel showing protein at various stages of purification has been depicted in Figure 3.4. A 

detailed optimized protocol for overexpression and purification of TRBP2-dsRBD1 protein is available 

in Appendix 1. 

 

Figure 3.4: (A) SDS-PAGE showing TRBP2-dsRBD1 protein at various stages of purification: Lanes labeled as L1-L8 
indicate- L1: Pre-induction, L2: Post-induction, L3: Total Soluble Protein, L4: Elution from Ni-affinity column, L5: Post-TEV 
cleavage, L6: Concentrated washing from Ni-affinity column after TEV cleavage, L7: Purified protein collected from after 

Gel filtration purification, L8: Protein ladder (Bio-rad Laboratories). (B) Gel filtration chromatogram showing the purity of 
the protein TRBP2-dsRBD1. 

3.3.1.2. NMR data analysis 

The backbone resonance assignment for the residue 19-228 of TRBP2 which includes dsRBD1 

and dsRBD2 was available in literature15. The reports by Wilson et al. and Benoit et al. have shown 

that the presence of either dsRBD does not affect the chemical shifts of the other16,17. However, the 

overlay of the 1H-15N-HSQC spectrum recorded for TRBP2-dsRBD1 (1-105 aa) used in this study with 

1H-15N-TROSY-HSQC (BMRB accession Number:18324) does not show a one-to-one correlation of 

HSQC peaks for the common residues (19-105 aa) as shown in Figure 3.5. This suggested that the 

presence of an additional 21 amino-acids at the N-terminal of the protein might have an impact on the 

structure of dsRBD1 of TRBP2. Therefore, it was essential to perform the detailed backbone assignment 

of TRBP2-dsRBD1. 

 A set of triple-resonance NMR experiments as listed in the method section and a 1H-15N-

TOCSY-HSQC experiment for the TRBP2-dsRBD1 protein were recorded as described in the Methods 

section. The NMR data recorded were referenced directly in the 1H dimension and indirectly in 15N and 

13C dimension with respect to DSS7,8. The data recorded was then processed in Topspin 3.2 (Bruker 

Biospin) and converted to ucsf format. These files were then transferred to program CARA for the peak 

picking and further analysis. The type of amino acid corresponding to a peak in HSQC was identified 

using a pattern of TOCSY connections observed in the strips of the 1H-15N-TOCSY-HSQC spectrum. 
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Figure 3.5: Overlay of the 1H-15N-TROSY-HSQC assignment of TRBP2-dsRBD12 (19-228 aa) on the 1H-15N-HSQC spectrum of TRBP2-dsRBD1 (1-105 aa). The color-coding of the two spectra 

is as shown in the inset in the left panel. 
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For example, for a peak in HSQC, Glycine shows only two peaks – one at ~3.9 ppm which originates 

from Hα protons and other from the backbone amide (HN). The identification of the residue type was 

also assisted by the Cα and Cβ chemical shifts observed in the strip of the CBCANH spectrum. For 

example, Alanine shows Cβ chemical shift most up-field in 10-20 ppm range; Serine and Threonine 

show Cβ peaks down-field than the corresponding Cα chemical shift. The sequential connections in the 

strips of the HNCA, CBCANH, and HN(CA)CO spectra along with the type of residue identified from 

the 1H-15N-TOCSY-HSQC spectrum guided through the protein sequence to get the protein backbone 

resonance assignment. An example of the sequential connections in the HNCA strips has been shown 

in Figure 3.6. 

 

Figure 3.6: Sequential connectivities along the protein backbone using HNCA strips. The intra-residual and inter-residual 
connections are represented by solid and dashed lines respectively.  
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Using this approach, ~98% of the non-proline backbone amide groups were assigned (Figure 

3.7). Along with this, assignment for 75% of Cʹ, 94% of Cα and 67% of Cβ carbons, and 93 % of Hα and 

47% of Hβ hydrogens were achieved. The list of assigned resonances, generated in NMR-STAR3.1 

format from the program CARA, have been deposited to the Biological Magnetic Resonance Bank 

(BMRB) database. The chemical shift information is available at BMRB with accession number 

2726218.  The assigned peaks in the HSQC spectra have been labeled in Figure 3.7. There are five 

unassigned peaks that are found at low intensity that may represent peaks for unassigned residues (I19 

and E20) and three non-native residues (GGA) left at the N-terminus of the protein after cleaving the 

fusion tag using TEV protease. 

 

Figure 3.7: (A) Assignment of backbone resonance in the 1H-15N-HSQC spectrum for TRBP2-dsRBD1. (B) Primary sequence 

of the protein construct used in the study with the secondary structure of the protein marked on the sequence. 
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3.3.1.3. Structure Calculation 

The backbone chemical shifts (HN, N, C ,́ Cα, and Hα) were then used to calculate the structure 

of the protein at the CS-rosetta program (as described in the Methods section). The calculated structure 

contained ten best fit models defined by energy minimization. All of the ten best-fit models showed the 

presence of typical dsRBD fold α1-β1-β2-β3-α2. In addition, models also showed the presence of an 

additional α helix, labeled hereafter as helix α0, at the N-terminal of the dsRBD1 spanning 19-25 aa 

(Figure 3.8). The assessment of the quality of the structure was performed at the MolProbity web server 

(http://molprobity.biochem.duke.edu/) by using Ramachandran analysis for all the models in the 

ensemble generated by CS-rosetta. The results show that for all the residues, the torsion angles defined 

by all the models were present in the allowed regions of the Ramachandran plot, thus validating the 

structure geometrically10,11. The report of the Ramachandran analysis has been attached as Appendix 2. 

 

Figure 3.8: Structure of TRBP2-dsRBD1 calculated using the backbone chemical shifts from the CS-Rosetta program. 

3.3.1.4. Calculation of Chemical Shift Perturbations 

The chemical shifts of the TRBP2-dsRBD1 (1-105 aa) obtained from the resonance assignment 

(BMRB accession No.: 27262) were compared with the previously reported chemical shifts of TRBP2-

dsRBD12 spanning length from 19-228 aa (BMRB accession No.:18324) by calculating Chemical Shift 

Perturbations (CSP) for the common residues (as described in the Methods section). The CSP values 

were plotted against the residue number (Figure 3.9). The plot shows a large deviation in chemical shift 

perturbation for the residue L23-N26, K29, H58, H85 and L105 from the average CSP observed for the 

common residues (19-105).  
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Figure 3.9: Chemical shift perturbations for residue 19-105 calculated from the new assignment of TRBP2-dsRBD1 (1-105 
aa) and previously available assignment of TRBP2-dsRBD12 (19-228 aa). 

3.3.2. Resonance Assignment for dADAR-dsRBD1 

3.3.2.1. Protein expression and purification 

Overexpression and the purification of the dADAR-dsRBD1 protein was performed as 

mentioned in the Methods section. As for TRBP2-dsRBD1, the presence of any nucleic acid 

contamination was avoided by the treatment of polyethylene(imine) to the TSP obtained from the cell 

lysate. This is followed by precipitation of protein using saturated ammonium sulfate solution to 60% 

saturation in the polyethylene(imine) treated TSP solution. The precipitated proteins were then re-

suspended and dialyzed in lysis buffer pH 8.0. Further purification by Ni-affinity chromatography and 

gel filtration chromatography was performed as described in the method section. The optimized 

protocol used for labeled protein purification has been outlined in Figure 3.10. Figure 3.11 shows the 

SDS-PAGE for the dADAR-dsRBD1 protein at various stages of purification and the chromatogram 

from gel filtration purification of the dADAR-dsRBD1 protein ensuring the purity of the sample used 

for the NMR studies. A detailed optimized protocol for overexpression and purification of dADAR-

dsRBD1 protein is available in Appendix 1. 
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Figure 3.10: Overview of optimized protocol for purification of the dADAR-dsRBD1 protein construct. 

 

Figure 3.11: (A) SDS-PAGE showing dADAR-dsRBD1 protein at various stages of purification: Lanes are labeled as L1-L7 
indicate- L1: Post-induction, L2: Pre-induction, L3: Cell lysate, L4: Total Soluble Protein, L5: Elution from Ni-affinity 
column, L6: Purified protein collected from after Gel filtration purification, L7: Protein ladder (Puregene). (B) Gel filtration 
chromatogram showing the purity of the protein dADAR-dsRBD1. 

3.3.2.2. NMR data Analysis 

The backbone resonance assignment for the dsRBD1 of dADAR was reported by Barraud et 

al. under BMRB accession number 17936 and the solution structure obtained from these assignments 

was deposited in Protein Data Bank (PDB ID:2LJH)13. The assignment was then transferred from the 

BMRB database to the HSQC recorded with the 15N-labeled dADAR-dsRBD1 protein using the 

“simulate and transfer” tool of the NMRFAM-Sparky. Figure 3.12 shows the transferred assignment 

for 74 residues 1H-15N-HSQC spectrum for dADAR-dsRBD1 (48-140 aa) from the assignment for 75 

residues available in BMRB. 
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Figure 3.12: (A) Assignment of backbone resonance in the 1H-15N-HSQC spectrum for dADAR-dsRBD1. (B) Primary 

sequence of the protein construct used in the study with the secondary structure of the protein marked on the sequence. 

3.4. Discussion 

Though it was known that TRBP is expressed as two isoforms in humans that differ only in 21 

amino acids at N-terminus, the structural or functional characterization of these residues was still not 

available. The structure calculated using resonance assignment for a protein construct containing these 

residues helped to identify that these additional residues form an additional helix α0 which was not 

reported earlier. Masliah et al. simultaneously reported the presence of the additional helix α0 in their 

independent work19. The comparison of the structure of the dsRBD1 of TRBP2 with the N-terminal 

residues – determined from CS-rosetta with the resonance assignment performed – and without the N-

terminal residues – crystal structure20 (PDB ID: 3LLH) – indicates that there is no significant change in 

the tertiary structure of the dsRBD core due to these residues. The RMSD between the calculated 
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structure and the crystal structure of the dsRBD1 of TRBP (28-96 aa) shows 1.14 Å, indicating a good 

match between the two structures (Figure 3.13). However, a small shift in the orientation of the helix 

α1 was observed with respect to the helix α2 in the calculated structure when compared with the crystal 

structure. Also, the β1 strand in the solution structure shows more twisting at its C-terminus than 

observed in the Crystal structure. Further, the plot of CSP between previous assignment by Benoit and 

coworkers and the new assignment shows that more than average CSPs were observed in the residues 

helix α0 (L23-N26) and in the residue K29 which are due to the formation of the of helix α0 in 

polypeptide chain which may exist as flexible terminal in the protein construct without N-terminal 

residues (M1-Q21). However, the presence of additional residues has also resulted in a significant shift 

in the residues known to be involved in dsRNA-binding (residue H58 and H85). The residue H85 is 

present in the close spatial proximity to the newly identified α0 helix, that might affect the local chemical 

environment of the residue observed as change in the chemical shift of H85. Further, since the 

hydrophobic region contributed by the A82, A83 residues of α2 helix and F62, F64 at the termini of β1-

β2 loop will might have affected the chemical environment of the H58 resulting in the CSP observed. 

Thus the presence of additional residues in the chain may have an impact on the dsRNA-binding, 

perturbing the interaction between the dsRNA and TRBP2-dsRBD1. The large CSP observed in the 

residue L105 is due to the flexibility at the terminal of the protein chain. 

 

Figure 3.13: Comparison of common residues between the calculated solution NMR structure (Red) and the previously 
reported crystal structure (PDB ID: 3LLH - Green). 

The structure of dsRBD1 of TRBP218 and dADAR13 show the common structural feature 

particular of a dsRBD and contain α1-β1-β2-β3-α2 fold. The comparison of the sequences of the two 

proteins shows that they possess a sequence identity of 23.6 % and a similarity of 33.3 %. Though they 

show limited similarity in the sequence, comparison of common structural dsRBD fold of the two 

dsRBDs (Figure 3.14) shows that they are structurally very close with RMSD between the two of 1.41 

Å. This ensures that regardless of the difference in the primary sequences of the two proteins and being 
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from different species, the dsRBDs hold conserved structural characteristics that may support its non-

sequence specific interactions with the dsRNAs. 

 

Figure 3.14: Comparison of the solution structure of TRBP2-dsRBD1 (Red) determined at CS-rosetta using assigned chemical 

shifts and dADAR-dsRBD1 (PDB ID: 2LJH - Cyan). 

3.5. Summary 

Here, we have successfully purified both the proteins (TRBP2-dsRBD1 and dADAR-dsRBD1) 

to >95% purity. The resonance assignment for the TRBP2-dsRBD1 protein was performed using a set 

of triple-resonance NMR experiments. The structure calculated using the assigned backbone chemical 

shifts was shown to match well with the crystal structure reported earlier with RMSD of 1.14 Å. The 

chemical shift perturbations between the assignment of dsRBD1 of TRBP2 with and without N-terminal 

residue (1-18 aa) indicate that these residues may affect the dsRNA recognition by dsRBD1 of TRBP2. 

The 1H and 15N assignments for backbone NH of dsRBD1 of dADAR are also successfully transferred. 

The comparison of the two dsRBDs from two different proteins belonging to two different species 

indicates that the dsRBD fold is independent of the sequence of the protein chain and contains features 

sufficient for RNA-binding. 
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Chapter 4 Characterization of Intrinsic dynamics of dsRBDs 
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4.1. Introduction 

Though the structure of the protein indicates the lowest energy conformation that may represent 

the native fold, proteins may switch between one or more conformations leading to their functions1. 

NMR spectroscopy is commonly used to study the conformational dynamics in proteins at the atomic 

level as discussed in Chapter 2. The use of NMR spectroscopy is particularly advantageous because it 

can quantify the dynamics on a wide range of time scale at an atomic level. 

In this chapter, we aimed to characterize the intrinsic dynamics in the two model dsRBDs by 

NMR spectroscopy to enhance the understanding of its role in the interaction of dsRBDs with dsRNAs. 

Since the pool of dsRNAs – which may contain helical imperfections like bulge and/or mismatch – 

present in the cellular matrix includes conformationally distinct substrates for dsRBDs, we 

hypothesized that the dsRBDs may span distinct conformations that could allow them to interact with 

these RNAs. In the following studies, the characterization of dsRBDs was accomplished by SEC-

MALS, CD, and NMR-based studies. First, SEC-MALS analysis was used to determine the 

polydispersity of the dsRBDs in solution to be used for NMR analysis. Then, CD analysis was 

performed to explore the thermal stability of the protein at the NMR working conditions. This was 

followed by a detailed characterization of dynamics by NMR spectroscopy at different timescale by 

15N-relaxation experiments. The NMR experiments for ps-ns and μs-ms timescale dynamics in the 

dsRBDs were collected (as discussed in Chapter 2) and the data were analyzed to evaluate the functional 

significance of these motions. 

4.2. Materials and Methods 

4.2.1. Size-Exclusion Chromatography - Multi-Angle Light Scattering Analysis 

Size Exclusion Chromatography - Multi-Angle Light Scattering (SEC-MALS) experiments were 

performed on the Agilent HPLC system equipped with a refractive index detector (Wyatt Optilab T-

rEX) and 18-angle light scattering detector (Wyatt Dwan HELIOS II). The Superdex 75 10/300 GL 

column (GE Healthcare) was used for the size-based separation of sample components with an injection 

volume of 100 μl each. The system was calibrated with a known standard – Bovine Serum Albumin 

(BSA) solution (Thermo-Scientific) at 30 μM concentration. SEC-MALS data for protein samples were 

collected in duplicate at a concentration of 1.1 mM and 0.459 mM of TRBP2-dsRBD1 and dADAR-

dsRBD1, respectively. Each protein sample was centrifuged at 21000 x g at 4°C for 15 minutes before 

injecting into the chromatography system. Molecular Weights at the peaks in the SEC-MALS data were 

determined using the Zimm model in ASTA software (Wyatt Technologies) version 6.1.7.17. 
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4.2.2. Circular Dichroism Spectropolarimetry 

Circular Dichroism (CD) experiments were performed on a Jasco J-815 CD spectropolarimeter 

using 200 μl of protein samples – TRBP2-dsRBD1 and dADAR-dsRBD1 – in NMR buffer pH 6.4 at 

20 μM protein concentration. The CD spectra were recorded using a rectangular quartz cuvette with a 

path length of 2 mm. The bandwidth was set at 1 nm and the data were acquired with a scanning speed 

of 200 nm/min with digital integration time (D.I.T.) of 1 sec. Data was collected as an average of 3 

scans in the wavelength range of 200-250 nm in the far-UV region at a temperature ranging from 10°C 

to 80°C at an interval of 5°C. The sample was allowed to equilibrate at each temperature for 10 min 

before starting data collection.  

All the CD spectra collected were baseline corrected by the buffer. The data was then smoothened using 

the five-point adjacent averaging method. The fraction of folded protein (α) at each temperature was 

calculated as (Equation 4.1)2: 

𝜶 =  
𝑺𝒐𝒃𝒔−𝑺𝑼

𝑺𝑭−𝑺𝑼
         (4.1) 

where, Sobs, SF and SU are the CD signal at 222 nm at observed temperature, for completely folded 

protein and for completely unfolded protein respectively. The melting temperature of the protein was 

determined from the first derivative plot where the maxima of the plot indicate the melting temperature2. 

4.2.3. NMR Spectroscopy 

Protein dynamics in the two dsRBDs at two different timescales – ps-ns and μs-ms – were 

probed by nuclear spin relaxation and relaxation dispersion methods. Proteins were overexpressed and 

purified as discussed in section 3.2.1.1 and 3.2.2.1. The protein samples at concentrations of 1.8 mM 

and 0.69 mM for TRBP2-dsRBD1 and dADAR-dsRBD1, respectively were prepared by exchanging 

protein in NMR buffer (10 mM Sodium phosphate, 100 mM NaCl, 1 mM EDTA, 1 mM DTT) pH 6.4 

and adding 10% D2O (for field locking) and each sample was loaded in 5 mm Shigemi tube. All the 

NMR relaxation experiments were recorded at 25°C on a Bruker 600MHz NMR spectrometer equipped 

with quad-channel (1H/13C/15N/31P) 5 mm cryogenic probe with X-, Y- and Z- gradients and dual 

receiver operating (in-house) or Bruker 750 MHz NMR spectrometer equipped with TXI probe with Z-

gradient and deuterium decoupling (at IIT-Bombay). An inter-scan delay of 2.5 s and 3 s was used in 

all relaxation experiments for TRBP2-dsRBD1 and dADAR-dsRBD1, respectively. For all the 

relaxation data, the spectra collected were processed in NMRpipe/NMRDraw3 and then converted to 

ucsf format for peak-picking in Sparky4. The intensity of each peak was then used for further data 

analysis as discussed below. 
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4.2.3.1. Nuclear Spin Relaxation Experiments 

Nuclear spin relaxation experiments (R1, R2, and [1H]-15N-NOE) were recorded at two magnetic 

field strengths of 600 MHz and 750 MHz. 15N-longitudinal relaxation rates (R1) were measured using a 

set of inversion recovery delays of 10, 30, 50, 100, 200, 300, 450, 600, 750, and 900 ms and 15N-

transverse relaxation rates (R2) was measured with CPMG delays of 17, 34, 51, 68, 85, 102, 136, and 

170 ms for TRBP2-dsRBD1. For dADAR-dsRBD1, inversion recovery delays of 10, 30, 50, 100, 200, 

350, 500, and 750 and CPMG delays (with a CPMG block length of 17 ms) of 17, 34, 68, 102, 136, 

170, and 204 were used for measurement of R1 and R2 rates respectively. Data at relaxation delays 

underlined were recorded in duplicate for error estimation. Steady-state [1H]-15N-NOEs were measured 

with a 1H saturation time of 3 s and a relaxation delay of 2 s for both the proteins. Relaxation delay of 

5 s was used for experiments without 1H saturation. The details of the experimental parameters used for 

the relaxation experiments for TRBP2-dsRBD1 have been listed in Table 4.1. 

The Relaxation rates R1 and R2 for every residue were calculated by fitting the peak intensities 

– obtained from peak-picking in Sparky – against relaxation delay to a two-parameter exponential decay 

function (Equation 4.2) in Mathematica 5.25.  

𝐼(𝑡) = 𝐼(0)𝑒−𝑅1,2𝑡         (4.2) 

Errors in relaxation rates were estimated from the points measured in duplicate and 500 Monte-Carlo 

simulations. Steady-state [1H]-15N-NOE values were calculated as a ratio of intensity from the spectrum 

with and without proton saturation (Isat/Iunsat). Errors in NOE values σNOE were calculated as (Equation 

4.3): 

𝜎𝑁𝑂𝐸 = 𝑁𝑂𝐸 ∗ √(
𝜎𝑢𝑛𝑠𝑎𝑡

𝐼𝑢𝑛𝑠𝑎𝑡
)2 +  (

𝜎𝑠𝑎𝑡

𝐼𝑠𝑎𝑡
)

2

       (4.3) 

where σunsat and σsat are the root mean square (RMS) value of noise for unsaturated and saturated 

spectrum, respectively. 

The nuclear spin relaxation rates thus obtained at two magnetic field strengths were analyzed 

using an extended model-free approach using software Relax v4.0.36,7. The global diffusion tensor 

parameters of the two protein molecules among different diffusion models – isotropic, axially 

symmetric or anisotropic – were optimized using quadric_diffusion program8 with Chemical Shift 

Anisotropy (CSA) of -172 ppm and 1H-15N bond length of 1.02 Å as default values from Relax protocol. 

The solution structure of the two proteins – TRBP2-dsRBD19 and dADAR-dsRBD1 (PDB ID: 2LJH)10 

– were used as input for the quadric_diffusion program and further analysis. Then the diffusion tensor 

parameters obtained from the quadric_diffusion program were used as a starting point for the 

optimization of local model-free parameters in Relax. 

The calculations in the Relax were initiated by optimizing the local model with no diffusion 

tensor parameter defined, using the Nuclear spin relaxation rates obtained at two magnetic fields. Then 
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by defining the global diffusion parameters – obtained from quadric_diffusion program – as starting 

values local model-free models were optimized based on the Akaike's Information Criterion. This is 

followed by further optimization of the global model with optimized local model-free models. This 

process was repeated until all the model-free parameters (both local and global) converged. The global 

diffusion model was then selected based on the chi-squared values obtained. After fixing the local and 

the global model, the errors were estimated using 500 Monte-Carlo simulations. 

4.2.3.2. Relaxation Dispersion Experiments 

CPMG relaxation dispersion experiments11 with constant time CPMG block were recorded at 

two magnetic field strengths of 600 MHz and 750 MHz. The constant CPMG block length (Trelax) of 40 

ms was used for TRBP2-dsRBD1, at different CPMG frequencies (νCPMG) of 0, 25, 50, 100, 200, 350, 

500, 650, 800, and 1000 Hz. For dADAR-dsRBD1, CPMG block length (Trelax) of 20 ms and CPMG 

frequencies (νCPMG) of 0, 50, 100, 150, 200, 300, 450, 600, 800, and 1000 Hz were used. Data at CPMG 

frequencies underlined were recorded in duplicate for error estimation. The acquisition parameters for 

the CPMG-RD experiment have been listed in Table 4.1. 

The effective transverse relaxation rates (R2eff) at each CPMG frequency were calculated using 

the following Equation 4.41: 

𝑅2𝑒𝑓𝑓 =  −
1

𝑇𝑟𝑒𝑙𝑎𝑥
ln (

𝐼𝜈𝐶𝑃𝑀𝐺

𝐼0
)           (4.4) 

where I0 is the peak intensity in the reference spectrum and IνCPMG is the intensity with CPMG frequency 

of νCPMG The effective relaxation rates (R2eff) were then plotted against CPMG frequency νCPMG. 

Hetero-nuclear Adiabatic Relaxation Dispersion (HARD) experiments12–14 were performed at 

a magnetic field strength of 600 MHz according to the geoHARD14 method for both the protein samples. 

A composite pulse containing four hyperbolic secant family (HSn, where n= stretching factor) adiabatic 

pulses with different stretching factors (n = 1,2,4,6,8) were used to create relaxation dispersion in both 

R1ρ and R2ρ experiments. Relaxation rates (R1ρ and R2ρ) with every pulse were measured by varying the 

relaxation delay by varying the number of pulses applied from 0, 1, 2, 3, and 4. This lead to the 

generation of relaxation delays corresponding to 0, 16, 32, 48, and 64 ms, respectively. R1 experiments 

were recorded in the same way without using an adiabatic pulse during evolution. Relaxation delays as 

multiple loops of a fixed delay of 16 ms, which is a duration of application of adiabatic pulses in R1ρ 

and R2ρ experiments, used for R1 experiments were 16, 48, 96, 192, 320, and 480 ms. The details of the 

acquisition parameters for the HARD experiment have been listed in Table 4.1. 

For HARD data analysis, the relaxation rates (R1, R1ρ, and R2ρ) were calculated by using the 

mono-exponential decay equation (Equation 4.2) in Mathematica5.25, as described for Nuclear spin 

relaxation rates. These relaxation rates in the rotating frame (R1ρ and R2ρ) along with the global rotational 
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correlation time (C) calculated from the model-free analysis and intrinsic R1 rates were used to fit the 

time-dependent Bloch-McConnell equation assuming two-site exchange model. A grid search by Monte 

Carlo method from the solution surfaces of the data points generated from the Bloch-McConnell 

equation by geometric approximation method allowed to extract the chemical exchange parameters 

which included exchange rate between two states – state A and state B – (kex), chemical shift difference 

between the two states () and populations of the two states (pA/pB). 

Table 4.1: Experimental parameters used for the relaxation data acquisition for TRBP2-dsRBD1 and dADAR-dsRBD1. 

Experiment (Pulse 

Sequence used) 

Nucleus TD
a
 SW

b
 

(ppm) 

Offset 

(ppm) 

NS
c
 d1

d
 

(s) 
15

N-R1 

(hsqct1etf3gpsi3d) 

1H 
15N 

Delay 

2048 

128 

12 

12 

28 

4.69 

117.00 

8 2.5 

15
N-R2 

(hsqct2etf3gpsi3d) 

1H 
15N 

Delay 

2048 

128 

10 

12 

28 

 

4.70 

117.00 

8 2.5 

[1
H]-

15
N-NOE 

(hsqcnoef3gpsi) 

1H 
15N 

2048 

40 

12 

28 

4.70 

117.00 

16 5.0 

15
N-CPMG-RD 

(hsqcrexetf3gpsi3d) 

1H 
15N 

Delay 

2048 

256 

12 

12 

28 

4.71 

117.00 

16 2.5 

15
N-R1 - HARD 

(r1.fc) 

1H 
15N 

2048 

256 

12 

28 

4.69 

117.00 

8 2.5 

15
N-R1ρ - HARD 

(r1rho.fc) 

1H 
15N 

2048 

200 

12 

28 

4.69 

117.00 

16 2.5 

15
N-R2ρ - HARD 

(r2rho.fc) 

1H 
15N 

2048 

200 

12 

28 

4.69 

117.00 

16 2.5 

15
N-R1 

(hsqct1etf3gpsi3d) 

1H 
15N 

Delay 

2048 

256 

10 

12 

31 

4.69 

117.00 

24 3.0 

15
N-R2 

(hsqct2etf3gpsi3d) 

1H 
15N 

Delay 

2048 

256 

10 

12 

31 

4.69 

117.00 

24 3.0 

[1
H]-

15
N-NOE 

(hsqcnoef3gpsi)
 

1H 
15N 

2048 

256 

12 

31 

4.69 

117.00 

48 5.0 

15
N-CPMG-RD 

(hsqcrexetf3gpsi3d) 

1H 
15N 

Delay 

2048 

256 

12 

12 

31 

4.69 

117.00 

24 3.0 

15
N-R1 - HARD 

(r1.fc)
 

1H 
15N 

2048 

256 

12 

31 

4.71 

117.00 

16 3.0 

15
N-R1ρ - HARD 

(r1rho.fc)
 

1H 
15N 

2048 

200 

12 

31 

4.71 

117.00 

24 3.0 

15
N-R2ρ - HARD 

(r2rho.fc)
 

1H 
15N 

2048 

200 

12 

31 

4.70 

117.00 

24 3.0 

aTD: Number of data points/size of fid, bSW: Spectral Width, cNS: Number of scans, dd1: relaxation delay 
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4.3. Results 

4.3.1. Size-Exclusion Chromatography - Multi-Angle Light Scattering Analysis 

Homogeneity of the protein samples used in this study to record the NMR experiments were 

analyzed using SEC-MALS analysis using unlabeled protein samples. The analysis of the BSA sample 

by SEC-MALS showed a distinct peak at a molecular weight of 62.12 kDa (±0.39%). This was used as 

a reference point to eliminate any errors in the SEC-MALS system. SEC-MALS data shows two peaks 

for TRBP2-dsRBD1 with molecular weights of 38.98 kDa (±0.95%) and 10.24 kDa (±1.16%), which 

correspond to a tetrameric and a monomeric form, respectively, of the protein (Figure 4.1). The 

quantification of peaks for TRBP2-dsRBD1 shows that the monomer to tetramer ratio was 4:1 at the 

experimental conditions. For dADAR-dsRBD1, a single peak corresponding to the molecular weight of 

12.46 kDa (±1.49%) was observed, which corresponded to the molecular weight of the monomeric 

protein used in the study. 

 

Figure 4.1: SEC-MALS analysis of Reference protein BSA (Orange), TRBP2-dsRBD1 (Cyan) and dADAR-dsRBD1 (Red). 
The plots show the signal from the MALS detector (Dashed line) and from the RI detector (Solid line) and the molecular mass 

calculated is marked as a bold bar for each peak and mentioned on the bar. 

4.3.2. Circular Dichroism Spectropolarimetry 

To test the thermal stability of the protein at the NMR working conditions, CD-based melting 

studies were performed. An increase in the CD signal recorded in the far-UV region with increasing 

temperature suggested unfolding of the secondary structures in the protein as shown in Figure 4.2 A, B. 

The first order derivative plot of fraction folded at each temperature2 helped to extract the melting 

temperature of unfolding event (Figure 4.2 C, D). Both the proteins showed a melting temperature of 

45°C suggesting lower thermal stability present in two proteins.  
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Figure 4.2: Thermal melting studies for TRBP2-dsRBD1 and dADAR-dsRBD1 by Circular Dichroism. Far-UV CD-spectra 
for (A) TRBP2-dsRBD1 and (B) dADAR-dsRBD1 recorded at a temperature ranging from 10°C to 80°C at an interval of 5°C. 
The first derivative plot of Fraction folded (calculated from Equation 1) against temperature to determine melting temperature 
of unfolding for (C) TRBP2-dsRBD1 and (D) dADAR-dsRBD1. 

4.3.3. NMR Spectroscopy: Nuclear Spin Relaxation 

To characterize the motions occurring at ps-ns timescale in both the proteins, 69 out of 96 and 

58 out of 74 non-overlapping peaks in 1H-15N-HSQC spectra for TRBP2-dsRBD1 and dADAR-

dsRBD1, respectively, were analyzed. The calculated nuclear spin relaxation rates (R1, R2 and [1H]-15N-

NOE) have been plotted against the residue number in Figure 4.3 and have been listed in Appendix  

Table A.1 and Table A.2. 

It was observed from the analysis of this primary data that the residues in the structured region 

show lower R1 rates at 750 Hz than those at 600 Hz for both the proteins; while the N-terminal of 

TRBP2-dsRBD1 clearly show higher rates at 750 Hz. Thus, we hypothesized that residues in structured 

regions contribute to the global motions of the protein at ps-ns timescale. Dispersion in the R2 rates in 

the residues along the protein chain and the higher R2 rates at 750 MHz than at 600 MHz point toward 

the presence of slow timescale motions at μs-ms timescale in these residues in both the proteins. 

Specifically, residue L35, K44, T45, Q56, A57, A82, A88, E89 in TRBP2-dsRBD1 and G85, A89, 

K102, Y103, A119, A121 in dADAR-dsRBD1 which are present either in the RNA-Binding regions or 
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in their close proximity or present in the loop areas of the protein chain show significant deviation from 

the nearby residues. [1H]-15N-NOE values show a dip at the loop regions and the RNA-binding regions 

suggesting the presence of higher flexibility in these residues relative to the rest of the structured region 

of the protein. From this preliminary analysis, the data were further analyzed using an extended model-

free approach15–18 to extract the dynamics parameters. The plot of residue specific correlation time 

(represented as local τM) for both the proteins (Appendix Figure A.1) shows that the terminal regions 

and the loop areas of the protein have relatively fast motions at ps-ns timescale than the structured 

region of the protein. The field dependent variation in the Tm values further supports the presence of 

conformational exchange processes occurring on μs-ms timescale as proposed from the R2 rates. The 

calculated model-free parameters have been listed in Table 4.2 and Table 4.3 for TRBP2-dsRBD1 and 

dADAR-dsRBD1, respectively. 

 

Figure 4.3: 15N-Nuclear spin relaxation rates R1 (A and D), R2 (B and E) and [1H]-15N-NOE (C and F) for TRBP2-dsRBD1 
and dADAR-dsRBD1. Data recorded at 600 MHz is represented in Black and data at 750 MHz is represented in Red. The 
secondary structure of the protein has been marked on top of each column and RNA-binding regions have been highlighted in 

grey. 
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The initial optimization of global diffusion tensor parameters for TRBP2-dsRBD1 by 

quadric_diffusion8 protocol suggested that the anisotropic diffusion model could best explain the global 

motion of the protein. The global and local motions in the protein were then analyzed using the Relax6,7 

program, as discussed in the Methods section. The residue-specific order parameters (S2) calculated for 

TRBP2-dsRBD1 were plotted against residue numbers and have been shown in Figure 4.4. As can be 

observed from Figure 4.4, large variations of S2 values were observed in the structured regions of the 

protein. The N- and C-terminal showed values close to zero which were suggestive of high amplitude 

motions occurring in these terminal residues. The residues in the α0 helix showed S2 value higher than 

the terminal residues but lower than the dsRBD core suggesting higher flexibility in the residues than 

dsRBD core. The average S2 value of the structured dsRBD core (31 - 95 aa) was 0.61, which suggested 

large flexibility in the dsRBD core. This was further supported by 78% of the residues analyzed that 

showed the best fit for the model-free models with two timescales. The faster motions at 40-150 ps 

reflected the random thermal motions that were mainly observed in the flexible termini and the loop 

regions of the protein, while motions at 1-4 ns timescale were also detected throughout the protein 

chain. Optimization of global diffusion tensor with the internal model-free models defined showed that 

anisotropic model can best define the diffusion tensor with a rotational correlation time of 7.64 ns. The 

anisotropic diffusion motion of the protein was also represented by the Dxx = 0.75e-7 rad/s, Dyy = 1.31e-

7 rad/s and Dzz = 4.52e-7 rad/s and the Euler angles as α = 1.12 rad, β = 1.87 rad, and γ = 2.06 rad. 

The global motions for dADAR-dsRBD1 were also predicted to be represented by the 

anisotropic model by the quadric_diffusion8 program and further optimized by the Relax6,7 program. 

The order parameters calculated for dADAR-dsRBD1 showed relatively rigid protein than TRBP-

dsRBD1 with average order parameters of 0.80 in structured regions (65-125 aa) (Figure 4.4). The order 

parameters in the RNA-binding regions and the loop had lower S2 value suggesting a higher amplitude 

of motions than the structured area in the protein at ps-ns time scale. 59% of the analyzed residues 

showed best fit to the model-free model with two timescales of faster 10-100 ps and slower ns motions 

at about 2 ns that were spread across the residues in the structured regions of the protein. The global 

rotational correlation time for dsRBD1 of dADAR was calculated to be 9.39 ns with anisotropic model 

defining the global motion of the protein. The diffusion tensor parameters for dADAR-dsRBD1 were 

obtained as Dxx = 1.25e-7 rad/s, Dyy = 1.75e-7 rad/s and Dzz = 2.33e-7 rad/s and the Euler angles as α = 

1.13 rad, β = 2.05 rad, and γ = 1.44 rad. 
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Figure 4.4: Model-free analysis of TRBP2-dsRBD1 and dADAR-dsRBD1. Plot of Order parameters (S2) against residue 
number (A) for TRBP2-dsRBD1 and (C) for dADAR-dsRBD1. The colour codes used to represent the S2 values have been 
mentioned as the inset in panel A. The plot of Rex values indicating the presence of slow motions in (B) TRBP2-dsRBD1 and 
(D) dADAR-dsRBD1. The secondary structure of the protein has been marked on top of each column and RNA-binding 
regions have been highlighted in grey. 

The model-free approach also showed residues having slower motions at μs-ms timescale as 

indicated by best fit to the model containing exchange Rex term. Both dsRBD1 of TRBP2 and dADAR 

showed the presence of residues that have slow motions present spread in different residues along the 

protein backbone (Figure 4.4) and are not limited to the RNA-binding residues. TRBP2-dsRBD1 

showed the presence of Rex in residues close to RNA-binding regions (L34, G75, A82) and also in the 

residues (E5, S18, A25, G28, T30, I42, Y48, L50, V66, T67, V68, A88, E89, A91, and G98). Similarly, 

dADAR-dsRBD1 showed conformational exchange in residues in the vicinity of the RNA-binding 

residues (T65, L72, A89, F92, Q106, G107, V112, R114, I115, E116) and other residues (E81, S82, 

T84, T93, I94, V96, Y103, T120, L122, R123, F125, L134). Although some of the residues showed 

minimum Rex values (< 2 Hz) in both the proteins, the presence of any slower motions need to be tested 

in more details by relaxation dispersion experiments. 

Table 4.2: Model-free parameters for TRBP2-dsRBD1 extracted from the nuclear spin relaxation data recorded at 600 MHz 

and 750 MHz NMR spectrometer. 

Residue 

Number 

S2 Rex (Hz) S2
f S2

s τe (ps) τf  (ps) τs  (ps) 

value error value error value error value error value error value error value error 

S2 0.01 0.01   0.73 0.04 0.02 0.01   100 23 757 47 

E3 0.01 0.01   0.77 0.04 0.01 0.02   96 23 921 53 

E5 0.00 0.01 0.25 0.12 0.83 0.01       891 13 
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Residue 

Number 

S2 Rex (Hz) S2
f S2

s τe (ps) τf  (ps) τs  (ps) 

value error value error value error value  value error value error value error 

G7 0.03 0.01   0.58 0.03 0.05 0.02   118 10 1348 119 

S8 0.05 0.01   0.84 0.02 0.06 0.01     846 8 

G9 0.04 0.01   0.65 0.03 0.06 0.02   92 12 1145 87 

T10 0.01 0.01   0.51 0.02 0.03 0.01   105 7 1627 142 

T11 0.05 0.01   0.74 0.04 0.07 0.01   95 18 990 63 

T12 0.04 0.01   0.56 0.03 0.08 0.01   134 11 1533 141 

G13 0.02 0.01   0.54 0.02 0.10 0.01   101 9 1407 105 

C14 0.07 0.01   0.67 0.03 0.12 0.01   78 9 1200 83 

G15 0.06 0.01   0.56 0.03 0.18 0.02   98 8 1553 140 

L16 0.20 0.02   0.63 0.02 0.38 0.02   56 6 1529 153 

S18 0.24 0.08 1.12 0.84 0.73 0.06 0.36 0.10   43 11 1586 269 

A24 0.61 0.02   0.78 0.02 0.80 0.02   52 10 1506 770 

A25 0.56 0.03 0.03 0.35 0.90 0.02 0.66 0.03     1084 55 

N26 0.45 0.01   0.78 0.03 0.68 0.02   65 12 1623 279 

G28 0.00 0.05 4.33 0.78 0.54 0.04     25 5 2287 247 

T30 0.51 0.12 1.40 0.76 0.70 0.06 0.69 0.13   23 8 1685 1125 

I32 0.65 0.01   0.88 0.01 0.92 0.01     1574 76 

S33 0.73 0.01       2552 231     

L34 0.43 0.21 2.99 1.53 0.70 0.08 0.58 0.25     3121 1148 

L35 0.54 0.01   0.87 0.01 0.60 0.01     1156 40 

Q36 0.65 0.10   0.91 0.06 0.84 0.08     1679 210 

G39 0.83 0.03   0.93 0.02 0.95 0.02     1457 265 

T40 0.60 0.03   0.91 0.02 0.90 0.02     2613 214 

R41 0.87 0.01       43 5     

I42 0.34 0.15 5.11 1.11 0.62 0.06 0.51 0.20     2933 743 

G43 0.35 0.04   0.77 0.02 0.75 0.04     3037 234 

K44 0.23 0.01   0.68 0.02 0.61 0.01   21 6 2179 268 

T45 0.25 0.02   0.59 0.02 0.71 0.02   31 3 2434 299 

Y48 0.79 0.01 0.61 0.14     16 3     

D49 0.76 0.01       20 3     

L50 0.77 0.01 0.21 0.16     19 3     

L51 0.61 0.05   0.88 0.03 0.87 0.04     2836 332 

A53 0.42 0.01   0.74 0.02 0.73 0.02   42 7 2264 444 

E54 0.48 0.01   0.69 0.02 0.68 0.02   54 7 1623 405 

Q56 0.32 0.01   0.69 0.03 0.47 0.02   63 8 1630 247 

A57 0.43 0.02   0.65 0.02 0.56 0.03   87 8 2077 812 

N61 0.64 0.01   0.80 0.02 0.83 0.02   50 12 1369 454 

F62 0.43 0.01   0.75 0.01 0.89 0.01     2367 138 

T63 0.80 0.01       8 3     

F64 0.72 0.01   0.85 0.01 0.94 0.02     1825 220 

R65 0.77 0.01       14 3     

V66 0.83 0.01 0.03 0.15     42 6     

T67 0.68 0.09 0.71 0.88 0.82 0.04 0.80 0.07     1719 501 

V68 0.80 0.01 0.04 0.14     31 3     
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Residue 

Number 

S2 Rex (Hz) S2
f S2

s τe (ps) τf  (ps) τs  (ps) 

value error value error value error value  value error value error value error 

G69 0.77 0.04   0.85 0.02 0.92 0.03     1072 293 

D70 0.81 0.01       45 4     

T71 0.86 0.01       56 7     

S72 0.70 0.04   0.84 0.02 0.88 0.04     1608 258 

C73 0.81 0.03   0.86 0.02 0.96 0.03     993 367 

T74 0.49 0.04   0.69 0.01 0.83 0.05   25 4 6605 2360 

G75 0.73 0.07 1.54 0.74 0.84 0.03 0.84 0.05     1283 464 

G77 0.86 0.01       46 5     

K80 0.52 0.01   0.84 0.03 0.71 0.02   98 18 1706 365 

A82 0.32 0.25 6.61 2.03 0.63 0.09 0.45 0.33     3985 1712 

A88 0.61 0.13 5.17 1.29 0.75 0.06 0.84 0.12     2925 1309 

E89 0.75 0.01 3.45 0.13     10 2     

V90 0.74 0.01             

A91 0.56 0.14 2.28 1.12 0.74 0.06 0.69 0.14     2661 932 

H94 0.53 0.01   0.79 0.02 0.67 0.02   36 12 1966 640 

L95 0.42 0.02   0.70 0.02 0.74 0.03   36 5 2920 1135 

G97 0.66 0.01   0.85 0.03 0.74 0.03   55 23 1049 375 

G98 0.00 0.08 1.95 0.67 0.58 0.04     44 6 3521 594 

S99 0.10 0.01   0.63 0.02 0.37 0.01   66 6 2383 274 

L101 0.13 0.01   0.59 0.02 0.28 0.02   84 5 2246 282 

A104 0.02 0.01   0.64 0.03 0.03 0.02   74 9 865 43 

L105 0.01 0.01   0.21 0.00 0.07 0.04   70 1 3760 473 

 

Table 4.3: Model-free parameters for dADAR-dsRBD1 calculated from the nuclear spin relaxation data recorded at 600 MHz 

and 750 MHz NMR spectrometer. 

Residue 

Number 

S2 Rex (Hz) S2
f S2

s τe (ps) τf  (ps) τs  (ps) 

value error value error value error value error value error value error value error 

I59 0.62 0.03   0.92 0.02 0.70 0.02     874 61 

T65 0.95 0.03 3.56 0.43     91 326     

V66 0.77 0.03   0.86 0.02 0.93 0.04     4235 2292 

A67 0.85 0.02   0.95 0.02 0.92 0.02     1398 357 

M68 0.89 0.01       64 16     

L69 0.94 0.01             

N70 0.95 0.02       94 102     

L72 0.90 0.02 0.74 0.27     43 12     

R73 0.63 0.02   0.81 0.02 0.81 0.02     1354 138 

G75 0.49 0.06   0.69 0.03 0.74 0.07   48 13 3040 2513 

L76 0.63 0.03   0.81 0.02 0.80 0.02     1381 144 

I77 0.70 0.01   0.82 0.01 0.88 0.01     1127 144 

Y78 0.81 0.01   0.91 0.01 0.92 0.01     841 118 

L80 0.71 0.03   0.84 0.02 0.87 0.02     2022 589 

E81 0.91 0.02 0.65 0.35     39 18     

S82 0.85 0.11 1.19 1.25 0.92 0.07 0.92 0.06     799 584 

T84 0.86 0.02 0.15 0.29     66 15     
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Residue 

Number 

S2 Rex (Hz) S2
f S2

s τe (ps) τf  (ps) τs  (ps) 

value error value error value error value  value error value error value error 

G85 0.80 0.01       56 8     

A89 0.41 0.09 3.41 1.03 0.73 0.05 0.57 0.09     1063 145 

L91 0.80 0.01       72 8     

F92 0.92 0.02 1.42 0.31     80 57     

T93 0.79 0.10 1.20 1.18 0.86 0.07 0.92 0.06     803 624 

I94 0.94 0.01 0.02 0.19     80 43     

S95 0.88 0.02   0.97 0.01 0.93 0.01     1089 225 

V96 0.75 0.11 1.65 1.16 0.90 0.06 0.84 0.06     1709 504 

E97 0.92 0.01       67 16     

V98 0.77 0.02   0.87 0.01 0.91 0.01     1126 197 

D99 0.94 0.01       84 98     

G100 0.83 0.02   0.91 0.01 0.94 0.01     1107 241 

Q101 0.87 0.01       55 10     

K102 0.08 0.02   0.59 0.06 0.13 0.03   62 16 1247 196 

Y103 0.66 0.16 5.91 1.47 0.81 0.09 0.81 0.13     1917 825 

L104 0.82 0.01   0.90 0.01 0.94 0.01     1231 275 

G105 0.92 0.01       56 17     

Q106 0.89 0.01 0.32 0.25     35 11     

G107 0.91 0.02 0.88 0.32     70 31     

R108 0.90 0.02       38 34     

S109 0.91 0.02       49 77     

V112 0.91 0.03 0.75 0.42     46 68     

A113 0.68 0.03   0.83 0.02 0.84 0.02     1546 229 

R114 0.86 0.08 1.14 0.87 0.93 0.05 0.94 0.04     1075 665 

I115 0.90 0.02 0.17 0.23     51 14     

E116 0.85 0.11 1.41 1.14 0.92 0.06 0.92 0.07     1641 1408 

A117 0.97 0.01             

T120 0.64 0.28 3.46 2.62 0.77 0.15 0.83 0.29     2614 2205 

L122 0.94 0.02 1.99 0.35     87 85     

R123 0.82 0.12 2.12 1.28 0.87 0.08 0.94 0.07     1459 1547 

S124 0.88 0.02   0.95 0.02 0.94 0.02     957 266 

F125 0.62 0.17 4.82 1.91 0.81 0.10 0.76 0.15     1648 577 

I126 0.76 0.02   0.94 0.01 0.84 0.02     926 88 

K129 0.69 0.02       922 59     

G131 0.60 0.03       763 53     

A132 0.22 0.01   0.81 0.03 0.28 0.02     1059 27 

V133 0.24 0.01   0.65 0.05 0.38 0.02   60 16 1354 275 

L134 0.29 0.12 2.37 1.26 0.69 0.10 0.42 0.14   91 40 1257 468 

S135 0.19 0.02   0.62 0.05 0.32 0.03   72 15 1475 333 

L137 0.18 0.01   0.66 0.06 0.29 0.03   93 19 1153 213 

A140 0.05 0.00   0.68 0.00 0.08 0.00     505 6 
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4.3.4. NMR Spectroscopy: Relaxation Dispersion 

4.3.4.1. CPMG Relaxation Dispersion 

Having identified the presence of slow μs-ms motions in different residues distributed along 

the protein chain was a driving factor to characterize these motions by relaxation dispersion method. 

The CPMG relaxation dispersion1,11 method was applied to extract the dynamics parameters. CPMG 

relaxation dispersion method is suitable to characterize exchange events occurring at 0.3-10 ms 

timescale (kex ≈ 10-3000 s-1)1. The effective relaxation rates (R2eff) at a range of applied CPMG 

frequencies were calculated by Equation 4.7. These rates measured at different CPMG frequencies have 

been listed in Appendix Table A.3 - Table A.6 and plotted against the CPMG frequencies (νCPMG). The 

plots showed no dispersion in the relaxation rates in all the residues for TRBP2-dsRBD1 (Figure 4.5) 

and for dADAR-dsRBD1 (Figure 4.6). This could occur if there are no motions occurring at μs-ms 

timescale or the motions are outside the detection limit of the CPMG relaxation dispersion method. 

Since the presence of slow-motions in the protein is indicated by Rex values detected from the model-

free analysis and no dispersion is observed in the R2eff values, it can be concluded that the dynamics in 

dsRBDs studied are outside this exchange regime and may involve motions at μs timescale. 

 

 

Figure 4.5: Effective relaxation rates (R2eff) plotted against for CPMG frequencies for TRBP2-dsRBD1 (Residue name and 
number are indicated in each plot).  
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Figure 4.6: Effective relaxation rates (R2eff) plotted against for CPMG frequencies for dADAR-dsRBD1 (Residue name and 

number are indicated in each plot). 

4.3.4.2. Hetero-nuclear Adiabatic Relaxation Dispersion 

Since the CPMG relaxation dispersion method was not able to detect the exchange event in the 

dsRBDs, we moved to an advanced R1ρ type of relaxation dispersion method – Heteronuclear Adiabatic 

Relaxation Dispersion method. The adiabatic relaxation rates (longitudinal R1ρ and transverse R2ρ) were 

determined for 69 and 59 non-overlapping peaks for TRBP2-dsRBD1 and dADAR-dsRBD1, 

respectively. As described in section 2.5.2.2, the HARD NMR experiments use hyperbolic secant family 

(HSn, where n = stretching factor) adiabatic pulses of different shapes (created by different stretching 

factors n = 1,2,4,6,8) that lead to the application of different spin-lock field strengths. These different 

spin-lock allows to create dispersion in the detected adiabatic relaxation rates. The R1ρ and R2ρ relaxation 

rates thus obtained have been listed in Appendix Table A.7 - Table A.10. The plot of the longitudinal 

(R1ρ) and transverse (R2ρ) relaxation rates in the rotating frame as a function of the stretching factor have 

been shown in Figure 4.7 for a few residues in the two proteins. The observed dispersion in the 

relaxation rates (R1ρ and R2ρ) indicate that the method was able to detect the chemical exchange 

phenomenon in these residues in the proteins. Such dispersion in the R1ρ and R2ρ relaxation rates was 

observed in the several residues present along the protein chain as the shape of the applied adiabatic 

pulse was changed (Figure 4.8). As observed in the case of the Rex values determined from the model-

free analysis, the dispersion in adiabatic relaxation rates was found to be present in many residues in 

the protein and was not limited only to the RNA-binding regions. 



Page | 81  

 

 

Figure 4.7: Representative plot of R1ρ and R2ρ rates against stretching factor (n) of Hyperbolic Secant pulses for a few residues 

in the (A) TRBP2-dsRB1 and (B) dADAR-dsRBD1. The protein name is indicated at the left side of the plots and the residue 
number is indicated on top of each set plot (R1ρ and R2ρ). 

 

Figure 4.8: Dispersion in the adiabatic relaxation rates in dsRBDs. The plot of R1ρ (A) and R2ρ (B) rates against residue number 
for TRBP2-dsRBD1 and R1ρ (C) and R2ρ (D) rates against residue number for dADAR-dsRBD1. The colours indicate the 
Hyperbolic Secant (HSn, where n=1,2,4,6,8) adiabatic pulse used for spin-locking and have been mentioned in the inset. The 
secondary structure of the protein has been marked on top of each column and RNA-binding regions have been highlighted in 
grey. 
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These adiabatic relaxation rates were fit to the Bloch-McConnell equation assuming a two-site 

exchange model to calculate the dynamics parameters describing the chemical exchange event i.e. kex 

(kinetic), Δω (structural), and pB (thermodynamics) by geometric approximation method. The 

calculated parameters were mapped on to the structures as shown in Figure 4.9 and listed in Appendix 

Table A.11 and Table A.12. 

 

Figure 4.9: Mapping of Dynamics parameters extracted from the HARD NMR data using the geometric approximation method 
for TRBP2-dsRBD1 and dADAR-dsRBD1. The kex values are marked in color and the sphere size indicates the population of 
the excited state (pB) as shown on the right of the figure. The RNA-binding residues are shown in stick representation. 
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Attentive analysis of the exchange rates (kex) for TRBP2-dsRBD1 indicated that the residues in 

the RNA-binding region or in the close vicinity show a rapid exchange between the two states – a 

ground state or state A and an excited state or state B – with exchange rates (kex) of 50000 s-1 or more 

(Figure 4.9). These residues include: (1) L35 and Q36 from α1-helix, (2) E54 and N61 which are at the 

termini of β1-β2 loop, and (3) A82 in KKxAK motif at N-terminus of α2-helix and have about 25% 

population (pB) in the state B. Few other residues (M1, T10, G13, C14, L51, V66, C73, H94, L95, A104) 

showed chemical exchange rates between 50000 s-1 and 5000 s-1 with excited state population of 10-

40%. Interestingly, some of the non-RNA-binding residues A25, N26, F64, T67, and V68 also showed 

exchange rates of more than 50000 s-1 with a 10-20% population of excited-state. The exchange 

observed in these residues might have resulted from a network of interactions responsible for 

maintaining the tertiary structure of the protein. These interactions include hydrophobic interactions, 

H-bonding interactions or dipole-dipole interactions between different residues in the protein chain. 

The rest of the residues exhibited exchange rates of less than 5000 s-1 with an excited-state population 

of less than 10%. The exchange observed in the protein is further supported by the large chemical shift 

difference between the two states of 5 Hz to 1100 Hz (Appendix Table A.11). This indicated the 

availability of large conformational space that the residues can sample to interact efficiently with 

substrate dsRNAs of diverse topologies. 

Even though the two proteins have limited sequence similarity and differential ps-ns timescale 

dynamics, the analysis of kex and pB for dADAR-dsRBD1 also showed an analogous distribution of the 

exchange parameters (Figure 4.9). The residues involved in RNA-binding or in their close vicinity 

showed an exchange rate of 50000 s-1 or more. For example, RNA-binding residues V66, A67, M68, 

N70 in α1-helix; A 89 in the loop connecting β1-β2 strands, and R114, I115 in α2-helix showed exchange 

rate of > 50000 s-1. A few other non-RNA-binding residues that are in close proximity like T84 and L91 

that are at the C- and N- terminus of β1 and β2 strand, respectively; and residue E116 and A117 in α2-

helix showed kex more than 50000 s-1. All these residues showed more than 15% of the population in 

the excited state. Similar to the TRBP2-dsRBD1, a few of the allosteric residues like L76 of β1-strand, 

T93, I94, S95 and V96 of β2-strand, and Q101 and L104 of β3-strand that are at the rare face from the 

RNA-binding region in dADAR-dsRBD1 also to have chemical exchange rate of about 50000 s-1 with 

15% or more population in excited state (except for I94) as observed for TRBP2-dsRBD1. Some of the 

residues in non-RNA-binding regions of loops or β-strands or in α2-helix showed 10% or more 

population in the excited state having kex between 5000 to 50000 s-1. The rest of the residues showed an 

exchange event occurring at <5000 s-1 with a <10 % population in an excited state. This similar profile 

of exchange rates and the populations for dADAR-dsRBD1 also resulted in a similar dispersion of 

chemical shift difference between (48 Hz - 1050 Hz) the two states as for dADAR-dsRBD1 (Appendix 

Table A.12). 
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4.4. Discussion 

Though the dsRBD1 of the two proteins – TRBP2 and dADAR – has a limited sequence identity 

of 23.6 % and similarity of 33.3 %, they exhibit similar structural fold common to all dsRBDs. The 

solution state homogeneity of the TRBP2-dsRBD1 was determined by SEC-MALS showed that one-

fifth fraction of the protein coexists as a tetramer with the monomeric protein. A similar study for 

dADAR-dsRBD1 showed only monomeric protein present in the solution. Regardless of the differences 

in the primary sequence and the oligomeric state, both the dsRBDs possess similar thermal stability 

with a melting temperature of 45°C. Also, both the proteins showed ~95 % of the population that exists 

in folded state at NMR working temperature of 25°C. The analysis of the thermal unfolding profile of 

the two proteins further shows that TRBP2-dsRBD1 requires additional heat change for the unfolding 

as indicated by higher enthalpic contribution. This additional enthalpic contribution required in the case 

of TRBP2-dsRBD1 over dADAR-dsRBD1 might arise due to the coexisting tetramer population (about 

20 %) for TRBP2-dsRBD1 in solution as observed from SEC-MALS study. Though we observed the 

presence of 20 % of the tetramer for TRBP2-dsRBD1, the 1H-15N-HSQC spectra do not show any 

additional peaks that may correspond to an additional species in solution. This suggests that either (1) 

the peaks for tetramer show significant line broadening such that they could not be detected; or (2) 

TRBP2-dsRBD1 forms a symmetric tetramer and thus the resultant peaks overlap as they will have 

similar chemical environment. To test this probability, the global diffusion parameters were calculated 

by quadric_diffusion program by excluding the terminal flexible residues which will be affected if these 

peaks correspond to overlapped peaks of monomer and tetramer. However, no such change in diffusion 

tensor parameters was observed suggesting that the peaks belong to a single entity in the solution which 

can be the monomeric form of the protein. Though TRBP2-dsRBD1 exists in tetrameric state, it is 

reported that the RNA-binding shifts the monomer-oligomer equilibrium for TRBP-dsRBD12 towards 

monomer and the protein interacts with the RNA in its monomeric form19. 

From the empirical correlation of the global tumbling time with the molecular size, the global 

tumbling time for the proteins of about 10 kDa was expected to be ~5 ns provided the protein exists as 

a compact globular molecule. However, analysis of the secondary structure composition of the two 

proteins shows that 45 % and 59 % of the residues of TRBP2-dsRBD1 and dADAR-dsRBD1, 

respectively are in the unstructured region of the protein. This leads to the anisotropic nature of the 

diffusion tensor of the two proteins and thus to the higher global rotational correlation time calculated 

from model-free analysis than the globular protein of this size. Similar higher rotational correlation 

times of 7.2 ns, 6.29 ns, and 6.35 ns have been reported previously for DGCR8-dsRBD1, Drosha-

dsRBD, and Dicer-dsRBD20,21, respectively. The difference in the rotational correlation time of TRBP2-

dsRBD1 and dADAR-dsRBD1 can be assigned to the difference in the theoretical molecular mass of 

the two protein constructs, 11.2 kDa being for TRBP2-dsRBD1 and 12.5 kDa for dADAR-dsRBD1, 

respectively. The higher rotational correlation time obtained for dADAR-dsRBD1 is could also have 
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contribution from the non-native tail of ~20 residues at the N-terminus of the construct that add to the 

anisotropy of the molecule in addition to the inherent anisotropic shape of the dsRBDs – as represented 

by higher rotational correlation times of ~ 7 ns for other dsRBDs. Further, the global tumbling time for 

TRBP2-dsRBD1, calculated from the model-free analysis is 7.64 ns which can only be assigned to 

monomeric species with a molecular mass of about 11 kDa (for TRBP2-dsRBD1) as the tetramer will 

result in molecular mass of about 45 kDa and thus require a much longer time for tumbling in solution. 

This also assures that the peaks in the 1H-15N-HSQC spectrum and in the analyzed 15N-spin relaxation 

data for TRBP2-dsRBD1 characterize the dynamics of the monomeric form of the protein. 

Analysis of the ps-ns timescale dynamics by nuclear spin relaxation data using extended model-

free approach resulted in a range of order parameter values in the structured region of the TRBP2-

dsRBD1 protein. For a structured region of a globular protein, generally, the order parameters have a 

value of more than 0.8 suggesting the limited flexibility. However, in the case of TRBP2-dsRBD1, the 

residues in the dsRBD core showed S2 values ranging from 0.23 to 0.87 with average S2 being 0.61 for 

dsRBD core with lower S2 values for residues not only in the loop regions but also in the structured 

regions of the protein. This supports the higher flexibility at ps-ns timescale present in the protein. The 

profile of S2 for dADAR-dsRBD1, however, follows the routine pattern, where the structured regions 

show order parameters of about 0.8 or more and the loop regions have lower values. The average S2 

value for the dADAR-dsRBD1 core was found to be 0.80 suggesting restricted motions in residues at 

ps-ns timescale. Thus, the two proteins showed different profiles of dynamics present at ps-ns timescale. 

Interestingly, the presence of slow motions was detected by model-free analysis and HARD NMR 

experiments in both the proteins. 

Analysis of HARD NMR data allowed to further characterize these motions and suggested similar 

distribution of chemical exchange events occurring in the protein. The extracted exchange parameters 

show that RNA-binding residues (e.g. in middle of α1-helix) or those in the vicinity of RNA-binding 

region (eg. at the N-terminus and C-terminus of β1-β2 loop) and few other allosteric residues (distributed 

in three antiparallel β-strands) have a chemical exchange rate of 50000 s-1 or more with a significant 

population (more than 15%) in the excited state(s) in both the dsRBDs. Though the results of HARD 

NMR data, showed >15% population of these residues in excited state(s), these residues show 

intermediate timescale exchange with the ground state resulting in significant line-broadening of the 

peaks. Also, though the data is fit using a two-state exchange model, which is highly simplistic model, 

the actual number of alternative conformational states could be higher. Thus the peaks for the excited 

states could not be observed in the 1H-15N-HSQC spectra of the two proteins. Some residues in close 

proximity to the RNA-binding residues (at C-terminal of α2 helix) showed a kex value of 5000-50000 s-

1 with at least a 10 % population in the excited state(s). Along with these fast μs motions, 49 out of 69 

analyzed residues in TRBP2-dsRBD1 and 25 out of 59 analyzed residues in dADAR-dsRBD1, 

distributed along the protein chain, showed conformational exchange with kex < 5000 s-1. The 
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conformational dynamics present in multiple residues along the protein chain leads to the availability 

of the large conformational space for the two dsRBDs. This was reinforced by the large chemical shift 

difference (Δω) observed between the ground and the excited state of the two dsRBDs. Since the sign 

of (Δω) cannot be obtained from the HARD experiment the structure of the excited state conformation 

of the protein cannot be determined. Interestingly, though the two dsRBDs studied here belong to two 

different species and have differences in their primary sequence, showed different dynamics profile at 

ps-ns timescale with different oligomerization patterns, they show similar profiles of motions at μs-ms 

timescale. In addition, the similarity in the dynamics is not only limited to the RNA-binding region but 

also observed in allosteric regions. This implies that these motions are intrinsic to the dsRBD structural 

fold and do not reflect the aggregation behavior observed in the case TRBP2-dsRBD1. These concerted 

motions in multiple sites in dsRBDs can allow adaption to multiple conformations by undergoing 

conformational rearrangement. In addition, from the CD melting profile, both the proteins show about 

a 5 % unfolded population at 25°C – where all the NMR experiments were recorded. This also suggests 

the lower energy barrier for the two dsRBDs to access the non-native conformation(s) (which can be an 

unfolded state). This is reflected in the presence of conformational dynamics present all along the 

protein chain in both the dsRBDs. Being present all along the protein chain, this dynamic behavior in 

dsRBDs allows them to exists as an ensemble of conformations ensemble that may have a functional 

role. These conformations might allow dsRBDs to interact with a topologically diverse set of dsRNAs 

in the cellular pool and ensure accurate processing of the substrate by their protein partners like Dicer 

and Ago. 

4.5. Summary 

The characterization of the dynamics of two dsRBDs from two different proteins from two 

different species showed that they show similar thermal stability as indicated by similar CD melting 

behavior. However, the SEC-MALS study showed that they have different aggregation patterns. The 

ps-ns timescale dynamics studied by NMR showed that they possess a differential dynamic profile at 

this timescale, however, the model-free analysis suggested the presence of slow motions at μs-ms 

timescale distributed along the protein chain. Further, relaxation dispersion studies have helped to 

confirm and characterize these motions and indicated that these motions occur at μs timescale and 

present in most of the residues along the length of the protein and not restricted to RNA-binding sites 

in both the dsRBDs. The presence of these motions at multiple sites suggests possible conformational 

rearrangements in the protein chain. This corroborates the conformational adaptability in dsRBDs 

originating from the intrinsic dynamics which might support their interaction with topologically 

different dsRNAs present in the cellular environment. 
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Chapter 5 Effect of dsRNA substrates on dsRBD dynamics 
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5.1. Introduction 

The interaction between any two molecules is associated with a change in the internal energy 

of the system either in the form of gain from or loss to the surrounding. With respect to RNA-protein 

interactions, these changes involve direct or solvent-mediated interactions like hydrogen bonding, or 

electrostatic, or dipole-dipole interaction, etc1–3. The mechanistic insights into the interaction between 

an RNA-protein pair can be understood by performing a detailed characterization of the changes that 

affect proteins and/or RNA at the thermodynamic, kinetic, and structural levels.   

In order to explore the mechanism of recognition of dsRNA – with or without any imperfection 

in the A-form helix of the dsRNA – by dsRBDs, we aimed to characterize the effect of different dsRNA 

topologies (that is perturbed based on the secondary structural changes in the RNA4) on the dsRBD-

dsRNA interaction. In Chapter 4, we have identified that the dsRBDs exists as an ensemble of 

conformations due to the presence of inherent microsecond timescale dynamics5. In this Chapter, we 

tested the binding modes of topologically different dsRNAs by isothermal titration calorimetry (ITC) 

and NMR-based studies. RNA duplexes of varying shapes were designed from a known binder – miR-

16-1 RNA duplex6, of TRBP2-dsRBD1 by creating mutations in the native sequence. Determination of 

the thermodynamic parameters from ITC studies offered to explore similarities and the differences 

between interactions of dsRBDs with dsRNAs. Since the dsRBDs exist as an ensemble of 

conformations due to the intrinsic dynamics, the effect of dsRNAs with different shapes on the structure 

and dynamics of dsRBDs were probed by using NMR-based titration and NMR-based relaxation 

experiments that allowed us to probe the effect of dsRNA topologies on the dsRBD at the atomic level. 

Detailed characterization of the dsRBD dynamics with a small dsRNA construct suggested the role of 

intrinsic dsRBD dynamics in the recognition process, reinforcing the proposed conformational 

rearrangement as the mechanism of interaction of dsRBD with dsRNAs. 

5.2. Materials and Methods 

5.2.1. Protein overexpression and purification 

 TRBP2-dsRBD1 and dADAR-dsRBD1 proteins (unlabeled and 15N labeled) were 

overexpressed and purified as described in Chapter 3. 

5.2.2. Selection and design of RNA substrate 

The selection of the substrate RNA was based on the fact that precursors of miRNA-16-1 were 

used to study their interactions with many dsRBDs (Drosha, Dicer, DGCR8, and TRBP)6–8. The duplex 

of the miR-16-1 contains a mismatch (A•A) and a bulge (from unpaired U) in the potential TRBP 

binding region9, as shown in Figure 1.7. Thus, to study the effect of perturbations in the A-form helical 
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structure of RNA duplex, the nucleobases in the passenger strand of the RNA were altered to create 

different topologies. The modifications were made to generate following mutant RNAs: (1) miR-16-1-

M: RNA with only mismatch by removing the unpaired U from the passenger strand; (2) miR-16-1-B: 

RNA with only bulge by replacing A by U in the A•A mismatch position in the passenger strand; and 

(3) miR-16-1-D: RNA with all base-pairs, by removing U bulge and replacing A by U in passenger 

strand at A•A mismatch. A short RNA having a length of 10 bp – hereafter referred to as D10-RNA – 

sufficient to bind to dsRBD was also designed from perfectly duplex RNA (miR-16-1-D). 

All the RNA oligonucleotides were purchased from Integrated DNA technology or Sigma 

Aldrich and have been listed in Table 5.1. RNA annealing was done by mixing the guide and the 

passenger strand for each RNA duplex in a 1:1 molar ratio, followed by heating at 95°C for 5 min for 

denaturation, and finally renaturing at 4°C for 10 min. The annealing of the two strands for each RNA 

duplex was confirmed by the presence of imino protons (Appendix Figure A.2) in the 1H NMR spectrum 

with each sample in NMR buffer. 

Table 5.1: RNA sequences used to study interaction with dsRBDs. 

Name Strand Sequence (5ʹ  3ʹ) 

miR-16-1 
Guide 5ʹ- UAGCAGCACGUAAAUAUUGGCG -3ʹ 

Passenger 5ʹ- CCAGUAUUAACUGUGCUGCUGAA -3ʹ 

miR-16-1-D 
Guide 5ʹ- UAGCAGCACGUAAAUAUUGGCG -3ʹ 

Passenger 5ʹ- CCAGUAUUUACGUGCUGCUGAA -3ʹ 

miR-16-1-M 
Guide 5ʹ- UAGCAGCACGUAAAUAUUGGCG -3ʹ 

Passenger 5ʹ- CCAGUAUUAACGUGCUGCUGAA -3ʹ 

miR-16-1-B 
Guide 5ʹ- UAGCAGCACGUAAAUAUUGGCG -3ʹ 

Passenger 5ʹ- CCAGUAUUAACGUGCUGCUGAA -3ʹ 

D10 RNA 
Guide 5ʹ- UUAUAAAUGC -3ʹ 

Passenger 5ʹ- GCAUUUAUGA -3ʹ 

5.2.3. RNA structure modeling 

The secondary structure of each RNA duplex was determined by prediction from the DINAmelt 

program10,11 (http://unafold.rna.albany.edu/?q=DINAMelt/Hybrid2). The tertiary structure of each 

RNA duplex was modeled using SimRNA webserver12,13 (https://genesilico.pl/SimRNAweb/). The 

program works on the algorithm based on the coarse-grained representation of the RNA molecule with 

the help of the Monte-Carlo method for conformational sampling. The simulations were carried out 

with the secondary structures of each duplex obtained from DINAmelt10 as input to the program. 

http://unafold.rna.albany.edu/?q=DINAMelt/Hybrid2
https://genesilico.pl/SimRNAweb/
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5.2.4. Isothermal titration calorimetry 

All the ITC experiments were performed at 25°C on the MicroCal VP –iTC200 instrument (at 

UM-DAE, CEBS, Mumbai). For all the titrations, both protein and RNA samples were exchanged into 

NMR buffer (10 mM Sodium Phosphate, 100 mM NaCl, 1 mM EDTA, 1 mM DTT), pH 6.4. Diluted 

protein samples (TRBP2-dsRBD1 or dADAR-dsRBD1) at 30 μM concentration were used in the 

sample cell for all experiments. The molar ratio of the protein to RNA duplex (prepared by annealing 

two strands as mentioned in Table 5.1) was optimized for all RNAs to get the saturated calorimetric 

signal at the end of the titration. The optimized concentrations for various RNAs were miR-16-1 = 90 

μM, miR-16-1-D = 120 μM, miR-16-1-M = 300 μM, miR-16-1-B = 150 μM, and D10-RNA = 240 μM. 

Blank titration was carried out by measuring the heat of dilution of RNA into NMR buffer, by using the 

buffer in the sample cell instead of protein. For every injection, 2 μl of the RNA was injected into the 

sample cell over 4 seconds with an equilibration time of 120 seconds. The heat change during the 

titration was measured and recorded as a calorimetric signal for every injection. The heat change was 

converted to the corresponding enthalpy change and the data were baseline corrected by subtracting the 

heat of dilution of the RNA into the buffer. The data, thus obtained, was fitted to the one set of sites 

model (assuming no dependence in the multiple binding events) to calculate thermodynamic parameters 

(N, Ka, ΔH, ΔS) of the binding event in Origin 7.0 provided with the instrument. 

5.2.5. NMR Spectroscopy 

5.2.5.1. NMR based titration with RNA duplexes with different topologies 

All the titration experiments were recorded on an in-house Bruker 600 MHz NMR spectrometer 

equipped with Quad-Channel (1H, 13C, 15N, 31P) Cryoprobe or on Bruker 600 MHz NMR spectrometer 

equipped with 13C-enhanced TCI cryoprobe (located at NCBS, Bangalore). Each of the duplex RNA 

was titrated against the fixed protein concentration of 80 μM of 15N-TRBP2-dsRBD1 in NMR buffer 

pH 6.4 in the concentration range of 0.0 to 0.25 equivalents of the RNA duplex (0.0 to 2.5 equivalents 

in case of D10-RNA). At every step, the protein was allowed to equilibrate for ~30 min before recording 

the 1H-15N HSQC spectrum. All the spectra were recorded with 2048 and 128 points with a spectral 

width of 12 and 28 ppm in 1H and 15N dimension, respectively. The offsets were set at water resonance 

(~4.70 ppm) in 1H dimension and 117.00 ppm in 15N dimension and data was collected with 96 scans. 

All the spectra were processed in NMRpipe/NMRDraw14 and analyzed in Sparky15 to monitor changes 

in the intensities and the chemical shift of the individual peak in the HSQC. Changes in the intensity of 

the peaks were plotted by normalizing with respect to peak intensity in the apo-state of the protein 

against increasing RNA concentration for every peak in HSQC spectra. The change in a chemical shift 

as chemical shift perturbations (Δδ) was calculated by using Equation 5.116:  
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∆𝜹 = √(∆𝜹𝑵 𝟔. 𝟓⁄ )𝟐 + ∆𝜹𝑯
𝟐       (5.1) 

where ΔδN and ΔδH represent the change in the chemical shift in the 15N and 1H dimension, respectively, 

after the addition of a known equivalent of RNA. 

5.2.5.2. NMR-based relaxation experiments without and with RNA duplex 

All NMR-based relaxation experiments were recorded on Bruker 950 MHz NMR spectrometer 

equipped with a TCI cryoprobe (at Institute for Protein Research, Osaka University, Japan). The nuclear 

spin relaxation experiments (R1, R2, and [1H]-15N-NOE) were recorded with a protein concentration of 

200 μM in the absence of any RNA added. The inversion recovery delays used for R1 experiments were 

10, 50, 100, 150, 400, 650, 900 ms and CPMG delays used for R2 experiments were 15.84, 31.68, 47.52, 

63.36, 95.04, 142.56, 158.40 ms. [1H]-15N-NOE experiments were recorded as two HSQCs, one with 

1H saturation where a 1H saturation delay of 3.0 s and a relaxation delay of 2.0 s was used, and another 

without 1H saturation where a relaxation delay of 5.0 s was used. All these experiments were recorded 

in an interleaved fashion to average out any temperature fluctuation during relaxation data 

measurement. Further, the same set of experiments was recorded in the presence of four topologically 

different RNA duplexes at 0.05 equivalent of RNA added to the protein individually. For R1 

experiments, inversion recovery delays of 10, 30, 70, 150, 300, 600, and 750 ms were used protein in 

presence of miR-16-1 RNA and that of 10, 30, 70, 150, 300, 400, 500 ms were used in case of all other 

three RNAs. The CPMG relaxation delays of 10, 30, 50, 90, 130, 170, 220 ms were used for R2 

experiments for protein complexed with all four RNAs. These experiments were recorded as separate 

HSQCs with a randomized order of delays. The delays underlined were measured in duplicate for error 

estimation. [1H]-15N-NOE experiment was recorded with a 1H saturation delay of 0.9 s and a relaxation 

delay of 1.5 s was used for the experiment without 1H saturation in an interleaved manner. The 

longitudinal (R1) and transverse (R2) relaxation rates and the NOE ratios were calculated, as described 

in section 4.2.3.1, for the observed non-overlapping peaks with measurable intensities in absence of 

RNA or presence of each of the four RNAs and plotted against residue number. The details of the 

experimental parameters used for recording relaxation experiments have been listed in Table 5.2. 

Table 5.2: Experimental parameters for relaxation data acquisition for TRBP2-dsRBD1 in the absence of RNA and in presence 

of miR-16-1 and its mutants (RNAs with different topologies) 

Experiment (Pulse 

Sequence used) 

Nucleus TD
a
 SW

b
 

(ppm) 

Offset 

(ppm) 

NS
c
 d1

d
 

(s) 

TRBP2-dsRBD1 in absence of RNA 
15

N-R1 

(hsqct1etf3gpsi3d) 

1H 
15N 

Delay 

2048 

256 

9 

12 

28 

4.70 

117.00 

16 2.5 
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Experiment (Pulse 

Sequence used)
 

Nucleus TD
a
 SW

b
 

(ppm) 

Offset 

(ppm) 

NS
c
 d1

d
 

(s) 

TRBP2-dsRBD1 in absence of RNA 
15

N-R2 

(hsqct2etf3gpsi3d) 

1H 
15N 

Delay 

2048 

256 

9 

12 

28 

4.70 

117.00 

16 2.5 

[1
H]-

15
N-NOE 

(hsqcnoef3gpsi) 

1H 
15N 

2048 

512 

12 

28 

4.70 

117.00 

16 5.0 

TRBP2-dsRBD1 in the presence of RNA 
15

N-R1 

(hsqct1etf3gpsi) 

1H 
15N 

2048 

256 

10 

26 

4.70 

117.00 

16 1.5 

15
N-R2 

(hsqct2etf3gpsi) 

1H 
15N 

2048 

256 

10 

26 

4.70 

117.00 

16 1.5 

[1
H]-

15
N-NOE 

(hsqcnoef3gpsi) 

1H 
15N 

2048 

512 

10 

26 

4.70 

117.00 

32 1.5 

aTD: Number of data points/size of fid, bSW: Spectral Width, cNS: Number of scans, dd1: relaxation delay 

All the NMR-based relaxation experiments for TRBP2-dsRBD1 in presence of D10-RNA were 

recorded on an in-house Bruker 600 MHz NMR spectrometer. For all the experiments, the protein 

sample at a concentration of 200 μM complexed with 0.5 equivalent of D10-RNA was used. For R1 

experiments, the 8 inversion recovery delays of 10, 30, 50, 100, 200, 350, 500, 700 ms were used and 

for R2 experiments, 8 CPMG delays of 17, 34, 51, 68, 85, 102, 136, 170 ms were used. The delays 

underlined were measured in duplicate for error estimation. [1H]-15N-NOE experiment was recorded 

with a 1H saturation delay of 3.0 s and the experiment without 1H saturation was recorded with a 

recovery delay of 5.0 s. All these experiments were collected in an interleaved fashion. 15N-CPMG 

relaxation dispersion experiment17 was recorded with constant relaxation time, Trelax, of 40 ms during 

which CPMG blocks are applied. A series of HSQCs with CPMG frequencies of 0, 25, 50, 100, 200, 

350, 500, 650, 800, 1000 Hz were recorded in an interleaved manner. The rates at underlined CPMG 

frequencies were collected in duplicate for error estimation. The effective relaxation rates were 

determined as described in section 4.2.3.2.  

Heteronuclear adiabatic relaxation dispersion (HARD)18,19 experiments were recorded for the 

protein in D10-RNA bound state. A set of four hyperbolic secant family pulses of 4 ms each was used 

for spin-locking the magnetization in the rotating frame. For R1ρ and R2ρ experiments, relaxation rates 

in the rotating frame were measured by using relaxation delays of 0, 16, 32 and 64 ms (corresponding 

to L4 = 0, 1, 2, 4). The dispersion in relaxation rates was created by varying the stretching factor (n) of 

the hyperbolic secant (HSn) family adiabatic pulses from 1 to 8 (n=1,2,4,6,8). For the R1 experiment as 

a part of HARD experiments, relaxation delays of 16, 48, 96, 192, 320, 480 and 640 ms were used. 

Relaxation rates (R1ρ, R2ρ, and R1), thus obtained, were fitted to the time-dependent Bloch-McConnell 

equation by geometric approximation method to extract the dynamic parameters assuming the two-state 
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model. The details of the experimental parameters used for NMR data collection have been listed in 

Table 5.3. 

Table 5.3: Experimental parameters for relaxation data acquisition for TRBP2-dsRBD1 in presence of 0.5 equivalents of D10-

RNA. 

Experiment (Pulse 

Sequence used) 

Nucleus TD
a
 SW

b
 

(ppm) 

Offset 

(ppm) 

NS
c
 d1

d
 

(s) 
15

N-R1 

(hsqct1etf3gpsi3d) 

1H 
15N 

Delay 

2048 

128 

10 

12 

28 

4.69 

117.00 

24 2.5 

15
N-R2 

(hsqct2etf3gpsi3d) 

1H 
15N 

Delay 

2048 

128 

10 

12 

28 

 

4.69 

117.00 

24 2.5 

[1
H]-

15
N-NOE 

(hsqcnoef3gpsi) 

1H 
15N 

2048 

256 

12 

28 

4.69 

117.00 

64 5.0 

15
N-CPMG-RD 

(hsqcrexetf3gpsi3d) 

1H 
15N 

Delay 

2048 

128 

12 

12 

28 

4.69 

117.00 

24 2.5 

15
N-R1 - HARD 

(r1.fc) 

1H 
15N 

2048 

128 

12 

28 

4.69 

117.00 

24 2.5 

15
N-R1ρ - HARD 

(r1rho.fc) 

1H 
15N 

2048 

128 

12 

28 

4.69 

117.00 

24 2.5 

15
N-R2ρ - HARD 

(r2rho.fc) 

1H 
15N 

2048 

128 

12 

28 

4.69 

117.00 

24 2.5 

aTD: Number of data points/size of fid, bSW: Spectral Width, cNS: Number of scans, dd1: relaxation delay 

5.3. Results 

5.3.1. RNA design and 3D structure modeling 

The secondary structure analysis of precursor of miR-16-1 shows that it contains a mismatch 

and a single nucleotide bulge, thus showing the imperfections in the duplex structure. The RNA duplex 

with imperfections was altered to create three mutants, one without any imperfection in the duplex – 

miR-16-1-D; and two with a single imperfection – miR-16-1-M and miR-16-1-B. The structures of all 

four RNAs were modeled using the SimRNA webserver,12,13 with the secondary structure predicted 

from DINAmelt10. The models generated from the SimRNA have been shown in Figure 5.1 with the 

TRBP binding residues highlighted in orange. These structures clearly show that the imperfections in 

the RNA duplex observed in the secondary structure result in the corresponding change in the tertiary 

structure of the molecule4. Furthermore, the measurement of length of the RNA determined between 5ʹ-

phosphate of UMP in the guide strand and 5ʹ-phosphate of CMP in the passenger strand forming the 

RNA duplex shows that the four RNA have different length of 59.3 Å (miR-16-1), 43.8 Å (miR-16-1-

D), 34.2 Å (miR-16-1-M) and 52.7 Å (miR-16-1-B), respectively. This confirms that the topological 

differences get induced due to the helical imperfections in the RNA duplex. 
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Figure 5.1: Secondary and tertiary structure of RNA (miR-16-1) and its mutants used in the study. The structures (as obtained 
from DINAmelt and SimRNA programs) of duplexes of miR-16-1 (native form), miR-16-1-D (without any imperfections in 
a duplex), miR-16-1-M (with mismatch only), and miR-16-1-B (with bulge only) are shown. The imperfections in the RNA 
duplex and the corresponding mutations are marked in Blue-box. 

5.3.2. dsRBD-dsRNA binding studies by isothermal titration calorimetry 

The isothermal titrations of each of the four RNAs into each of the protein – TRBP2-dsRBD1 

and dADAR-dsRBD1 – showed that irrespective of the structure of the RNA and the origin of the 

dsRBD, they can interact with each other (Figure 5.2). Though the heat change observed during the 

interaction is positive or negative in some cases, the net change in enthalpy is always negative. The 

different heat change observed is due to different heat of dilution of each of the RNA. The 

thermodynamic parameters obtained from fitting of the ITC data to the one set of sites model describing 

the interaction between a dsRBD and a dsRNA have been shown in Figure 5.3 and listed in Appendix 

Table A.13. The binding constants, Kd, calculated for TRBP2-dsRBD1 ranged from 0.50 ± 0.04 μM to 

2.12 ± 0.22 μM and that for dADAR-dsRBD1 ranged from 0.27 ± 0.05 μM to 0.78 ± 0.24 μM. This 

suggests that both dsRBDs can bind to either of the four dsRNAs with similar affinities. The interactions 

with TRBP2-dsRBD1 have shown that enthalpic (ΔH) and entropic (TΔS) contribution to free energy 

change ranges from -9.4 ± 0.2 kcal.mol-1 to -34.8 ± 0.6 kcal.mol-1 and -1.6 ± 0.2 to -26.2 ± 0.6 kcal.mol-

1, respectively. The corresponding changes in ΔH and TΔS for dADAR-dsRBD1 were -24.6 ± 1.1 

kcal.mol-1 to -80.9 ± 3.2 kcal.mol-1 and -16.3 ± 0.9 to -72.1 ± 3.1 kcal.mol-1, respectively. It was 

interesting to note that though the binding affinities were similar, the number of binding sites differed  
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Figure 5.2: Isothermal Titration Calorimetric data showing interactions of all four RNAs with (A) TRBP2-dsRBD1 and (B) dADAR-dsRBD1. The Kd values calculated from data fitting to one 
set of sites model shows that the binding affinities of both the dsRBDs for all four RNAs are similar. 
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for all four RNAs with a different combination of enthalpic and entropic contribution to the free energy 

of binding. miR-16-1-M was found to have a minimum number of binding sites for TRBP2-dsRBD1 

and dADAR-dsRBD1 as 1.5 and 1.6, respectively and thus showed restricted binding among four 

RNAs.   

 

Figure 5.3: Thermodynamic parameters (ΔG, TΔS, ΔH and n) obtained from binding studies of TRBP2-dsRBD1 and dADAR-
dsRBD1 with four topologically different RNAs using isothermal titration calorimetry. The values in the brackets indicate the 
stoichiometry (n) of the interaction. 

5.3.3. Interaction of dsRBD with RNA duplex and its mutant 

To gain atomic-level information of the interactions of dsRBD with dsRNA, all four RNAs 

were titrated against TRBP2-dsRBD1 individually and the 1H-15N HSQC spectra at increasing RNA 

concentrations were recorded. In such experiments, any change in the NMR observables (chemical shift 

or intensity) would indicate the interactions between the two biomolecules. The intensity and the 

chemical shifts of the HSQC peaks were monitored to envisage the timescale of motions leading to 

interactions (Figure 5.4). As higher concentrations up to 0.25 equivalents of the RNA were added to the 

protein, there was a significant decrease in the number of peaks due to a gradual increase in line-

broadening. The resultant decays in peak intensities were plotted as a function of increasing RNA 

concentration for each of the detected residues by normalizing with peak intensity in the apo-state of 

the protein (Figure 5.5). The plots show that most of the residues in the structured region of the protein 

(18-95 aa) are affected due to the binding event, while the intensities of the terminal residues do not 

change suggesting that they do not participate in the binding event. Such line-broadening can be 

explained by either an increase in intrinsic transverse relaxation time (T2) due to the complex formation 

or by intermediate timescale exchange (at NMR timescale) between apo- and RNA-bound state of the 

protein. The line-broadening profile was mapped on the protein chain as shown in Figure 5.6. A 

comparison of the line-broadening pattern suggested it is unique for each of the four RNAs at a given 
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RNA concentration suggesting that the residues affected due to the dsRBD-dsRNA interaction vary in 

dsRNA shape-dependent fashion. To test the structural change in the protein, the chemical shift 

perturbations at a concentration of 0.1 equivalents of protein were calculated and have been plotted 

against residue number with corresponding intensity change (Figure 5.7). Minimal change in the 

chemical shift of the order of 0.01 ppm suggests no structural change in the protein when either of the 

four RNAs is added to the protein. 

 

Figure 5.4: Comparison of 1H-15N-HSQC spectra of TRBP2-dsRBD1 titrated with for four topologically different RNAs 
monitored with increasing concentration. The different RNA:Protein ratios have been mentioned on the right panel.  
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Figure 5.5: Intensity decay profile from titration of TRBP2-dsRBD1 with four RNA duplexes with different topologies plotted 
against increasing RNA:Protein ratio. The color codes used to indicate different RNAs have been listed in the bottom-right 
panel.  

 

Figure 5.6: Mapping of the line-broadening profile of HSQC peaks of TRBP2-dsRBD1 on the addition of increasing 
concentration of RNA. Every cyan bar in the figure indicates an amino acid in the TRBP2-dsRBD1 and the orange bar indicates 
a disappeared peak due to the addition of topologically different dsRNAs (the name of each dsRNA has been mentioned on 
left of the bar). The RNA to protein ratio has been mentioned on the right of the figure. The secondary structure of the protein 

has been marked on the top and the RNA-binding regions have been highlighted in grey. 
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Figure 5.7: Chemical shift perturbations (CSP) calculated for TRBP2-dsRBD1 upon the addition of 0.1 equivalent of RNA. 
Four panels represent plots for (A) miR-16-1, (B) miR-16-1-D, (C) miR-16-1-M and (D) miR-16-1-B. The secondary structure 
of the protein has been marked on the top of each column and the RNA binding regions have been highlighted in grey in each 
plot. The negative bars for the CSPs are shown for the residues that broadened beyond detection at 0.1 equivalent of RNA 
concentration is added to the TRBP2-dsRBD1 protein sample. 

To study the effect of dsRNA shape on the dynamics of the protein, nuclear spin relaxation 

experiments (R1, R2, and [1H]-15N-NOE) were performed by adding 0.05 equivalent of RNA to the 

TRBP2-dsRBD1. As the titration studies have shown a significant line-broadening, the relaxation rates 

(R1 and R2) and the [1H]-15N-NOE values for these peaks could not be determined at higher protein to 

RNA ratio. The nuclear spin relaxation parameters for the detectable peaks were calculated (as 

described in the Methods section) and have been plotted against residue numbers along with the rates 

for apo-protein (Figure 5.8). Figure 5.8 shows an increase in the R1 rates for all the detected residues 

and for all shapes of the RNA, however, the increase in the R1 rates varies for the topologically different 

RNAs. Similarly, R2 rates also showed an increase to a different extent (observed mainly in the terminal 

regions of the protein) in the dsRNA shape-dependent manner. These changes supported the formation 

of dsRBD:dsRNA complex, which results in an increased rotational correlation time of the protein and 

thus increased R1 rates. In addition, the significant line broadening with a corresponding increase in the 

R2 rates might have originated from the increase in the conformational exchange between the apo- and 

RNA-bound state of the protein and/or due to complex formation. On the other hand, only minor 

changes were observed in the case of [1H]-15N-NOE values that are highly sensitive to the local motions 

at ps-ns timescale in the protein. Overall, these results suggest that along with the local motions in the 

protein at ps-ns timescale, motions at μs-ms timescale possibly get perturbed due to the RNA-binding 

interactions of dsRBDs.    
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Figure 5.8: (A) 15N-R1, (B) 15N-R2 and (C) [1H]-15N-NOE for TRBP2-dsRBD1 protein in the absence (black) and in the presence (red) of RNA with different topologies as marked on the top of 
each column. The secondary structure of the protein has been marked on the top of each column and the RNA-binding regions have been highlighted in grey in each plot. 
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5.3.4. Interaction of dsRBD with short RNA duplex 

The interaction between dsRBD and dsRNAs with distinct shapes have shown that they involve 

intermediate timescale exchange, it can be ascribed to the exchange between apo- and RNA-bound state 

of the protein or to the dsRBD diffusing along the length of the dsRNA (as has been reported by Sua 

Myong and coworkers20). This diffusion process is restricted by the length and any imperfections in the 

dsRNA20,21. Thus, to get more insights into the dynamics at dsRNA:dsRBD interface, a segment of miR-

16-1-D – RNA without any helical imperfections – was used. The RNA segment (D10-RNA) selected 

included the known RNA-binding residues9 with the shortest length of 10 base-pair used for interaction 

with TRBP in previously reported studies22 (Figure 5.9). The interactions of the D10-RNA with TRBP2- 

dsRBD1 and dADAR-dsRBD1 were tested by isothermal titration calorimetry. 

 

Figure 5.9: Interaction of D10-RNA with dsRBDs studied by ITC. (A) A sequence of D10-RNA has been derived from miR-
16-1-D with minimum length required for binding to dsRBD as marked with a box. (B) Isothermal Titration Calorimetry data 
showing the interaction of D10-RNA with TRBP2-dsRBD1 and dADAR-dsRBD1. The Kd values have been calculated from 
the fitting of the data to one set of site binding model and have been indicated in the plot. (C) The comparison of 
thermodynamic parameters calculated from ITC data fitting for the interaction of dsRBDs and D10-RNA with that of dsRBDs 
and miR-16-1-D. 
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The titration shows that both the proteins were able to bind to the D10-RNA with similar 

binding affinity as that of longer RNA sequences with ΔG of -7.7 ± 0.1 kcal.mol-1 and -9.1 ± 0.3 

kcal.mol-1 for TRBP2-dsRBD1 and dADAR-dsRBD1, respectively. The corresponding changes in ΔH 

and TΔS were found to be -20.9 ± 1.6 kcal.mol-1 and -13.2 ± 1.4 kcal.mol-1 for TRBP2-dsRBD1; and -

44.0 ± 2.2 kcal.mol-1, and -34.9 ± 2.0 kcal.mol-1 for dADAR-dsRBD1, respectively. 

 

Figure 5.10: Intensity decay profile for TRBP2-dsRBD1 on interaction with D-10 RNA. 

 

Figure 5.11: Chemical shift perturbations (CSP) calculated for TRBP2-dsRBD1 in presence of 0.5 equivalents of D10-RNA. 
The secondary structure of the protein has been marked on the top of the column and the RNA-binding regions have been 
highlighted in grey. 
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Further titrations of TRBP2-dsRBD1 with D10-RNA showed that it is able to bind to RNA, 

however, the peak broadening gets delayed and was observed only after protein-to-RNA ratio was 

increased further to 1:1. The decay in the peaks in the HSQC spectra was monitored up to 2.5 

equivalents of RNA added to the protein and have been plotted for all four RNA (Figure 5.10). The 

plots show a gradual decrease in the peak intensity spread along the structured region of the protein as 

observed for longer RNA (Figure 5.10). This may represent the static binding20,21 and the delay in the 

line-broadening could be due to the loss of the diffusive motions. The chemical shift perturbations 

determined at 1:0.5 Protein-to-RNA ratio (Figure 5.11) show no significant change in the structure of 

the protein as observed for other RNA duplexes. Since after adding 1.0 equivalents of RNA, HSQC 

peaks started to broaden, the studies of the dynamics in the bound-state of the protein were performed 

at 0.5 equivalents of D10-RNA. An HSQC spectrum with the resonance assignments in presence of 0.5 

equivalents of D10-RNA is shown in Appendix Figure A.3. 

 

Figure 5.12: Comparison of 15N-Relaxation parameters (A) 15N-R1, (B) 15N-R2 and (C) [1H]-15N-NOE values for TRBP2-
dsRBD1 plotted against residue number for apo-protein and in presence of 0.5 equivalents of D10-RNA. The average values 

for the relaxation parameters for the residues in the structured region (18-95 aa) are mentioned in the figure. The secondary 
structure of the protein is marked on the top of each column and the RNA-binding regions are highlighted in grey in each plot. 
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 Nuclear spin relaxation rates (R1, R2, and [1H]-15N-NOE) were calculated using 58 residues in 

presence of 0.5 equivalents of D-10 RNA (as described in the method section) and have been plotted 

against residue number (Figure 5.12) with the values for apo-protein and listed in Appendix Table A.14 

- Table A.18. The average R1, R2 rates were 1.37 ± 0.05 and 9.33 ± 1.00 in RNA-bound protein, that 

were similar to the apo-state of the protein with average R1 of 1.52 ± 0.03 and average R2 of 9.83 ± 0.17. 

The NOE ratio also showed a similar pattern with an average [1H]-15N-NOE value of 0.41 ± 0.11 and 

0.38 ± 0.02 for RNA-bound and apo-state of the protein, respectively. A comparison of these rates 

showed only minimal changes, which could be attributed to complex formation. Thus, the overall ps-

ns dynamics in TRBP2-dsRBD1 were not affected due to the presence of the D10-RNA.  

The slow dynamics at slower ms timescale in the protein were tested with the CPMG relaxation 

dispersion experiment. The R2eff calculated at different CPMG frequencies (νCPMG) for 55 residues with 

detectable peaks have been plotted against CPMG frequencies (Figure 5.13) and listed in Appendix 

Table A.20. Most of the residues do not show any dispersion in relaxation rates as observed for apo-

protein except for a few residues in the β1-strand (Y48, L50, L51, A53) and in the α2-helix (A82, A88, 

and E89). The fitting of these relaxation rates to the Carver-Richards equation (in the fast exchange 

limit)23,24 (Equation 5.2) could not yield a good fit due to large errors in the R2eff values. 

 

Figure 5.13: Plot of R2eff against CPMG frequency, νCPMG, for residues in TRBP2-dsRBD1 in presence of 0.5 equivalents of 

D10-RNA. 

𝑹𝟐𝒆𝒇𝒇 = 𝑹𝟐 + (
𝝋𝒆𝒙

𝒌𝒆𝒙
) (𝟏 −

𝟐 𝒕𝒂𝒏𝒉(𝒌𝒆𝒙𝝉)

𝟐𝒌𝒆𝒙𝝉
)      (5.2) 

where, R2 is the intrinsic relaxation rate of each proton, φex = pApBΔω2 is the exchange contribution to 

the effective relaxation rate and kex is the timescale of the exchange event. 
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Though the CPMG relaxation dispersion method was not able to detect the μs-ms timescale 

dynamics in the apo-state of the dsRBDs, it was detected by HARD NMR experiments. Therefore, to 

test the μs-ms dynamics in the RNA-bound state of the dsRBD (that are outside the CPMG-RD 

detection limit24), HARD NMR experiments18,19,25 were performed and analyzed for the 60 peaks. The 

R1ρ and R2ρ rates were obtained by an exponential fit to the intensity data recorded with an increasing 

number of pulses applied during evolution thus increasing relaxation delay. The relaxation rates (R1ρ 

and R2ρ), obtained by application of different adiabatic pulses of hyperbolic secant family (HSn), were 

plotted against residue number (listed in Appendix Table A.21 and Table A.22) and compared with the 

rates obtained for TRBP2-dsRBD1 protein in the absence of any RNA (Figure 5.14). The figure clearly 

shows dispersion in R1ρ and R2ρ rates suggesting the presence of motions at μs-ms timescale in the bound 

state of the protein. Further, the rates in the presence of RNA show more dispersion at certain sites than 

others and thus it is interesting to observe the dynamics present in the protein in the presence of RNA. 

The dynamics parameters (kex, pB,, and Δω) in the presence of D10-RNA were then calculated using a 

geometric approximation method19 and have been listed in Appendix Table A.23 and mapped on the 

structure of the protein in Figure 5.15. 

 

Figure 5.14: Comparison of Adiabatic R1ρ and R2ρ relaxation rates for TRBP2-dsRBD1 obtained in (A and B) apo-protein and 
in (C and D) RNA-bound protein with D10-RNA. The colors indicate the HSn pulse used for spin-locking during evolution. 
The secondary structure of the protein has been marked on the top of each column and the RNA-binding regions have been 
highlighted in grey in each plot.  
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Figure 5.15: Mapping of dynamics parameters extracted from the HARD NMR data using the geometric approximation 
method for TRBP2-dsRBD1 in (A) apo- and (B) RNA-bound states. The kex values have been marked in color and the sphere 
size indicates the population of the excited state (pB) (as shown on the right side of the figure). The RNA-binding residues 
have been shown in stick representation. 

A careful analysis of kex and pB values obtained in absence and presence of substrate RNA 

shows that the high-frequency motions (kex >50000 s-1) present in and near RNA-binding residues (L35, 

Q36, E54, N61, and A82) are quenched in RNA-bound state and show most of the population in the 

RNA-bound state (pB <5 %). The non-RNA-binding residue having exchange rate more than 50000 s-1 

(A25, N26, F64, T67, V68) in apo-protein showed suppressed exchange – disappearance of red balls in 

Figure 5.15 – with exchange rates less than 5000 s-1 with higher population (>95 %) in the RNA-bound 

state (except for the residues T67 and V68 have excited state population of 21 and 16 % respectively). 

Surprisingly, few other residues L34, K44, V47, F62, T71, and H94 showed a higher exchange rate (kex 
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>50000 s-1) in RNA-bound state with more than 15 % population in the excited state. In the RNA-bound 

state, residue S2, E3, G9, T10, G39, R41, L51, A53, Q56, R65, G69, T63, V90 showed exchange rates 

between 5000-50000 s-1 with about 10 % population in the excited state. The rest of the analyzed 

residues showed exchange rates of less than 5000 s-1. Though the residues undergoing conformational 

exchange are changed from the apo-state to the RNA-Bound state of the protein, the spread of the 

conformational space available is similar as shown by a similar difference in the chemical shift (Δω) of 

the two states (a ground state in exchange with an excited state) up to ~1100 Hz. 

 

Figure 5.16: Effect of D10-RNA on conformational exchange in TRBP2-dsRBD1. (A) Plot of change in the conformational 
exchange rate (kex) for TRBP2-dsRBD1 from apo-state to RNA-bound state against residue number. The secondary structure 
of the protein is marked on the top of each column and the RNA-binding regions are highlighted in grey in each plot. (B) 

Mapping of residues on protein structure showing the change in kex greater than 50000 s-1 on RNA binding. (C) The regions 
marked in (B) showing transfer of conformational flexibility to nearby residues are enlarged and the connections between the 
residues are marked with dashed lines. 

To compare the change in the conformational dynamics due to the presence of dsRNA, the 

difference of kex between the apo and bound state was calculated and has been plotted against residue 

number (Figure 5.16(A)). The plot suggests that the residue E5, L34, G39, K44, V47, F62, T71, and 

H94 show a large increase in the kex of about 50000 s-1 while residue A25, N26, Q36, E54, N61, F64, 

T67, V68, and A82 show a decrease in kex of about 50000 s-1. The mapping of change in the kex on the 

protein structures showed that the residues with a suppressed and induced exchange in presence of RNA 

are present in the close vicinity to each other (Figure 5.16(B)). A closer look between the spatial 

separation of these residues shows that they are in close contact via either electrostatic or hydrogen 

bonding or hydrophobic interactions. For example, the residues involved in RNA binding in the α1-

helix Q36 show suppressed conformational exchange while the residues hydrogen bonded to it – due to 
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the connections stabilizing the helical structure – L34 and G39 show corresponding increase in the 

conformational exchange rates (Figure 5.16(C)). Similarly, residue T67 and V68 in β2-strand showing 

suppressed exchange are connected to V47 in β1-strand and T71 in β3-strand respectively, with induced 

conformational exchange via dipolar interactions between the carbonyl oxygen and amide proton in the 

peptide backbone of these residues (Figure 5.16(C)). The methylene group of F62 with increased kex is 

in close vicinity to the phenyl ring of F64 and methyl group of A82 and may have hydrophobic 

interactions among them (Figure 5.16(C)). 

5.4. Discussion 

In order to explore the role of intrinsic dynamics in dsRBDs to interact dsRNAs in the cellular 

matrix, two dsRBDs – TRBP2-dsRBD1 and dADAR-dsRBD1 – were used along with four 

topologically different dsRNAs. As observed in Chapter 4, these dsRBDs exists as an ensemble of 

conformations, which are hypothesized to allow them to interact with multiple dsRNAs. From ITC 

based binding studies, it was observed that both dsRBDs show similar affinities to bind to the dsRNAs 

irrespective of imperfections in the structure. While this supports the TRBP2-dsRBD1 as a non-specific 

binder6,16 for dsRNAs, it also sheds light on non-specificity of the dsRBD1 of dADAR. A careful 

analysis of the ΔH and TΔS values obtained from the ITC data showed that it represents a case of a well-

known concept of enthalpy-entropy compensation26–29. Furthermore, these results showed that enthalpic 

change during the dsRNA binding to dsRBD is compensated by the loss of entropy of the system with 

the net change in free energy of the system of ~8 kcal/mol. Another interesting thing to note is that the 

trend of the contribution of enthalpy and entropy varies with the dsRNA topologies and it follows a 

similar trend for the two dsRBDs. For example, the highest favorable enthalpy change is observed for 

miR-16-1-D during its interaction with either of the dsRBDs. Since interaction between dsRBD and 

dsRNA occurs via well-known contacts, the change in the enthalpic contribution can originate from the 

number of contacts (which includes hydrogen bonding or electrostatic or van der Walls interactions) 

that each dsRBD-dsRNA interface has. This is further supported by the number of binding sites that 

vary linearly with the enthalpy change for each of the dsRBD. Thus the interaction seems to be 

enthalpically driven process. In order to form these stable interactions with the dsRNA of varying 

shapes, it is necessary that the dsRBDs should have conformational adaptability to interact with their 

targets – which is our primary hypothesis. The formation of these interactions would alter the free 

energy barriers among conformational states and lead to redistribution of the conformational states 

favoring the formation of the bound state26. Yamashita et al. and Acevedo et al. have independently 

reported that the structure of either of the interacting partners – dsRBD or dsRNA – remains unaltered 

in the complexed state. Considering this fact, the shape of the RNA is the only variable among different 

pairs studied here22,30. As the shape of dsRNA varies with the imperfections in the secondary structure 

of the RNA, it will also change the spread of minor-major-minor grove responsible for interaction with 

dsRBDs. Since the number of interacting molecules (stoichiometry) and thus the enthalpy of interaction 
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varies with the shape of the RNA, suggests that the conformational redistribution should primarily be 

dsRNA-shape dependent This directs to the probable shape dependent conformational selection 

mechanism of the dsRBD-dsRNA interaction. Also, as the shape of the RNA varies, the enthalpic 

change is compensated by the corresponding entropic cost, in order to maintain the net change in free 

energy constant, that is a net result of solvent reorganization or the change in the overall flexibility of 

the protein and/or RNA molecule.  As the similarity in the pattern of enthalpy-entropy compensation – 

varying with dsRNA-shape – was observed for both dsRBDs, the contribution for the recognition of 

dsRNA may be largely dependent on the dsRBD involved in the binding event. This suggests that the 

binding modes of dsRBDs with dsRNA are dsRNA shape-dependent. As the binding occurs in micro-

molar concentration range suggesting possible involvement of dynamics in μs to ms timescale at 

protein-RNA interface. 

NMR based titration experiments – monitored by 1H-15N HSQC spectra – have shown that most 

of the residues in the structured region of the protein are involved in the interaction with any of the 

dsRNA, however, the pattern of interactions is distinct for each of the dsRNA with a distinct topology 

Figure 5.6. This agrees with the conclusions from ITC-based titration experiments about the dsRNA 

shape-dependence of the interactions. Since minimal chemical shift perturbations were observed in 

presence of dsRNAs with substantial line-broadening observed in presence of 0.05 equivalents of RNA, 

structural changes if any in dsRBDs could not be determined.  Further, the line-broadening in NMR 

signals observed in titration experiments Figure 5.6 and NMR-based relaxation experiments Figure 5.8 

directed to the intermediate timescale exchange24,31–34 between the apo- and RNA-bound states of the 

protein. The exchange might involve the diffusion of the dsRBDs along the length of the dsRNA as 

shown previously by Sua Myong and coworkers20,21. Since the diffusion process was reported to be 

length-dependent, a smaller RNA construct – 10 bp in length (D10-RNA) – was employed to study in 

detail the dynamics involved at the dsRBD-dsRNA interface. The thermodynamic parameters obtained 

from the ITC based binding studies with D10-RNA suggest that it binds with similar affinity as longer 

RNA constructs. The ΔH and TΔS values support the enthalpy-entropy compensation with half the 

binding sites as that miR-16-1-D – from which the D10-RNA was derived – due to reduced RNA length. 

The titration monitored by HSQC spectra suggested that the interaction follows similar intermediate 

timescale exchange events as observed for longer RNA, however, the line-broadening is delayed and 

was observed after protein-to-RNA of 1:1. The chemical shift perturbations at 1:0.5 protein-to-RNA 

ratio shows a similar extent of perturbations as that of longer RNA. This is in line with the observation 

of Yamashita et al. showing no significant change in the apo- and RNA-bound structure of the dsRBD1 

core (28-95 aa) of TRBP22.  

Comparison of nuclear spin relaxation parameters (R1, R2, and [1H]-15N-NOE) for D10RNA-

bound TRBP2-dsRBD1 with those of apo-protein ensured that the ps-ns timescale dynamics of dsRBD 

are not affected due to the RNA binding. However, they also support a marginal reduction in R1 rates 
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and an increase in R2 rates that support the complex formation and may have a component due to 

intermediate exchange between apo and RNA-bound state of the protein. Though the RNA-binding was 

expected to suppress the exchange in the residues of the protein, however, it was fascinating to observe 

that in the bound state as well the protein had significant variations in R2 (Figure 5.12) directing towards 

the possibility of the exchange in this state. The R1ρ and R2ρ plots of the HARD data showed that the 

variance in the R2 observed in the RNA-bound state might originate from the μs-ms timescale exchange 

in the bound state of the protein. Further results from the analysis of HARD NMR data supported that 

binding has a significant effect on dynamics at μs-ms timescale. These results were quite exciting as a 

closer look at the clustering of residues undergoing significant change in the exchange (kex > 50000 s-1) 

showed that the residues showing quenched exchange are in close spatial proximity to the residues with 

induced dynamics. The suppression in the exchange was not only restricted to the RNA-binding 

residues but also observed in the allosteric regions with higher kex in apo-protein. Such switching on 

and off of dynamics in residues in dsRBDs indicates a transfer of dynamics from a residue or a group 

of residues to neighboring ones via the tertiary structural contacts (Figure 5.16(B)). As suggested by 

Yamashita et al. and Acevedo et al. in their independent studies, neither dsRBD22 nor dsRNA30 change 

their shape upon the interaction between a dsRNA and a dsRBD. Thus, the switching of dynamics 

should lead to conformational transitions (occurring via hydrogen bonding or hydrophobic interactions, 

etc. (Figure 5.16(C))) necessary to maintain the overall tertiary fold of the dsRBD. This reinforces the 

adaptable nature of the dsRBDs in order to bind to dsRNAs. Though bound to dsRNA, the 

conformational space that can be sampled by the dsRBD was maintained as indicated by a similar spread 

of Δω values. Since the dsRNA shape determines the dsRBD binding surface and is complemented by 

the adaptable nature of the dsRBDs, the intrinsic dynamics are important for the accurate targeting of 

the RNAs in the cellular environment. 

5.5. Summary 

The examination of interactions among dsRBDs and dsRNAs by ITC titrations and NMR-based 

studies show that the interactions between the two binding partners are dsRNA shape-dependent. ITC 

titrations also suggested that these interactions are enthalpy driven and a typical case of enthalpy-

entropy compensation. Further, the line-broadening profiles and relaxation studies in the presence of 

RNAs of different shapes and length indicate that the interactions involve intermediate timescale 

exchange. Probing of conformational exchange at μs timescale in RNA-bound state and its comparison 

to the similar timescale exchange in the absence of dsRNA showed that the transitions are switched 

between residues spatially close in the protein structure. This transfer of dynamics from RNA-binding 

and allosteric residues in the dsRBDs to the nearby residues focuses on the importance of the intrinsic 

dynamics in dsRBDs for the dsRBD-dsRNA interaction. 
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The broad range of cellular activities – ranging from cell-growth, development, to death – involve 

interactions between double-stranded RNAs (dsRNAs) and dsRNA-binding domains (dsRBDs)1,2. The 

dsRBDs have a well-defined α-β-β-β-α structural fold1,2 and interact with dsRNAs via minor-major-

minor grooves in the A-form helical structure3. A handful of dsRBDs in the cellular matrix are exposed 

to topologically diverse dsRNAs. The difference in the topology4 of the dsRNA originates from the 

imperfection in the duplex like an internal loop or a bulge, etc. In order to understand how dsRBDs 

recognize dsRNAs of diverse topologies, we employed two of these dsRBDs from two different species 

– TRBP2-dsRBD1 from Homo sapiens and dADAR-dsRBD1 from Drosophila melanogaster – and 

studied their interaction with the substrate using various biophysical techniques, with NMR 

spectroscopy as a primary technique. 

As a first step, the two proteins were over-expressed in the bacterial expression system and 

purified to more than 95% purity. The backbone resonance assignment (with few sidechain resonances) 

for TRBP2-dsRBD1 was accomplished by using triple-resonance experiments and 15N-edited-TOCSY-

HSQC experiment. These resonances were used to calculate the structure of the protein using CS-rosetta 

program5. The structure showed the presence of an additional helix α0 present at the N-terminus of the 

dsRBD structural fold6,7. A comparison of the dsRBD core with the previously reported crystal 

structure8 showed a good match between the two structures. The resonance assignments in the HSQC 

spectrum of dADAR-dsRBD1 were transferred from the assignments reported in literature9. 

To gain some insights into the thermal stabilities of the two dsRBDs, CD-based melting studies 

were performed which showed a similar thermal melting profile of the two proteins with a melting 

temperature of 45°C. This suggested that the two proteins have low thermal stabilities. The analysis of 

nuclear spin relaxation parameters (R1, R2, and [1H]-15N-NOE) showed that the two dsRBDs exhibit 

differential dynamics profile at ps-ns timescale. The residues in dADAR-dsRBD1 were found to be 

more rigid than those in TRBP2-dsRBD1. However, both the proteins exhibited slower μs-ms timescale 

motions in the residues which were not restricted to the RNA-binding region but were rather spread 

across the backbone. Further characterization of these motions by relaxation dispersion methods 

showed that they exhibit a parallel dynamics profile in two dsRBDs studied. In both the proteins, the 

RNA-binding residues, and a few allosteric residues exhibited motions at faster μs timescale with kex > 

50000 s-1. Many of the residues in both the proteins also showed presence of motions with 50000 s-1 > 

kex > 5000 s-1 or kex < 5000 s-1. The presence of dynamics at multiple sites suggested that the dsRBDs 

exist as a conformational ensemble which might support their interaction with dsRNAs. 

To study the effect of different dsRNA topologies on dsRBD-dsRNA interaction, three mutant 

RNAs were designed from the miR-16-1 RNA duplex (a known binder) to create an assortment of 

topologies. The binding studies of four RNAs with each of the dsRBD by ITC showed that the dsRBDs 

bind to all four RNAs with similar affinities. However, the binding modes of dsRBDs varied with 
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variation in dsRNA topology. The interactions were driven by the enthalpic terms and were found to 

follow a well-studied case of enthalpy-entropy compensation. The shape-dependent effect on dsRBD-

dsRNA interactions were upheld by the differential line-broadening pattern observed for TRBP2-

dsRBD1 when titrated with four dsRNAs of different topologies. The line-broadening might have 

originated from intermediate timescale exchange between free and RNA-bound state of the protein 

and/or diffusion of dsRBD along dsRNA (as reported by Wang et al10). Similar conclusions can be 

drawn from the limited number of site-specific nuclear spin relaxation parameters (R1, R2, and [1H]-15N-

NOE) obtained for TRBP2-dsRBD1 in presence of dsRNAs. Further characterization of μs-ms 

timescale motions in the dsRNA-bound state using a short RNA duplex revealed that high-frequency 

motions (at μs timescale) present in free dsRBDs are transferred to the neighboring residues during 

dsRBD-dsRNA interaction. These results support the conformational adaptability of the dsRBDs to 

interact with dsRNAs of diverse topologies originates from their inherent conformational dynamics. 

In conclusion, our studies reported a detailed characterization of the intrinsic dynamics of 

dsRBDs at multiple timescales suggesting it as an inherent property of the structural fold of dsRBD. 

The binding studies further implied that these conformational dynamics play an important role in the 

interaction with dsRNA and allow dsRBDs to recognize with dsRNA irrespective of the structural 

variations.  
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Preparation of Stock Solutions 

LB media 

 Make 1 x 1liter ml solutions (Dissolve 20 g in 1000 ml of distilled water in a conical flask 

covered with a non-absorbent cotton plug). Autoclave media and let it cool. 

 Make 1 x 10 ml solutions (Dissolve 0.2 g in 10 ml of distilled water in a glass tube covered 

with a non-absorbent cotton plug). Autoclave media and let it cool. 

 

Preparation stock solutions for buffers for protein purification 

 1 M Tris-HCl:  

Dissolve 15.76 g of Tris-HCl in 900 ml autoclaved water. Keep overnight to stabilize. Adjust pH to 7.5 

using HCl and make up the volume to 1 liter with autoclaved water. Autoclave and store at room 

temperature. 

 3 M Imidazole: 

Dissolve 20.424 g of imidazole in 90 ml autoclaved water and make up the volume to 100 ml with 

autoclaved water. Autoclave and store at room temperature. 

 5 M NaCl: 

Dissolve 292.2 g of NaCl in 900 ml of autoclaved water and make up the volume to 1 liter with 

autoclaved water. Autoclave and store at room temperature. 

 1 M DTT:  

Dissolve 15.425 g of DTT in 100 ml Autoclaved water. Filter sterilize in sterile container and store at -

20°C until use. 

 5% Polyethylene(imine): 

Mix 100 µl of 50% polyethylene(imine) in 1 ml of autoclaved water. 

 Saturated Ammonium sulfate solutions 

Add 76.6 g of Ammonium sulfate to 100 ml autoclaved water. Allow to dissolve. Filter sterilize. (Note: 

Not all ammonium sulfate will dissolve in water some salt remains as such as the solution becomes 

saturated.) 

 Kanamycin Stock solution (50 mg/ml) 

Weigh 500 mg of Kanamycin di-sulfate. Dissolve in 10 ml autoclaved water. Filter sterilize in the hood. 

Make aliquots of 1 ml each and store at -20°C. 

 20 mg/ml Lysozyme: 

Dissolve 100 mg of lysozyme in 5 ml of distilled water. Make aliquots of 1 ml in micro-centrifuge 

tubes. Store at -20°C until use. 

 1 M IPTG 

Dissolve 2.383 g of IPTG in 10 ml of distilled water. Filter sterilize through a syringe-filter. Make 

aliquots of 1 ml each in micro-centrifuge tubes. Store at -20°C until use. 
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 Protease Inhibitor Cocktail (10X) solution 

Dissolve 1 tablet of SigmaFast protease inhibitor cocktail in 10 ml of distilled water. Filter sterilize 

through a syringe-filter. Make aliquots of 1 ml each in micro-centrifuge tubes. Store at -20°C until use. 

 100 mM PMSF 

Dissolve 0.174 g of PMSF in 10 ml of 2-propanol, anhydrous. Keep on rotospin to dissolve for about 

15-30 min. Store at -20°C until use. 

 1 M Sodium Phosphate dibasic (Na2HPO4) 

Dissolve 7.09 g of Sodium phosphate dibasic in about 40 ml of water and make up the volume to 50 ml 

with water. Filter and autoclave. Store at room temperature until use. 

 1 M Sodium Phosphate monobasic (NaH2PO4) 

Dissolve 93.05 g of EDTA-disodium salt dihydrate in about 450 ml of water. Adjust pH to 8 to dissolve 

EDTA completely. Make up the volume to 500 ml. Filter and autoclave. Store at room temperature until 

use. 

 0.5 M EDTA 

Dissolve 5.99 g of Sodium phosphate monobasic in about 40 ml of water and make up the volume to 

50 ml with water. Filter and autoclave. Store at room temperature until use 
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Protocol for Over-expression and Purification of TRBP2-dsRBD1 

Preparation of buffers for protein purification 

(All volumes for buffer preparations to be taken from the stock solutions) 

 

Equilibration Buffer  2000 ml 

20 mM Tris HCl, pH 7.5 40 ml 

500 mM NaCl   200 ml 

10% Glycerol   200 ml 

10 mM Imidazole  6.68 ml 

1 mM DTT   2 ml 

 

Wash Buffer   500 ml  

20 mM Tris HCl, pH 7.5 10 ml 

500 mM NaCl   50 ml  

10% Glycerol   50 ml 

30 mM Imidazole  5 ml 

1 mM DTT   0.5 ml 

 

Elution Buffer  100 ml 

20 mM Tris HCl, pH 7.5 2 ml 

500 mM NaCl   10 ml 

10% Glycerol   10 ml 

300 mM Imidazole  10 ml 

1 mM DTT   0.1 ml 

 

 

TEV Cleavage Buffer  250 ml 

20 mM Tris HCl, pH 7.5 5 ml 

25 mM NaCl   1.25 ml 

10% Glycerol   25 ml 

1 mM DTT   0.25 ml 

 

 

Gel Filtration Buffer             1 L 

20 mM Tris HCl, pH 7.5 20 ml 

500 mM NaCl   100 ml 

10% Glycerol   100 ml 

1 mM DTT   1 ml 

 

1. Add stock liquids (Tris HCl, imidazole, 

NaCl, Glycerol) 

2. Add autoclaved water to 90% of the final 

volume. 

3. Titrate pH to 7.5. 

4. Makeup the volume with autoclaved water. 

5. Filter sterilize into a sterile bottle. 

6. Store all at 4°C. 

Note: Add DTT just before use

NMR Buffer        100 ml 

10 mM Sodium Phosphate    (367.5 µl of 1M NaH2PO4 + 132.5 µl of 1M Na2HPO4) 

100 mM NaCl                       2 ml 

1mM EDTA         0.2 ml 

1mM DTT         0.1 ml 

 

Overexpression of TRBP2-dsRBD1 protein in a bacterial expression system 

1. Prepare LB media 

2. Add Kanamycin to the sterile LB media (10 ml) to a final concentration of 50 μg/ml. 
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3. Use a pipette-tip to scrap BL21(DE3) cells containing appropriate plasmid from Glycerol stock 

and transfer it to 10 ml LB medium containing antibiotic. 

4. Allow cells to grow overnight at 37°C in incubator shaker with shaker speed set to 225 rpm. 

5. Add 10 ml overnight culture to 1 liter of LB media containing Kanamycin (final conc. 50 μg/ml) 

and continue incubation with shaking. 

6. Monitor the OD600 at every ½ hr till it reaches ~0.8-1.0. (Note: It takes not more than 3 hr to 

reach OD600 to ~0.8). 

7. Add IPTG (1 M stock) to a final concentration of 1 mM and continue induction for 8 hr at 28°C 

with shaking. 

8. Centrifuge solution for 20 min at 8000xg, 4°C in a high-speed centrifuge. Decant the 

supernatant.  

Transfer the pellet to a 50 ml centrifuge tube by re-suspending it in the same LB media. Centrifuge at 

4000 rpm for 20 min and Store the pellet at -20 °C until use. [Usually 1 liter culture 4-6 g (pellet 

weight)]. 

 

Cell Lysis and Purification of TRBP2-dsRBD1 protein 

Important note: PMSF acts as a serine protease suicide inhibitor whose half-life is drastically shortened 

by the presence of water.  It should, therefore, be prepared in 2-Propanol (not ethanol, as this is rarely 

100% pure) immediately prior to use.  There is some evidence that it can be stable when stored at -

20°C.  It is also extremely toxic!!! 

1. Resuspend the cell pellet in 10-15 ml of Lysis buffer pH 7.5. Keep the cell pellet on the ice 

during lysis.  

2. Add 1% volume of Triton-X 100 i.e. 500 µl of Triton-X 100 for 50 ml of the final volume. 

Note: Add 500 µl of Triton-X 100 in ~10 ml of lysis buffer. Warm to dissolve and cool on ice and then 

use. 

3. Add 62.5 µl of Lysozyme solution (20 mg/ml stock) to the above solution. 

4. Incubate for 10 min on ice. (till you get viscous solution i.e. DNA is released in the solution).  

5. Add 100 µl of PMSF and sonicate using probe sonicator.  

(Sonication cycle: 10 s pulse-10 s gap-10 s pulse-10 s gap-10 s pulse, amplitude 70%) 

6. Add 100 µl of PMSF again and repeat the sonication cycle. (Repeat till solution viscosity is 

reduced). 

7. Add protease inhibitor. (2 ml of SigmaFAST protease inhibitor cocktail solution (10X) is 

required for 4 g of cell pellet) 

8. Add cell lysate to 50 ml oak ridge tubes and centrifuge at 32000xg for 30 min at 4°C in the 

high-speed centrifuge. 

9. Transfer the supernatant to a fresh 50 ml corning tube. (Total soluble protein TSP-I). 



Page | 127  

 

10. Add 250 µl of Polyethylene(imine) solution and allow it to incubate for 30 min on ice. Then 

centrifuge at 10000xg for 30 min at 4°C. Collect supernatant in a fresh tube. 

11. Repeat step 10 till no precipitate is observed after centrifugation. 

12. Then add saturated ammonium sulfate solution to 60% saturation. (Add 150 ml of saturated 

ammonium sulfate solution to 100 ml of the TSP.) Allow to incubate on ice overnight with 

mixing. 

13. Centrifuge at 10000xg for 30 min and collect the precipitate. (Note: This precipitate floats over 

the solution and does not settle down. Take necessary precautions to avoid loss of precipitate). 

14. Re-suspend the precipitate in ~30-40 ml of Lysis buffer and dialyze against lysis buffer to 

remove ammonium sulfate. (Repeat the dialysis step with at least 3 rounds of fresh lysis buffer).  

15. Transfer the dialyzed protein solution to a fresh 50 ml centrifuge tube. 

 

Purification of tagged protein by Ni-NTA Affinity Chromatography 

1. Prepare HisTrap column for protein binding. 

a. Pass 5-6 Column Volume (CV) of autoclaved water through the Ni-NTA column 

(HisTrap 5 ml column, GE Healthcare). 

b. Equilibrate the column using 5-10 CV of Lysis buffer. 

2. Circulate TSP-I through the Ni-NTA column for about 3 hr at 4°C to allow binding of the 

protein to the column. 

3. Pass 40-50 CV of wash buffer (pH = 7.5) through the column to remove any non-specific 

protein binding. 

4. Elute the bound protein by passing the elution buffer (pH = 7.5). 

a. Fill the column with elution buffer. Allow to equilibrate for 30 min. 

b. Elute by passing fresh 1 CV elution buffer. Collect the eluted fraction. 

c. Repeat till no protein is observed in the Bradford test or till stable A280 reading is 

observed.  

5. Pool all the eluted fractions containing protein and concentrate to ~ 1 ml. Take a sample of 

concentrated protein. 

TEV cleavage of the tagged protein 

1. Calculate the total amount of protein using the formula: 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (𝑚𝑔) =  
𝐴280

70945
× 56070.9 × (𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑙𝑢𝑡𝑖𝑜𝑛) 

2. Buffer exchange the protein to TEV cleavage buffer using Amicon concentrators (Membrane 

pore size 3 kDa). 

3. Add TEV protease to TEV:protein ratio of 1:100. Allow cleavage of the protein for 16 hr at 

4°C with end-to-end rotation. 
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Purification of TRBP2-dsRBD1 from the cleaved tag and un-cleaved protein 

1. Prepare HisTrap column for protein binding. 

a. Pass 5-6 CV of autoclaved water through the Ni-NTA column (HisTrap 5 ml column, GE 

Healthcare). 

b. Equilibrate the column using 5-10 CV of Lysis buffer. 

2. Circulate Post cleavage reaction mix through the HisTrap column for about 3 hr at 4°C to allow 

binding of His tagged protein to the column. 

3. Wash column with ~50 ml of Gel filtration buffer. Concentrate the washings to ~550 μl. (This 

should contain the protein of interest – TRBP2-dsRBD1 – free from tag). 

Gel Filtration Purification of the Protein 

Chromatographic conditions  

a. Column: Sephacryl 16/60 100 HR (120ml, GE healthcare) 

b. Flow rate: 0.5 ml/min 

c. Delta column pressure limit: less than 0.15 Mbar 

d. Pre-column pressure limit: less than 0.5 Mbar 

1. Pass 1-2 CV of autoclaved water through the Gel filtration column. 

2. Equilibrate the column with 2 CV of Gel filtration buffer pH = 7.5. 

3. Inject 500 μl of concentrated protein on to the gel filtration column 

4. Elute the protein through a gel filtration column by passing 1.5 CV of gel filtration buffer. 

5. Collect eluted protein, concentrate to final concentration of ~1 mM (Extinction coefficient = 

2980 M-1.cm-1). 

 

NMR sample preparation 

1. Buffer exchange the concentrated protein to NMR buffer pH 6.4. Store at 4°C until further 

use. 

2. Transfer the concentrated protein in NMR buffer to the washed Shigemi tube (NMR tube). 

Label the tube and close it using parafilm.
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Protocol for Overexpression and Purification of dADAR-dsRBD1 

Preparation of buffers for protein purification 

(All volumes for buffer preparations to be taken from the stock solutions) 

 

Equilibration Buffer  4000 ml 

20 mM Tris HCl, pH 8.0 40 ml 

1 M NaCl   200 ml 

1 mM DTT   2 ml 

 

Elution Buffer   500 ml  

20 mM Tris HCl, pH 8.0 10 ml 

1 M NaCl   50 ml  

10 mM Imidazole  5 ml 

1 mM DTT   0.5 ml 

 

1. Add stock liquids (Tris HCl, imidazole, NaCl, Glycerol) 

2. Add autoclaved water to 90% of the final volume. 

3. Titrate pH to 7.5. 

4. Makeup the volume with autoclaved water. 

5. Filter sterilize into a sterile bottle. 

6. Store all at 4°C. 

Note: Add DTT just before use 

 

NMR Buffer       100 ml 

10 mM Sodium Phosphate (367.5 µl of 1M NaH2PO4 + 132.5 µl of 1M Na2HPO4) 

100 mM NaCl                       2 ml 

1 mM EDTA       0.2 ml 

1mM DTT                           0.1 ml 

 

Overexpression of dADAR-dsRBD1 in a bacterial expression system 

1. Prepare LB media 

2. Add Kanamycin to the sterile LB media to a final concentration of 50 μg/ml. 

3. Use a pipette tip to scrap BL21(DE3) cells containing appropriate plasmid from Glycerol stock 

and transfer it to 10 ml LB medium containing antibiotic. 

4. Allow cells to grow overnight at 37°C in incubator shaker with shaker speed set to 225 rpm. 
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5. Add 10 ml overnight culture to 1 liter of LB media containing Kanamycin (final conc. 50 μg/ml) 

and continue incubation with shaking. 

6. Monitor the OD600 at every ½ hr till it reaches ~0.8-1.0. (Note: It takes not more than 3 hrs to 

reach OD600 to ~0.8). 

7. Add IPTG (1 M stock) to a final concentration of 0.5 mM and continue induction for 15 hr at 

30°C with shaking. 

8. Centrifuge solution for 20 min at 8000xg, 4°C in a high-speed centrifuge. Decant the 

supernatant.  

9. Transfer the pellet to a 50 ml centrifuge tube by re-suspending it in the same LB media. 

Centrifuge at 4000 rpm for 20 min and Store the pellet at -20°C until use. [Usually 1 liter 

culture 4-6 g (pellet weight)]. 

 

Cell Lysis and Purification of TRBP2-dsRBD1 protein 

Important note: PMSF acts as a serine protease suicide inhibitor whose half-life is drastically shortened 

by the presence of water.  It should, therefore, be prepared in 2-Propanol (not ethanol, as this is rarely 

100% pure) immediately prior to use.  There is some evidence that it can be stable stored at -20°C.  It 

is also extremely toxic!!! 

1. Resuspend the cell pellet in the 10-15 ml of Equilibration buffer pH = 8.0. Keep the cell pellet 

on the ice during lysis.  

2. Add 1% volume of Triton-X 100 i.e. 500 µl of Triton-X 100 for 50 ml of the final volume. 

Note: Add 500 µl of Triton-X 100 in ~10 ml of equilibration buffer. Warm to dissolve and cool on ice 

and then use. 

3. Add 62.5 µl of Lysozyme solution (20 mg/ml stock) to the above solution. 

4. Incubate for 10 min on ice. (till you get viscous solution i.e. DNA is released in the solution).  

5. Add 100 µl of PMSF and sonicate using probe sonicator.  

(Sonication cycle: 10 s pulse-10 s gap-10 s pulse-10 s gap-10 s pulse, amplitude 70%) 

6. Add 100 µl of PMSF again and repeat the sonication cycle. (Repeat till solution viscosity is 

reduced). 

7. Add protease inhibitor. (2 ml of SigmaFAST protease inhibitor cocktail solution (10X) is 

required for 4 g of cell pellet) 

8. Add cell lysate to 50 ml oak ridge tubes and centrifuge at 32000xg for 30 min at 4°C in a high-

speed centrifuge. 

9. Transfer the supernatant to a fresh 50 ml corning tube. (Total soluble protein TSP-I). 

10. Add 250 µl of Polyethylene(imine) solution and allow it to incubate for 30 min on ice. Then 

centrifuge at 10000xg for 30 min at 4°C. Collect supernatant in a fresh tube. 

11. Repeat step 10 till no precipitate is observed after centrifugation. 
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12. Then add saturated ammonium sulfate solution to 60% saturation. (Add 150 ml of saturated 

ammonium sulfate solution to 100 ml of the TSP.) Allow to incubate on ice overnight with 

mixing. 

13. Centrifuge at 10000xg for 30 min and collect the precipitate. (Note: This precipitate floats over 

the solution and does not settle down. Take necessary precautions to avoid loss of precipitate). 

14. Re-suspend the precipitate in ~30-40 ml of Lysis buffer and dialyze against equilibration buffer 

to remove ammonium sulfate. (Repeat the dialysis step with at least 3 rounds of fresh lysis 

buffer).  

15. Transfer the dialyzed protein solution to a fresh 50 ml centrifuge tube. 

 

Purification of tagged protein by Ni-NTA Affinity Chromatography 

1. Prepare HisTrap column for protein binding. 

a. Pass 5-6 Column Volume (CV) of autoclaved water through the Ni-NTA column 

(HisTrap 5 ml column, GE Healthcare). 

b. Equilibrate the column using 5-10 CV of equilibration buffer. 

2. Circulate TSP-I through the Ni-NTA column for about 3 hr at 4°C to allow binding of the 

protein to the column. Pass 40-50 CV of equilibration buffer (pH = 8.0) through the column to 

remove any non-specific protein binding. 

3. Elute the bound protein by passing the elution buffer (pH = 8.0). 

a. Fill the column with elution buffer. Allow to equilibrate for 30 min. 

b. Elute by passing fresh 1 CV elution buffer. Collect the eluted fraction. 

c. Repeat till no protein is observed in the Bradford test or till stable A280 reading is 

observed.  

4. Pool all the eluted fractions containing protein and concentrate to ~ 1 ml. Take a sample of 

concentrated protein. 

Gel Filtration Purification of the Protein 

Chromatographic conditions  

a. Column: Sephacryl 16/60 100 HR (120ml, GE healthcare) 

b. Flow rate: 0.5 ml/min 

c. Delta column pressure limit: less than 0.15 Mbar 

d. Pre-column pressure limit: less than 0.5 Mbar 

1. Pass 1-2 CV of autoclaved water through the Gel filtration column. 

2. Equilibrate the column with 2 CV of equilibration buffer pH = 8.0. 

3. Inject 500 μl of concentrated protein on to the gel filtration column 

4. Elute the protein through a gel filtration column by passing 1.5 CV of gel filtration buffer. 
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5. Collect eluted protein, concentrate to final concentration of ~1 mM (Extinction coefficient = 

2980 M-1.cm-1). 

 

NMR sample preparation 

1. Buffer exchange the concentrated protein to NMR buffer pH 6.4. Store at 4°C until further 

use. 

2. Transfer the concentrated protein in NMR buffer to the washed Shigemi tube (NMR tube). 

Label the tube and close it using parafilm. 
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Appendix 2 Report of Ramachandran analysis for solution 

structures of TRBP2-dsRBD1 

 
 

 



Page | 134  

 

 



Page | 135  

 

 



Page | 136  

 

 



Page | 137  

 

 



Page | 138  

 

 



Page | 139  

 

 



Page | 140  

 

 



Page | 141  

 

 



Page | 142  

 

 



Page | 143  

 

 



Page | 144  

 

 
 



Page | 145  

 

 

 

Appendix 3 Supporting Tables and Figures 

 



Page | 146  

 

Supporting Tables 

Table A.1: Nuclear spin relaxation data for TRBP2-dsRBD1 recorded at 600 MHz and 750 MHz 

NMR spectrometer 

Residue 

Number 

600 MHz 750 MHz 

R1 (Hz) R2 (Hz) NOE R1 (Hz) R2 (Hz) NOE 

Value Error Value Error Value Error Value Error Value Error Value Error 

2 1.33 0.04 1.72 0.06 -0.94 0.02 1.64 0.08 1.93 0.38 -0.42 0.02 

3 1.53 0.05 2.00 0.17 -0.55 0.02 1.79 0.08 1.95 0.38 -0.11 0.02 

5 1.54 0.02 2.06 0.07 -0.48 0.02 1.65 0.07 2.19 0.21 0.11 0.02 

7 1.51 0.04 2.27 0.15 -0.41 0.02 1.65 0.06 1.58 0.46 -0.12 0.02 

8 1.49 0.05 2.27 0.04 -0.41 0.02 1.65 0.07 2.15 0.38 0.03 0.02 

9 1.46 0.05 2.20 0.09 -0.40 0.02 1.65 0.07 2.10 0.40 -0.06 0.02 

10 1.52 0.04 2.06 0.05 -0.30 0.02 1.64 0.08 1.74 0.42 -0.07 0.02 

11 1.51 0.05 2.35 0.04 -0.45 0.02 1.74 0.07 2.27 0.42 -0.06 0.02 

12 1.55 0.05 2.50 0.04 -0.33 0.02 1.75 0.06 2.48 0.41 -0.09 0.02 

13 1.50 0.05 2.49 0.14 -0.28 0.02 1.62 0.07 2.33 0.37 -0.04 0.02 

14 1.52 0.04 2.63 0.05 -0.23 0.02 1.66 0.06 2.63 0.46 0.06 0.02 

15 1.50 0.05 2.92 0.16 -0.19 0.02 1.62 0.06 2.75 0.41 0.02 0.02 

16 1.47 0.02 4.26 0.20 0.11 0.02 1.48 0.04 4.40 0.30 0.27 0.02 

18 1.65 0.04 5.89 0.06 0.29 0.02 1.70 0.07 6.83 0.39 0.44 0.02 

24 1.58 0.02 7.98 0.16 0.50 0.02 1.46 0.05 8.30 0.29 0.54 0.02 

25 1.60 0.02 8.54 0.11 0.43 0.02 1.54 0.04 9.30 0.28 0.56 0.02 

26 1.56 0.04 7.22 0.08 0.38 0.02 1.55 0.04 7.57 0.37 0.46 0.02 

28 1.53 0.05 6.54 0.21 0.41 0.02 1.59 0.06 9.65 0.49 0.51 0.02 

30 1.51 0.02 8.66 0.27 0.55 0.02 1.43 0.04 9.21 0.27 0.60 0.02 

32 1.49 0.03 11.02 0.14 0.66 0.02 1.34 0.03 10.56 0.33 0.70 0.02 

33 1.60 0.04 12.77 0.12 0.75 0.02 1.52 0.03 13.31 0.41 0.82 0.02 

34 1.54 0.03 9.83 0.45 0.73 0.02 1.41 0.03 9.33 1.03 0.78 0.02 

35 1.67 0.03 7.54 0.07 0.47 0.02 1.62 0.08 7.96 0.19 0.59 0.02 

36 1.59 0.03 11.03 0.26 0.65 0.02 1.35 0.06 11.02 1.11 0.72 0.02 

39 1.49 0.02 12.15 0.06 0.73 0.02 1.39 0.04 12.93 0.29 0.79 0.02 

40 1.59 0.03 12.21 0.13 0.74 0.02 1.43 0.03 12.87 0.32 0.76 0.02 

41 1.53 0.02 11.03 0.11 0.72 0.02 1.34 0.04 11.05 0.29 0.75 0.02 

42 1.39 0.01 10.94 0.33 0.71 0.02 1.31 0.03 13.22 0.50 0.77 0.02 

43 1.58 0.02 10.06 0.34 0.72 0.02 1.45 0.04 10.53 0.15 0.79 0.02 

44 1.54 0.02 6.51 0.11 0.50 0.02 1.47 0.06 7.32 0.19 0.60 0.02 

45 1.24 0.02 7.35 0.05 0.47 0.02 1.24 0.02 8.05 0.24 0.47 0.02 

48 1.51 0.02 10.41 0.11 0.74 0.02 1.28 0.06 11.51 0.19 0.78 0.02 

49 1.48 0.02 10.19 0.23 0.74 0.02 1.24 0.06 10.28 0.29 0.73 0.02 

50 1.49 0.02 10.14 0.12 0.74 0.02 1.25 0.08 11.25 0.34 0.75 0.02 

51 1.55 0.02 11.73 0.12 0.73 0.02 1.42 0.04 12.71 0.47 0.81 0.02 

53 1.50 0.04 7.91 0.16 0.50 0.02 1.48 0.05 8.76 0.43 0.55 0.02 

54 1.44 0.02 7.12 0.14 0.38 0.02 1.45 0.04 7.06 0.33 0.42 0.02 

56 1.52 0.04 5.53 0.06 0.24 0.02 1.61 0.05 5.75 0.43 0.35 0.02 

57 1.48 0.05 5.92 0.13 0.26 0.02 1.69 0.06 5.94 0.52 0.28 0.02 
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Residue 

Number 

600 MHz 750 MHz 

R1 (Hz) R2 (Hz) NOE R1 (Hz) R2 (Hz) NOE 

Value Error Value Error Value Error Value Error Value Error Value Error 

61 1.46 0.03 9.17 0.06 0.50 0.02 1.45 0.04 9.48 0.22 0.55 0.02 

62 1.44 0.02 10.40 0.25 0.69 0.02 1.31 0.09 9.93 0.16 0.74 0.02 

63 1.42 0.03 10.76 0.09 0.75 0.02 1.47 0.09 11.04 0.31 0.83 0.02 

64 1.55 0.03 10.10 0.21 0.74 0.02 1.25 0.11 11.80 0.27 0.77 0.02 

65 1.49 0.02 10.30 0.09 0.74 0.02 1.34 0.06 10.30 0.32 0.78 0.02 

66 1.64 0.04 10.36 0.41 0.72 0.02 1.34 0.06 12.01 0.31 0.70 0.02 

67 1.55 0.02 10.34 0.17 0.73 0.02 1.41 0.03 10.09 0.59 0.75 0.02 

68 1.54 0.03 9.81 0.23 0.72 0.02 1.27 0.03 11.02 0.38 0.71 0.02 

69 1.53 0.03 10.38 0.07 0.69 0.02 1.40 0.06 11.15 0.31 0.78 0.02 

70 1.38 0.05 10.54 0.14 0.65 0.02 1.28 0.09 11.19 0.54 0.67 0.02 

71 1.51 0.05 10.40 0.11 0.69 0.02 1.39 0.04 10.97 0.44 0.71 0.02 

72 1.57 0.03 9.63 0.09 0.68 0.02 1.51 0.06 10.02 0.33 0.78 0.02 

73 1.58 0.02 10.36 0.09 0.72 0.02 1.49 0.05 10.65 0.21 0.80 0.02 

74 1.50 0.02 9.65 0.35 0.69 0.02 1.34 0.04 6.94 0.35 0.66 0.02 

75 1.57 0.02 11.58 0.11 0.72 0.02 1.42 0.04 12.67 0.44 0.74 0.02 

77 1.50 0.01 11.83 0.04 0.68 0.02 1.31 0.07 12.04 0.16 0.74 0.02 

80 1.72 0.04 8.31 0.13 0.42 0.02 1.69 0.06 8.99 0.44 0.50 0.02 

82 1.50 0.02 12.42 0.48 0.70 0.02 1.28 0.04 14.79 1.72 0.83 0.02 

88 1.32 0.03 14.71 0.22 0.75 0.02 1.21 0.04 18.20 0.49 0.84 0.02 

89 1.39 0.01 14.30 0.23 0.77 0.02 1.09 0.04 15.16 0.18 0.79 0.02 

90 1.48 0.03 9.02 0.14 0.71 0.02 1.47 0.06 9.97 0.68 1.15 0.02 

91 1.45 0.02 11.89 0.36 0.70 0.02 1.35 0.03 11.63 0.42 0.85 0.02 

94 1.70 0.04 7.89 0.08 0.55 0.02 1.54 0.06 7.79 0.39 0.62 0.02 

95 1.51 0.01 7.69 0.17 0.55 0.02 1.40 0.08 7.47 0.25 0.58 0.02 

97 1.64 0.04 9.07 0.12 0.47 0.02 1.56 0.06 9.26 0.49 0.54 0.02 

98 1.73 0.05 4.74 0.24 0.42 0.02 1.69 0.07 6.41 0.45 0.48 0.02 

99 1.69 0.05 4.86 0.05 0.33 0.02 1.73 0.05 5.25 0.39 0.40 0.02 

101 1.65 0.03 3.90 0.17 0.14 0.02 1.67 0.06 4.63 0.51 0.24 0.02 

104 1.32 0.02 2.34 0.26 -0.65 0.02 1.49 0.03 0.46 0.58 -0.22 0.02 

105 0.88 0.01 1.73 0.11 -0.72 0.02 0.87 0.03 1.39 0.09 -0.71 0.02 
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Table A.2: Nuclear spin relaxation data for dADAR-dsRBD1 recorded at 600 MHz and 750 MHz 

NMR spectrometer 

Residue 

Number 

600 MHz 750 MHz 

R1 (Hz) R2 (Hz) NOE R1 (Hz) R2 (Hz) NOE 

Value Error Value Error Value Error Value Error Value Error Value Error 

59 1.44 0.05 10.10 0.44 0.37 0.02 1.37 0.07 8.84 0.84 0.49 0.04 

65 1.38 0.06 17.28 0.32 0.79 0.02 1.21 0.09 17.98 1.25 0.71 0.04 

66 1.33 0.05 12.34 0.34 0.81 0.02 1.26 0.07 11.17 0.48 0.90 0.04 

67 1.39 0.04 13.17 0.30 0.77 0.02 1.32 0.04 11.65 0.57 0.68 0.04 

68 1.29 0.04 12.86 0.29 0.74 0.02 1.15 0.04 12.57 0.60 0.65 0.04 

69 1.32 0.03 13.49 0.24 0.82 0.02 1.19 0.03 12.15 0.48 0.84 0.04 

70 1.39 0.04 13.51 0.19 0.75 0.02 1.20 0.05 13.74 0.64 0.78 0.04 

72 1.28 0.03 13.41 0.14 0.75 0.02 1.14 0.03 14.55 0.73 0.76 0.04 

73 1.29 0.04 10.18 0.34 0.64 0.02 1.19 0.05 9.47 0.49 0.73 0.04 

75 1.33 0.09 8.40 0.45 0.50 0.02 1.29 0.12 7.20 0.95 0.50 0.04 

76 1.33 0.04 9.90 0.37 0.63 0.02 1.20 0.05 9.06 0.72 0.70 0.04 

77 1.22 0.03 10.43 0.15 0.69 0.02 1.16 0.04 10.43 0.36 0.66 0.04 

78 1.34 0.03 11.85 0.19 0.64 0.02 1.17 0.04 12.34 0.36 0.76 0.04 

80 1.38 0.04 10.75 0.40 0.74 0.02 1.23 0.06 11.17 0.72 0.82 0.04 

81 1.32 0.04 13.59 0.26 0.77 0.02 1.15 0.05 13.98 0.93 0.77 0.04 

82 1.28 0.06 13.67 0.28 0.69 0.02 1.20 0.06 13.86 0.73 0.77 0.04 

84 1.26 0.04 12.51 0.26 0.65 0.02 1.17 0.06 13.40 0.70 0.69 0.04 

85 1.25 0.06 11.39 0.25 0.60 0.02 1.19 0.08 10.43 0.68 0.62 0.04 

89 1.27 0.03 10.01 0.24 0.36 0.02 1.18 0.05 12.65 0.54 0.49 0.04 

91 1.23 0.03 11.40 0.18 0.55 0.02 1.12 0.05 11.71 0.60 0.55 0.04 

92 1.34 0.04 14.90 0.26 0.69 0.02 1.12 0.05 16.10 0.41 0.79 0.04 

93 1.26 0.04 12.73 0.27 0.68 0.02 1.08 0.06 13.33 0.71 0.78 0.04 

94 1.36 0.04 13.42 0.19 0.73 0.02 1.23 0.07 13.72 0.62 0.79 0.04 

95 1.40 0.05 13.10 0.27 0.71 0.02 1.25 0.04 13.25 0.45 0.78 0.04 

96 1.40 0.04 12.89 0.21 0.72 0.02 1.29 0.04 14.32 0.55 0.78 0.04 

97 1.36 0.02 13.14 0.20 0.73 0.02 1.19 0.04 13.37 0.41 0.76 0.04 

98 1.32 0.03 11.50 0.37 0.66 0.02 1.11 0.04 12.29 0.40 0.88 0.04 

99 1.48 0.04 13.08 0.21 0.78 0.02 1.36 0.07 12.86 0.78 0.72 0.04 

100 1.36 0.03 12.55 0.29 0.73 0.02 1.20 0.05 12.36 0.46 0.77 0.04 

101 1.30 0.03 12.61 0.26 0.68 0.02 1.21 0.04 12.71 0.39 0.75 0.04 

102 1.40 0.11 2.68 0.21 -0.19 0.02 1.43 0.14 2.45 0.87 0.08 0.04 

103 1.35 0.03 16.87 0.54 0.73 0.02 1.24 0.04 19.62 0.55 0.76 0.04 

104 1.34 0.03 11.88 0.09 0.72 0.02 1.16 0.04 12.21 0.37 0.83 0.04 

105 1.34 0.03 13.83 0.22 0.72 0.02 1.12 0.05 12.60 0.43 0.82 0.04 

106 1.29 0.03 13.17 0.24 0.75 0.02 1.16 0.04 13.80 0.55 0.79 0.04 

107 1.33 0.03 14.54 0.28 0.71 0.02 1.17 0.04 14.05 0.55 0.75 0.04 

108 1.31 0.06 12.75 0.36 0.75 0.02 1.16 0.08 12.66 1.24 0.79 0.04 

109 1.32 0.06 12.94 0.45 0.74 0.02 1.24 0.07 11.58 1.14 0.79 0.04 

112 1.27 0.05 13.87 0.24 0.75 0.02 1.18 0.06 13.82 0.79 0.77 0.04 

113 1.36 0.03 10.34 0.42 0.66 0.02 1.15 0.05 10.00 0.97 0.86 0.04 

114 1.36 0.03 13.76 0.22 0.73 0.02 1.17 0.04 14.90 0.46 0.81 0.04 
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Residue 

Number 

600 MHz 750 MHz 

R1 (Hz) R2 (Hz) NOE R1 (Hz) R2 (Hz) NOE 

Value Error Value Error Value Error Value Error Value Error Value Error 

115 1.28 0.03 13.40 0.22 0.73 0.02 1.13 0.04 13.69 0.38 0.76 0.04 

116 1.33 0.04 14.45 0.35 0.76 0.02 1.22 0.03 14.72 0.52 0.85 0.04 

117 1.39 0.04 13.42 0.28 0.81 0.02 1.21 0.04 15.53 0.68 0.94 0.04 

120 1.23 0.06 14.10 0.77 0.76 0.02 1.23 0.07 14.76 1.15 0.87 0.04 

122 1.30 0.04 15.94 0.35 0.74 0.02 1.19 0.04 16.76 0.57 0.74 0.04 

123 1.24 0.05 13.96 0.20 0.76 0.02 1.13 0.05 15.20 0.69 0.86 0.04 

124 1.32 0.06 13.13 0.34 0.71 0.02 1.23 0.05 12.80 0.60 0.78 0.04 

125 1.35 0.04 14.71 0.36 0.64 0.02 1.27 0.05 15.06 1.06 0.84 0.04 

126 1.40 0.04 12.48 0.29 0.56 0.02 1.29 0.04 10.25 0.45 0.67 0.04 

129 1.51 0.06 10.45 0.29 0.42 0.02 1.43 0.08 9.45 0.80 0.54 0.04 

131 1.49 0.09 8.88 0.47 0.19 0.02 1.46 0.10 10.76 0.99 0.35 0.04 

132 1.55 0.08 4.58 0.15 0.11 0.02 1.51 0.10 4.14 0.78 0.37 0.04 

133 1.44 0.03 4.63 0.12 0.05 0.02 1.34 0.05 5.31 0.39 0.22 0.04 

134 1.48 0.05 7.81 0.36 -0.03 0.02 1.44 0.06 9.51 0.54 0.14 0.04 

135 1.44 0.08 4.17 0.21 0.00 0.02 1.47 0.10 5.02 0.74 0.17 0.04 

137 1.44 0.04 4.05 0.08 -0.23 0.02 1.48 0.07 3.82 0.40 0.01 0.04 

140 0.99 0.00 1.84 0.07 -1.29 0.02 0.95 0.01 1.76 0.04 -0.60 0.04 
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Table A.3: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for TRBP2-dsRBD1 at 600 MHz NMR spectrometer 

Residue 

Number 

R2eff at CPMG frequency (Hz) 

25 50 100 200 350 500 

value error value error value error value error value error value error 

1 15.38 0.81 14.18 0.91 14.32 1.02 14.19 1.24 14.84 1.15 14.46 1.00 

2 16.89 0.08 16.19 0.10 16.25 0.11 16.43 0.13 16.20 0.12 16.17 0.10 

3 12.85 0.05 12.75 0.06 13.17 0.07 13.34 0.08 12.90 0.07 12.75 0.06 

5 8.77 0.03 8.76 0.04 9.38 0.05 8.81 0.06 8.68 0.05 8.67 0.04 

8 27.96 0.22 28.18 0.25 28.12 0.28 28.11 0.35 27.78 0.31 27.65 0.27 

9 27.42 0.32 27.21 0.37 28.00 0.43 28.99 0.54 27.29 0.46 27.53 0.41 

10 21.39 0.15 21.18 0.18 21.51 0.20 21.59 0.24 21.20 0.22 21.18 0.19 

11 32.32 0.50 32.33 0.58 31.63 0.63 32.22 0.79 32.21 0.71 31.98 0.62 

12 28.52 0.35 28.55 0.41 28.22 0.45 28.52 0.55 28.03 0.49 28.25 0.44 

13 31.54 0.63 31.31 0.73 31.34 0.81 32.07 1.02 30.85 0.88 31.15 0.79 

14 37.56 0.86 37.30 1.00 36.44 1.08 36.71 1.33 37.06 1.22 36.90 1.07 

15 32.54 0.82 31.36 0.92 32.75 1.08 32.73 1.32 32.10 1.16 32.16 1.03 

16 16.17 0.27 15.85 0.31 16.18 0.35 15.87 0.42 15.72 0.38 15.20 0.33 

18 27.98 0.51 28.44 0.61 28.07 0.67 27.68 0.80 27.92 0.74 27.97 0.65 

24 25.74 0.92 25.69 1.08 25.13 1.18 24.60 1.40 25.27 1.31 24.43 1.12 

25 26.43 1.05 26.79 1.25 25.46 1.33 25.58 1.62 24.98 1.43 25.04 1.27 

26 28.47 0.86 27.50 0.97 27.71 1.09 26.48 1.26 26.28 1.13 27.12 1.04 

28 37.55 1.67 38.15 2.00 37.70 2.20 38.16 2.73 37.79 2.43 36.80 2.07 

30 31.10 0.66 31.08 0.77 30.58 0.85 30.77 1.04 29.69 0.90 29.55 0.79 

32 34.93 2.90 33.76 3.24 36.20 4.00 37.20 5.05 32.21 3.75 32.38 3.34 

33 34.07 0.82 33.97 0.96 34.21 1.09 33.36 1.28 33.36 1.16 34.06 1.05 

34 36.65 2.03 36.65 2.38 37.04 2.71 38.49 3.49 34.45 2.69 34.88 2.42 

35 23.95 0.28 23.56 0.33 23.78 0.37 23.31 0.44 22.83 0.39 23.14 0.35 

36 33.68 0.62 32.72 0.69 33.10 0.79 33.16 0.96 32.53 0.85 32.42 0.75 

39 35.82 1.05 35.86 1.23 38.04 1.51 35.24 1.63 36.17 1.54 35.22 1.31 

41 33.53 0.88 31.87 0.96 32.93 1.12 31.78 1.30 30.56 1.12 31.87 1.05 

42 34.44 1.69 34.48 1.98 35.30 2.29 36.79 2.96 34.98 2.49 34.13 2.13 

43 32.88 0.80 32.20 0.91 31.54 0.99 32.26 1.24 30.76 1.06 31.03 0.95 

44 26.48 0.83 25.96 0.95 25.23 1.03 24.26 1.21 24.75 1.12 24.91 0.99 

45 24.26 0.29 24.07 0.34 23.47 0.37 23.94 0.46 23.62 0.41 23.58 0.36 

47 36.07 3.22 34.35 3.52 35.43 4.12 34.31 4.78 32.30 3.99 33.56 3.72 

48 34.95 1.38 32.90 1.49 34.04 1.75 33.13 2.05 34.58 1.97 30.65 1.49 

49 33.45 0.86 33.72 1.02 32.72 1.10 31.91 1.29 31.78 1.16 31.77 1.03 

50 34.87 1.67 34.63 1.93 35.68 2.26 34.93 2.66 34.09 2.33 32.43 1.93 

51 37.20 2.65 37.48 3.14 38.90 3.72 41.16 4.95 38.72 4.07 34.71 3.06 

53 31.46 1.39 29.84 1.53 30.42 1.75 30.22 2.11 32.08 2.06 28.69 1.59 

54 25.02 0.27 24.81 0.31 25.15 0.36 23.82 0.41 23.36 0.37 23.43 0.32 

56 30.78 0.38 30.62 0.44 29.75 0.48 30.04 0.59 29.79 0.53 29.81 0.46 

57 41.28 2.57 42.11 3.11 41.62 3.41 41.43 4.11 40.50 3.59 39.06 3.00 

61 28.96 0.50 27.23 0.54 27.39 0.61 27.26 0.74 27.17 0.67 27.32 0.59 

62 34.61 1.24 34.95 1.47 33.83 1.58 33.55 1.89 32.87 1.67 33.30 1.50 



Page | 151  

 

Residue 

Number 

R2eff at CPMG frequency (Hz) 

25 50 100 200 350 500 

value error value error value error value error value error value error 

63 33.97 1.00 33.49 1.14 33.12 1.26 33.54 1.56 33.48 1.41 32.87 1.22 

64 34.30 1.50 34.26 1.76 36.37 2.14 36.48 2.61 35.03 2.23 33.12 1.83 

65 36.00 1.50 35.37 1.71 35.52 1.93 35.91 2.38 34.29 2.02 34.18 1.78 

66 36.44 3.08 35.91 3.54 37.44 4.21 35.70 4.77 36.27 4.42 33.36 3.48 

67 36.71 1.46 37.34 1.76 38.38 2.05 36.25 2.29 33.28 1.84 34.11 1.68 

68 32.15 2.14 32.56 2.55 34.93 3.14 33.43 3.59 34.40 3.38 29.12 2.42 

69 33.86 0.80 33.24 0.91 33.91 1.05 33.74 1.26 33.29 1.12 32.45 0.96 

70 47.90 2.18 49.94 2.78 51.23 3.27 47.88 3.48 48.54 3.23 47.44 2.74 

71 28.92 0.45 28.61 0.53 27.99 0.57 28.53 0.71 27.96 0.63 27.72 0.55 

72 30.79 0.56 30.96 0.66 31.69 0.76 29.66 0.85 29.12 0.75 29.13 0.67 

73 33.14 0.79 32.39 0.90 33.16 1.04 32.47 1.23 32.83 1.13 32.58 0.99 

74 30.67 0.83 30.78 0.98 32.12 1.15 33.06 1.45 29.60 1.15 29.70 1.02 

75 32.93 1.02 34.54 1.27 36.02 1.51 35.29 1.79 37.31 1.75 33.16 1.31 

77 32.85 0.70 32.72 0.81 34.48 0.98 33.63 1.15 35.92 1.14 33.69 0.92 

80 34.26 2.28 33.27 2.56 35.18 3.10 32.89 3.43 30.81 2.86 29.56 2.41 

82 35.27 1.30 35.90 1.56 36.60 1.79 36.21 2.14 35.28 1.87 34.97 1.63 

88 36.36 1.90 36.37 2.23 35.46 2.40 35.87 2.97 35.34 2.63 33.85 2.19 

89 39.52 1.03 38.76 1.17 37.18 1.23 37.48 1.51 37.26 1.36 37.68 1.22 

91 36.15 1.78 37.28 2.19 37.18 2.44 37.07 2.95 34.50 2.41 33.00 2.01 

94 29.33 0.45 29.08 0.52 28.53 0.57 29.31 0.71 28.72 0.63 28.80 0.56 

95 20.43 0.51 20.76 0.61 19.30 0.64 19.74 0.79 18.85 0.69 18.85 0.61 

97 31.15 0.77 30.19 0.86 33.19 1.09 31.77 1.25 32.29 1.16 29.44 0.91 

98 26.49 0.40 25.24 0.45 25.51 0.51 26.59 0.64 25.60 0.56 25.30 0.49 

99 32.10 0.58 31.87 0.68 31.81 0.76 31.80 0.92 31.37 0.82 31.83 0.74 

101 16.47 0.29 15.94 0.33 15.71 0.37 15.69 0.44 15.16 0.39 15.28 0.35 

104 8.41 0.12 8.60 0.14 8.85 0.16 9.45 0.20 8.32 0.18 8.42 0.16 

105 5.46 0.09 4.77 0.10 5.65 0.12 5.24 0.14 6.36 0.14 4.65 0.11 
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Table A.3: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for TRBP2-dsRBD1 at 600 MHz NMR spectrometer (Continued) 

Residue 

Number 

R2eff at CPMG frequency (Hz) 

650 800 1000 50 (Repeat) 650 (Repeat) 

value error value error value error value error value error 

1 14.54 1.05 14.50 1.14 14.51 1.13 15.02 0.98 14.67 1.05 

2 16.56 0.11 16.09 0.12 16.09 0.12 16.50 0.10 16.29 0.11 

3 13.22 0.07 13.13 0.07 13.46 0.07 12.98 0.06 12.92 0.07 

5 9.03 0.05 8.81 0.05 9.04 0.05 8.88 0.04 8.76 0.05 

8 28.04 0.29 27.57 0.31 27.64 0.31 28.45 0.27 27.83 0.28 

9 27.94 0.44 27.70 0.47 28.07 0.47 27.39 0.39 27.67 0.43 

10 21.43 0.20 50.51 0.71 21.47 0.22 21.37 0.18 21.45 0.20 

11 32.30 0.66 22.80 0.49 31.63 0.69 32.62 0.61 31.85 0.65 

12 28.32 0.46 43.89 0.93 28.26 0.49 28.97 0.43 28.00 0.45 

13 32.08 0.86 39.04 1.23 32.13 0.92 31.46 0.76 31.75 0.84 

14 37.09 1.13 36.75 1.22 37.16 1.22 37.46 1.05 37.30 1.13 

15 32.73 1.11 -9.86 0.22 33.00 1.20 32.03 0.98 32.27 1.08 

16 16.02 0.36 15.86 0.39 16.06 0.39 15.92 0.33 15.55 0.35 

18 28.46 0.70 27.60 0.73 27.56 0.72 28.69 0.64 27.67 0.67 

24 24.92 1.20 24.50 1.28 24.98 1.28 25.87 1.13 25.67 1.22 

25 25.75 1.37 25.84 1.50 25.61 1.46 27.20 1.32 25.08 1.32 

26 27.40 1.10 27.00 1.18 26.51 1.14 27.39 1.00 26.29 1.04 

28 37.13 2.20 37.84 2.46 37.27 2.37 38.74 2.14 37.45 2.21 

30 29.87 0.84 29.46 0.90 30.20 0.92 31.05 0.81 29.39 0.82 

32 33.99 3.73 34.19 4.10 32.91 3.83 35.48 3.61 32.51 3.49 

33 34.38 1.12 33.59 1.18 34.13 1.18 34.29 1.01 33.86 1.08 

34 35.97 2.65 36.05 2.89 34.87 2.71 35.70 2.39 35.18 2.55 

35 23.31 0.37 23.35 0.40 23.08 0.39 23.59 0.34 23.05 0.36 

36 32.62 0.79 32.49 0.86 33.11 0.86 33.49 0.75 33.19 0.80 

39 34.50 1.33 33.41 1.39 34.55 1.43 36.55 1.32 34.72 1.33 

41 32.01 1.10 31.02 1.15 32.06 1.18 32.37 1.02 30.99 1.05 

42 35.48 2.36 34.31 2.45 34.16 2.39 34.88 2.10 33.32 2.14 

43 31.60 1.02 31.55 1.10 31.87 1.10 32.55 0.96 31.72 1.01 

44 25.42 1.06 25.09 1.14 25.14 1.13 25.35 0.97 25.02 1.04 

45 23.98 0.39 23.61 0.41 23.60 0.41 24.23 0.36 23.55 0.38 

47 32.34 3.71 31.98 3.98 32.10 3.93 35.90 3.90 35.56 4.19 

48 30.82 1.57 31.75 1.77 31.25 1.71 33.98 1.62 29.69 1.49 

49 32.16 1.10 32.13 1.19 32.30 1.18 33.77 1.06 32.07 1.08 

50 32.00 1.99 32.81 2.23 33.23 2.23 35.10 2.05 32.84 2.04 

51 34.33 3.16 32.61 3.21 33.29 3.25 36.64 3.16 36.82 3.47 

53 28.38 1.65 29.34 1.86 30.07 1.89 30.45 1.63 26.98 1.55 

54 23.81 0.35 23.82 0.38 23.70 0.37 25.30 0.33 23.72 0.34 

56 30.25 0.50 29.75 0.53 29.61 0.52 30.87 0.46 29.85 0.48 

57 40.15 3.28 40.23 3.58 41.13 3.65 41.19 3.12 39.59 3.18 

61 27.75 0.63 27.31 0.68 27.01 0.66 27.61 0.57 26.95 0.61 

62 33.86 1.61 33.55 1.73 34.07 1.74 36.48 1.63 32.43 1.51 
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Residue 

Number 

R2eff at CPMG frequency (Hz) 

650 800 1000 50 (Repeat) 650 (Repeat) 

value error value error value error value error value error 

63 33.67 1.32 33.17 1.41 32.85 1.37 33.94 1.21 33.37 1.29 

64 34.00 1.99 34.45 2.20 34.24 2.15 34.67 1.86 32.82 1.88 

65 35.47 1.97 34.78 2.08 34.34 2.01 36.31 1.85 35.34 1.94 

66 32.68 3.55 34.74 4.20 34.92 4.16 32.83 3.25 34.06 3.72 

67 34.10 1.76 35.11 2.00 34.27 1.90 36.56 1.77 34.65 1.79 

68 31.47 2.79 30.47 2.92 31.17 2.95 32.66 2.67 31.14 2.73 

69 33.45 1.05 32.63 1.10 32.71 1.09 33.68 0.96 32.61 1.00 

70 46.27 2.74 45.73 2.92 45.63 2.86 49.58 2.85 46.96 2.79 

71 28.20 0.59 27.73 0.63 27.58 0.62 28.97 0.56 27.88 0.58 

72 29.47 0.71 29.63 0.77 29.51 0.76 30.79 0.68 29.28 0.70 

73 32.73 1.05 32.13 1.11 32.41 1.11 32.84 0.96 32.95 1.05 

74 29.84 1.07 30.00 1.18 29.99 1.16 31.28 1.04 29.82 1.06 

75 33.07 1.37 32.57 1.46 32.45 1.43 34.19 1.31 32.75 1.34 

77 33.10 0.94 32.83 1.01 33.24 1.02 33.00 0.86 33.38 0.95 

80 32.45 2.83 31.77 3.00 32.84 3.08 32.64 2.60 32.57 2.82 

82 35.19 1.73 35.67 1.92 35.94 1.91 36.10 1.63 34.72 1.68 

88 34.33 2.34 34.32 2.55 34.09 2.49 36.11 2.29 34.47 2.34 

89 37.89 1.29 36.75 1.34 36.49 1.31 38.93 1.23 37.32 1.25 

91 34.61 2.24 35.75 2.56 36.85 2.63 37.24 2.27 34.06 2.18 

94 29.03 0.59 28.67 0.63 28.72 0.62 29.45 0.55 28.60 0.58 

95 19.07 0.65 18.64 0.69 18.60 0.68 20.76 0.63 18.60 0.63 

97 29.66 0.97 29.05 1.02 30.01 1.05 30.58 0.91 29.31 0.94 

98 26.37 0.53 25.41 0.56 25.51 0.55 25.45 0.47 25.56 0.51 

99 32.30 0.79 31.90 0.84 31.74 0.82 32.12 0.71 31.80 0.76 

101 15.45 0.37 15.42 0.40 15.68 0.40 15.98 0.34 15.34 0.37 

104 8.82 0.17 8.89 0.18 9.07 0.18 8.67 0.15 8.49 0.16 

105 5.39 0.12 5.60 0.13 5.38 0.13 4.77 0.11 4.97 0.12 
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Table A.4: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for TRBP2-dsRBD1 at 750 MHz NMR spectrometer 

Residue 

Number 

R2eff at CPMG frequency (Hz) 

25 50 100 200 350 500 

value error value error value error value error value error value error 

2 44.12 1.30 45.57 0.98 45.11 0.88 44.39 1.78 44.39 1.88 44.36 1.90 

3 30.00 0.32 28.84 0.22 29.98 0.21 30.54 0.45 29.56 0.45 29.73 0.46 

5 14.41 0.09 14.20 0.06 14.72 0.06 14.46 0.12 14.13 0.12 14.47 0.12 

8 53.12 6.03 50.94 3.92 57.40 4.65 52.24 7.89 57.22 10.13 55.17 9.46 

10 54.19 3.63 52.47 2.41 56.54 2.59 56.26 5.35 57.00 5.79 57.30 5.94 

11 33.76 3.74 34.72 2.76 35.29 2.59 33.17 4.95 37.76 6.26 33.72 5.40 

16 35.06 1.60 33.91 1.08 34.34 1.01 34.91 2.16 34.91 2.27 33.51 2.17 

18 51.36 5.49 50.83 3.82 52.82 3.79 55.56 8.81 54.68 8.94 51.22 7.89 

24 31.34 2.75 31.93 2.00 28.74 1.61 30.42 3.60 28.01 3.43 29.84 3.75 

25 37.69 4.94 34.96 3.14 31.48 2.51 32.75 5.49 34.28 6.14 30.68 5.39 

26 41.74 6.55 43.45 4.98 43.05 4.49 42.46 9.13 44.24 10.31 45.93 11.18 

30 36.25 2.03 37.00 1.49 28.77 0.98 34.46 2.57 33.83 2.63 35.77 2.88 

32 34.76 7.66 35.49 5.60 3.65 1.44 34.90 10.43 34.98 11.01 31.78 9.82 

33 38.57 2.05 37.44 1.39 73.38 5.36 37.85 2.70 38.75 2.94 38.45 2.94 

35 29.36 0.81 44.68 1.07 51.63 1.29 28.51 1.07 28.40 1.12 28.28 1.13 

36 35.73 1.48 43.00 1.41 61.99 2.76 36.80 2.10 34.39 2.00 36.67 2.22 

39 37.40 2.00 33.91 1.24 16.43 0.56 40.26 3.04 38.52 2.98 38.43 3.01 

41 36.53 1.79 49.90 2.17 31.17 0.94 34.64 2.25 35.30 2.43 35.45 2.47 

42 41.23 3.43 17.31 0.93 35.39 1.76 36.12 3.78 38.40 4.36 37.75 4.31 

43 35.88 1.40 46.00 1.49 42.65 1.20 37.01 1.99 35.44 1.97 33.03 1.81 

44 29.36 2.11 30.75 1.58 40.61 2.15 27.41 2.64 27.85 2.83 28.26 2.91 

48 33.32 2.36 25.61 1.23 19.96 0.90 36.72 3.67 35.30 3.64 34.25 3.54 

49 34.34 1.70 57.37 3.03 43.71 1.60 35.03 2.36 31.51 2.16 32.38 2.27 

50 38.38 4.39 35.88 2.82 14.33 1.09 39.53 6.22 44.56 8.00 40.43 6.88 

51 38.80 4.89 44.20 4.31 35.26 2.76 37.76 6.36 40.05 7.33 36.81 6.53 

54 30.47 0.70 78.54 3.42 87.66 4.52 30.68 0.96 28.54 0.93 29.72 0.99 

56 56.42 4.55 16.13 0.65 9.31 0.45 55.74 6.01 57.30 6.72 55.21 6.27 

61 31.97 0.92 50.10 1.35 70.65 2.82 30.84 1.19 31.14 1.27 30.71 1.27 

62 37.20 2.12 31.79 1.21 16.26 0.60 37.15 2.87 35.74 2.85 34.59 2.76 

63 32.94 1.58 49.37 2.16 39.91 1.36 36.94 2.51 36.55 2.60 35.75 2.55 

64 36.83 3.16 33.55 1.97 21.62 1.12 35.70 4.09 38.33 4.78 34.59 4.17 

65 38.44 2.83 54.67 3.85 45.92 2.48 35.70 3.44 36.70 3.76 38.16 4.04 

66 41.29 7.02 29.49 3.11 19.15 1.88 39.10 8.71 37.46 8.58 32.05 7.00 

68 33.19 3.96 19.61 1.63 48.27 4.71 33.01 5.33 36.43 6.43 33.92 5.89 

69 40.78 2.35 18.52 0.69 58.58 3.12 38.65 2.93 40.43 3.30 38.80 3.14 

71 32.15 1.03 35.09 0.82 52.23 1.49 30.34 1.29 30.37 1.36 30.53 1.39 

72 33.86 1.18 40.87 1.11 29.21 0.64 33.35 1.57 32.89 1.62 32.50 1.61 

73 33.23 1.50 28.10 0.86 28.96 0.82 32.23 1.95 33.20 2.13 34.11 2.24 

74 30.77 1.29 36.03 1.13 36.23 1.05 32.20 1.85 32.61 1.98 30.02 1.81 

75 31.04 1.64 27.06 0.99 26.44 0.89 39.79 3.15 38.08 3.10 37.28 3.04 

77 37.83 1.50 66.28 3.31 43.11 1.20 37.82 2.03 39.17 2.25 38.60 2.23 
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Residue 

Number 

R2eff at CPMG frequency (Hz) 

25 50 100 200 350 500 

value error value error value error value error value error value error 

82 41.10 3.21 37.45 1.97 37.81 1.83 36.82 3.67 40.03 4.39 39.46 4.35 

88 37.44 4.07 33.32 2.45 38.08 2.71 37.85 5.61 37.21 5.75 36.13 5.58 

89 37.48 1.68 35.96 1.12 36.09 1.03 36.24 2.17 36.04 2.26 35.23 2.22 

90 24.22 4.87 24.14 3.45 29.18 3.86 27.55 7.54 28.70 8.30 26.61 7.74 

91 34.87 3.19 35.66 2.34 37.31 2.29 40.37 5.40 36.32 4.83 32.07 4.13 

94 42.59 2.22 42.42 1.56 40.72 1.34 42.40 2.98 42.07 3.10 42.64 3.21 

95 25.20 1.78 25.34 1.27 25.67 1.18 24.01 2.31 23.74 2.40 23.35 2.39 

97 41.82 4.20 45.58 3.46 45.16 3.12 45.94 6.70 45.05 6.81 44.67 6.79 

98 46.87 4.18 45.93 2.86 49.19 2.98 46.88 5.67 49.99 6.75 46.81 6.03 

104 44.14 0.99 12.88 0.20 15.02 0.20 13.73 0.40 14.31 0.43 12.89 0.41 

105 5.67 0.14 4.82 0.10 6.82 0.10 6.06 0.20 8.63 0.23 5.45 0.21 
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Table A.4: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for TRBP2-dsRBD1 at 750 MHz NMR spectrometer (Continued) 

Residue 

Number 

R2eff at CPMG frequency (Hz) 

650 800 1000 50 (Repeat) 650 (Repeat) 

value error value error value error value error value error 

2 43.93 1.25 43.47 1.77 45.55 1.01 45.93 1.51 44.14 0.88 

3 29.85 0.31 29.61 0.45 30.03 0.24 28.87 0.33 30.16 0.22 

5 14.66 0.08 14.52 0.12 14.58 0.06 14.11 0.09 14.64 0.06 

8 55.19 6.32 53.54 8.55 53.19 4.42 53.99 6.74 56.46 4.65 

10 59.48 4.33 58.44 6.00 56.92 2.96 53.94 3.88 54.76 2.50 

11 32.19 3.39 31.11 4.69 32.74 2.63 32.79 3.89 32.46 2.39 

16 32.82 1.41 33.80 2.12 34.80 1.16 34.96 1.72 33.52 1.01 

18 55.01 6.13 49.42 7.09 56.97 5.03 46.29 4.84 57.28 4.69 

24 30.52 2.57 30.56 3.72 30.93 1.98 31.64 3.01 30.09 1.76 

25 34.42 4.18 31.54 5.39 32.18 2.90 35.05 4.80 29.99 2.45 

26 41.67 6.30 41.35 8.99 43.12 5.06 49.97 9.82 42.53 4.56 

30 34.15 1.81 34.75 2.67 35.57 1.45 36.35 2.21 35.45 1.33 

32 34.12 7.20 33.61 10.20 28.80 4.41 32.70 7.61 32.92 4.79 

33 37.52 1.89 37.83 2.77 37.69 1.45 37.60 2.13 37.96 1.35 

35 28.19 0.75 28.85 1.11 28.69 0.58 28.80 0.86 29.03 0.54 

36 35.53 1.42 36.42 2.13 36.05 1.10 36.21 1.63 35.93 1.01 

39 39.27 2.08 36.35 2.68 35.99 1.38 36.43 2.08 38.28 1.40 

41 34.57 1.59 34.49 2.30 36.46 1.30 36.50 1.93 35.32 1.15 

42 39.53 3.09 37.64 4.14 37.94 2.20 35.74 2.97 40.21 2.22 

43 34.23 1.27 34.75 1.87 34.63 0.98 34.77 1.45 34.40 0.89 

44 29.46 2.04 30.05 3.02 31.23 1.66 28.96 2.24 27.53 1.32 

48 32.54 2.21 31.88 3.11 33.06 1.71 32.50 2.47 33.81 1.62 

49 34.18 1.63 33.02 2.24 34.10 1.23 34.47 1.84 33.04 1.09 

50 35.94 3.84 38.99 6.27 36.89 3.02 37.90 4.64 38.47 2.97 

51 37.96 4.56 33.58 5.54 34.42 3.00 35.19 4.57 36.29 2.98 

53 43.34 5.83 46.07 9.40 42.97 4.35 48.05 7.87 41.60 3.80 

54 29.59 0.66 30.12 0.97 29.50 0.50 30.75 0.77 29.51 0.46 

56 57.63 4.61 55.20 6.05 52.10 2.80 57.76 5.19 55.38 2.94 

61 30.88 0.85 31.84 1.28 32.22 0.68 31.89 0.99 31.49 0.61 

62 35.78 1.93 34.87 2.69 36.31 1.50 36.08 2.19 36.15 1.37 

63 35.06 1.66 36.34 2.52 36.52 1.33 34.12 1.78 34.74 1.14 

64 34.58 2.79 35.84 4.23 36.55 2.28 36.10 3.31 34.63 1.95 

65 36.52 2.53 38.23 3.91 37.22 1.97 38.45 3.06 36.41 1.76 

66 33.70 5.00 32.94 7.01 32.20 3.57 35.55 6.02 35.09 3.69 

68 32.94 3.79 33.57 5.61 36.21 3.27 35.38 4.67 30.62 2.41 

69 39.00 2.11 38.50 2.99 39.39 1.63 40.14 2.47 40.17 1.55 

71 30.83 0.94 30.28 1.33 30.25 0.69 30.10 1.02 30.72 0.65 

72 32.56 1.08 32.96 1.59 33.55 0.85 32.89 1.23 33.20 0.77 

73 34.30 1.51 33.16 2.08 33.36 1.10 33.71 1.65 33.37 1.01 

74 31.70 1.29 30.72 1.80 32.03 0.99 29.50 1.33 31.05 0.88 

75 36.56 1.97 33.61 2.53 35.79 1.45 30.79 1.75 34.83 1.29 
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Residue 

Number 

R2eff at CPMG frequency (Hz) 

650 800 1000 50 (Repeat) 650 (Repeat) 

value error value error value error value error value error 

77 35.49 1.31 33.11 1.73 35.49 1.00 35.45 1.47 36.64 0.96 

82 39.40 2.90 39.29 4.17 39.48 2.20 39.40 3.24 40.20 2.09 

88 38.03 4.02 33.89 4.92 37.57 2.99 35.93 4.14 37.05 2.70 

89 36.76 1.58 35.23 2.14 35.29 1.13 36.28 1.73 36.86 1.10 

90 25.58 4.96 24.34 6.82 25.64 3.77 24.77 5.37 26.48 3.59 

91 33.41 2.91 34.93 4.47 35.63 2.41 36.45 3.67 36.19 2.27 

94 40.99 2.01 41.07 2.91 41.47 1.55 40.89 2.24 42.10 1.47 

95 23.96 1.64 23.99 2.37 23.33 1.21 24.36 1.86 24.45 1.17 

97 39.65 3.71 42.25 5.95 43.03 3.22 44.33 5.01 42.31 2.88 

98 47.21 4.09 46.81 5.82 46.65 3.03 48.27 4.78 45.75 2.70 

104 14.04 0.29 13.88 0.41 14.53 0.22 13.27 0.31 14.12 0.20 

105 5.61 0.14 5.57 0.20 6.92 0.11 4.82 0.15 5.66 0.10 
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Table A.5: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for dADAR-dsRBD1 at 600 MHz NMR spectrometer 

Residue 

Number 

R2eff at CPMG frequency (Hz) 

50 100 150 200 300 450 

value error value error value error value error value error value error 

59 44.20 0.55 42.23 0.52 41.17 0.51 39.16 0.53 39.18 0.50 36.09 0.47 

65 62.73 1.40 63.18 1.38 59.33 1.27 62.99 1.49 58.34 1.28 53.81 1.18 

66 39.47 1.85 40.69 1.85 39.81 1.81 40.63 2.00 38.71 1.82 39.65 1.87 

67 40.63 1.38 42.77 1.41 42.48 1.40 39.37 1.42 40.82 1.38 38.04 1.32 

68 41.61 1.80 41.83 1.76 41.12 1.73 38.59 1.78 38.71 1.69 40.85 1.78 

69 45.46 1.05 44.27 1.00 44.65 1.00 45.64 1.11 43.23 1.00 44.16 1.02 

70 42.14 0.53 41.14 0.51 40.51 0.50 40.66 0.54 39.47 0.50 39.96 0.51 

72 42.61 1.11 42.23 1.07 42.20 1.07 42.80 1.17 40.56 1.06 41.35 1.09 

73 33.82 0.46 34.67 0.46 33.97 0.45 34.36 0.49 32.42 0.45 33.14 0.46 

75 53.39 1.33 50.55 1.23 53.90 1.31 51.12 1.34 52.15 1.29 48.86 1.22 

76 35.28 0.49 34.57 0.47 33.59 0.46 33.85 0.50 33.71 0.47 32.86 0.46 

77 39.00 0.71 36.72 0.66 37.04 0.66 38.17 0.73 37.81 0.69 37.25 0.68 

78 38.59 0.71 41.68 0.74 40.25 0.71 41.53 0.80 42.34 0.76 37.87 0.70 

79 43.81 6.04 39.64 5.41 41.28 5.57 42.76 6.22 32.24 4.76 31.13 4.70 

80 40.72 0.78 41.90 0.77 40.52 0.75 42.77 0.85 39.10 0.75 36.78 0.72 

81 45.60 1.06 45.34 1.03 47.70 1.08 48.63 1.19 49.65 1.15 55.55 1.30 

82 40.93 0.55 40.96 0.54 37.72 0.50 48.05 0.67 39.19 0.53 38.57 0.53 

84 38.16 0.53 40.00 0.54 38.53 0.52 38.42 0.56 37.11 0.52 37.16 0.52 

85 35.43 0.53 36.56 0.53 33.33 0.50 42.19 0.64 34.22 0.52 34.63 0.53 

87 44.08 0.81 43.62 0.78 44.97 0.80 45.50 0.88 44.37 0.81 45.12 0.83 

89 30.61 0.74 29.41 0.70 32.82 0.75 32.21 0.80 30.55 0.73 29.71 0.73 

91 34.69 0.45 33.64 0.43 32.65 0.42 33.00 0.46 32.77 0.43 32.65 0.44 

92 49.83 1.23 50.60 1.21 49.68 1.19 54.23 1.41 47.33 1.16 44.87 1.12 

93 40.35 0.73 41.45 0.72 40.98 0.72 40.03 0.76 40.51 0.73 40.95 0.74 

94 41.61 1.19 43.38 1.20 45.93 1.26 44.84 1.33 44.31 1.25 52.64 1.49 

95 41.75 0.73 42.00 0.71 41.73 0.71 41.24 0.76 40.60 0.71 40.50 0.71 

96 43.33 1.58 43.81 1.55 42.58 1.51 42.45 1.63 42.12 1.53 40.41 1.49 

97 40.68 0.59 44.05 0.62 47.96 0.66 40.91 0.63 48.70 0.69 40.03 0.59 

98 42.12 1.46 44.19 1.48 43.79 1.46 43.52 1.58 41.60 1.44 38.42 1.36 

99 42.35 0.60 43.67 0.60 46.05 0.62 45.69 0.67 47.87 0.66 53.15 0.74 

100 35.48 0.48 40.39 0.52 37.87 0.49 41.57 0.57 37.41 0.50 50.38 0.65 

101 34.49 0.37 35.48 0.37 34.32 0.36 35.03 0.40 34.45 0.37 34.66 0.38 

102 29.26 0.25 30.11 0.25 32.18 0.26 30.18 0.27 30.45 0.26 31.45 0.26 

103 62.74 2.01 64.37 2.02 62.33 1.93 59.67 1.99 57.87 1.81 51.20 1.60 

104 40.06 0.95 39.95 0.92 39.49 0.91 39.02 0.98 39.55 0.93 37.61 0.91 

105 42.45 0.83 41.65 0.80 39.11 0.76 47.79 0.98 40.51 0.80 41.72 0.82 

106 39.81 0.57 38.50 0.54 38.79 0.54 38.33 0.58 38.24 0.55 38.42 0.56 

107 43.23 0.70 42.27 0.67 48.38 0.75 45.60 0.77 45.70 0.73 50.78 0.82 

108 55.74 1.74 51.25 1.55 50.20 1.51 52.76 1.73 49.32 1.52 48.92 1.52 

109 39.12 0.46 37.73 0.44 40.74 0.46 37.90 0.47 39.15 0.46 35.99 0.43 

112 41.85 1.18 43.43 1.18 42.82 1.16 41.95 1.24 41.72 1.17 42.75 1.20 
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Residue 

Number 

R2eff at CPMG frequency (Hz) 

50 100 150 200 300 450 

value error value error value error value error value error value error 

113 38.70 0.99 38.56 0.96 39.58 0.98 39.58 1.06 38.45 0.98 37.02 0.96 

114 42.09 0.58 42.78 0.58 41.64 0.56 42.27 0.62 40.80 0.57 40.47 0.57 

115 45.35 1.00 46.06 0.99 43.51 0.94 43.58 1.02 44.31 0.98 43.53 0.97 

116 44.18 0.68 45.68 0.68 45.62 0.68 44.66 0.72 43.66 0.67 42.82 0.66 

117 45.12 1.48 42.80 1.38 41.65 1.34 47.23 1.63 42.02 1.38 41.59 1.39 

119 22.32 0.60 22.12 0.58 21.80 0.58 22.25 0.63 22.21 0.60 21.85 0.60 

120 52.33 1.08 49.60 1.00 50.52 1.02 49.30 1.08 47.82 0.99 45.87 0.96 

121 41.09 1.19 43.77 1.23 42.28 1.19 42.60 1.30 40.00 1.16 37.66 1.12 

122 52.29 1.32 48.76 1.20 49.40 1.21 47.57 1.27 47.33 1.19 46.13 1.17 

123 42.62 1.28 43.03 1.25 42.38 1.23 42.97 1.35 42.97 1.28 41.85 1.26 

124 41.84 0.60 41.66 0.58 41.05 0.58 41.50 0.63 40.07 0.58 38.87 0.57 

125 47.46 0.78 46.80 0.75 45.86 0.74 45.23 0.79 42.24 0.70 42.42 0.71 

126 38.86 1.10 38.18 1.06 38.36 1.06 38.00 1.14 37.04 1.06 36.05 1.05 

129 37.52 0.65 36.18 0.61 36.40 0.61 36.74 0.67 32.68 0.58 33.04 0.59 

131 38.49 0.35 40.56 0.35 38.39 0.34 40.58 0.38 33.34 0.31 30.08 0.29 

132 15.47 0.25 16.29 0.25 17.89 0.26 16.68 0.27 16.38 0.26 17.08 0.26 

133 15.77 0.25 15.35 0.24 15.03 0.24 15.61 0.27 14.81 0.25 14.23 0.25 

134 30.84 0.49 31.01 0.48 28.91 0.46 33.77 0.54 25.67 0.44 23.46 0.42 

135 18.10 0.16 17.32 0.16 17.08 0.16 17.65 0.17 17.28 0.16 16.86 0.16 

137 15.42 0.20 15.10 0.19 14.69 0.19 15.38 0.21 14.72 0.19 13.44 0.19 

140 5.30 0.12 5.52 0.11 8.50 0.12 7.26 0.13 10.21 0.13 14.38 0.14 
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Table A.5: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for dADAR-dsRBD1 at 600 MHz NMR spectrometer (Continued)  

Residue 

Number 

R2eff at CPMG frequency (Hz) 

600 800 1000 150 600 

value error value error value error value error value error 

59 33.22 0.43 31.38 0.43 29.24 0.41 42.43 0.54 34.05 0.43 

65 54.64 1.17 49.94 1.10 48.57 1.06 58.98 1.33 51.62 1.08 

66 39.60 1.82 40.32 1.90 39.51 1.85 40.87 1.94 39.39 1.77 

67 38.71 1.30 40.46 1.39 39.54 1.35 41.54 1.44 37.69 1.25 

68 39.20 1.68 39.99 1.75 39.72 1.73 42.73 1.87 40.05 1.67 

69 43.84 0.99 43.75 1.02 42.46 0.98 44.73 1.05 43.89 0.97 

70 39.87 0.50 39.30 0.50 38.81 0.50 41.21 0.53 39.61 0.48 

72 41.81 1.07 39.93 1.06 40.13 1.06 42.36 1.13 40.21 1.02 

73 33.93 0.45 34.38 0.47 33.84 0.46 34.14 0.48 33.88 0.45 

75 51.23 1.25 51.35 1.29 51.40 1.28 52.81 1.34 51.36 1.23 

76 33.64 0.46 32.79 0.47 32.78 0.46 34.22 0.49 32.94 0.44 

77 36.12 0.65 37.02 0.68 36.45 0.67 37.09 0.69 37.15 0.65 

78 36.43 0.67 35.02 0.67 38.95 0.72 40.74 0.76 35.07 0.64 

79 32.83 4.74 41.90 5.86 36.40 5.20 43.01 6.06 41.00 5.48 

80 38.79 0.73 40.72 0.78 41.06 0.78 41.74 0.81 38.74 0.72 

81 45.51 1.04 44.61 1.05 45.15 1.05 49.09 1.16 44.93 1.01 

82 41.47 0.55 40.56 0.55 40.60 0.55 38.30 0.54 40.50 0.53 

84 37.73 0.52 37.20 0.53 36.73 0.52 39.03 0.55 36.49 0.49 

85 37.82 0.55 35.79 0.54 35.98 0.54 33.42 0.52 36.96 0.53 

87 45.26 0.81 44.18 0.82 45.12 0.83 44.85 0.84 45.25 0.80 

89 30.01 0.71 31.12 0.75 31.91 0.76 32.48 0.78 28.92 0.68 

91 33.69 0.44 32.53 0.44 32.29 0.43 32.82 0.45 32.50 0.42 

92 47.71 1.15 45.62 1.14 43.38 1.08 49.51 1.24 46.30 1.10 

93 41.08 0.72 39.81 0.73 39.06 0.71 41.35 0.76 40.15 0.70 

94 41.96 1.17 39.14 1.14 39.25 1.13 45.15 1.30 39.54 1.09 

95 42.58 0.72 41.75 0.73 42.53 0.74 41.18 0.73 42.16 0.70 

96 42.68 1.52 41.19 1.52 40.42 1.48 42.69 1.59 40.27 1.42 

97 36.52 0.53 38.45 0.57 40.76 0.59 48.28 0.70 35.92 0.52 

98 39.51 1.36 42.24 1.47 40.11 1.40 43.77 1.54 38.42 1.30 

99 42.69 0.59 41.84 0.59 41.61 0.59 46.38 0.66 41.74 0.56 

100 36.60 0.48 33.56 0.47 39.97 0.53 37.76 0.52 35.58 0.46 

101 35.29 0.37 35.15 0.38 35.27 0.38 35.05 0.39 35.01 0.36 

102 31.06 0.25 30.86 0.26 31.10 0.26 32.35 0.27 30.94 0.25 

103 49.27 1.50 46.85 1.47 46.73 1.45 60.05 1.94 49.24 1.47 

104 36.61 0.87 39.10 0.94 36.54 0.88 39.73 0.96 37.76 0.87 

105 43.35 0.83 40.76 0.81 42.84 0.84 38.36 0.78 41.91 0.79 

106 37.92 0.54 36.85 0.54 37.09 0.54 39.12 0.57 37.74 0.53 

107 42.20 0.67 39.99 0.66 41.02 0.67 49.53 0.81 41.65 0.65 

108 51.63 1.57 52.46 1.64 50.14 1.55 49.93 1.58 49.72 1.48 

109 37.11 0.43 37.61 0.45 39.23 0.46 40.76 0.49 36.55 0.42 

112 41.83 1.15 40.66 1.16 41.29 1.16 44.30 1.26 42.18 1.14 
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Residue 

Number 

R2eff at CPMG frequency (Hz) 

600 800 1000 150 600 

value error value error value error value error value error 

113 38.15 0.96 37.03 0.97 38.50 0.99 40.90 1.06 38.38 0.95 

114 41.00 0.56 39.80 0.56 39.34 0.55 43.00 0.61 41.13 0.55 

115 44.12 0.96 43.39 0.97 44.82 0.99 44.89 1.01 43.66 0.93 

116 43.73 0.66 43.23 0.67 44.11 0.68 45.45 0.71 43.77 0.64 

117 45.02 1.45 44.69 1.48 39.69 1.33 42.83 1.44 42.74 1.36 

119 22.51 0.59 21.82 0.60 21.46 0.59 22.03 0.61 21.58 0.57 

120 44.25 0.90 42.94 0.91 42.76 0.89 50.72 1.07 43.18 0.87 

121 39.39 1.13 40.02 1.18 42.73 1.23 42.41 1.25 38.31 1.08 

122 44.91 1.12 42.61 1.10 43.05 1.10 47.89 1.23 43.70 1.07 

123 42.34 1.24 40.57 1.24 41.23 1.24 42.73 1.31 41.54 1.20 

124 39.28 0.56 38.71 0.57 38.93 0.57 41.04 0.61 39.24 0.55 

125 42.59 0.70 40.35 0.69 40.08 0.68 46.35 0.78 41.50 0.67 

126 36.85 1.04 34.59 1.02 36.01 1.04 40.31 1.16 36.95 1.02 

129 32.20 0.57 30.12 0.56 29.99 0.56 36.53 0.65 31.86 0.55 

131 31.24 0.29 28.81 0.29 27.02 0.28 38.86 0.36 30.14 0.28 

132 16.84 0.25 16.45 0.26 16.92 0.26 18.20 0.27 16.34 0.25 

133 15.44 0.25 14.57 0.25 14.89 0.25 15.66 0.26 14.67 0.24 

134 23.96 0.42 22.09 0.41 20.94 0.40 28.82 0.48 23.24 0.40 

135 17.51 0.16 16.44 0.16 16.19 0.16 17.73 0.17 16.67 0.15 

137 13.62 0.19 12.55 0.19 12.54 0.19 15.41 0.20 13.31 0.18 

140 7.04 0.12 8.16 0.12 7.61 0.12 8.98 0.13 6.32 0.11 
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Table A.6: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for dADAR-dsRBD1 at 750 MHz NMR spectrometer 

Residue 

Number 

R2eff at CPMG frequency (Hz) 

50 100 150 200 300 450 

value error value error value error value error value error value error 

59 41.89 0.89 46.87 0.97 43.01 0.91 45.55 0.96 38.50 0.83 41.33 0.84 

65 69.77 2.67 74.01 2.87 60.16 2.20 68.44 2.62 75.32 2.98 62.50 2.22 

66 46.43 3.56 42.94 3.28 39.75 3.11 49.66 3.83 37.30 2.97 47.82 3.52 

67 44.65 2.61 41.31 2.41 42.79 2.51 51.83 3.03 37.47 2.26 45.69 2.56 

68 40.95 3.12 41.87 3.14 43.08 3.25 37.68 2.95 32.59 2.64 40.67 2.98 

69 45.70 1.55 43.18 1.46 46.96 1.59 46.95 1.61 46.38 1.58 40.38 1.34 

70 38.33 0.83 38.50 0.82 41.95 0.89 40.74 0.88 37.59 0.82 39.47 0.81 

72 44.09 1.72 44.01 1.70 41.87 1.65 43.15 1.71 45.87 1.79 40.35 1.54 

73 38.87 0.90 33.79 0.80 38.69 0.89 39.25 0.91 35.16 0.83 37.05 0.83 

75 60.22 2.66 62.79 2.77 60.30 2.66 54.94 2.42 55.11 2.40 62.21 2.66 

76 34.55 0.86 42.37 0.99 36.42 0.89 35.59 0.89 33.70 0.85 34.70 0.83 

77 33.66 1.00 42.74 1.18 35.86 1.04 35.30 1.04 37.74 1.08 37.25 1.03 

78 43.35 1.40 39.07 1.26 46.61 1.49 48.20 1.55 55.33 1.77 43.60 1.35 

80 41.69 1.53 45.81 1.64 37.76 1.41 43.54 1.60 56.31 2.05 36.91 1.33 

81 48.02 1.84 45.50 1.72 58.82 2.28 50.45 1.95 62.26 2.44 73.51 2.94 

82 38.93 0.82 40.24 0.83 45.65 0.94 42.28 0.89 46.40 0.95 39.44 0.80 

84 34.36 0.79 44.09 0.95 42.87 0.94 37.26 0.85 35.54 0.81 38.49 0.83 

85 35.97 0.94 38.16 0.97 45.72 1.14 36.94 0.97 42.39 1.07 35.88 0.90 

87 56.50 2.28 50.56 2.00 56.71 2.29 56.54 2.30 58.10 2.36 49.11 1.89 

89 27.66 1.13 42.50 1.50 34.35 1.29 35.86 1.35 30.23 1.19 33.73 1.23 

91 35.01 0.72 38.19 0.76 33.50 0.70 32.65 0.70 39.42 0.79 33.84 0.68 

92 53.55 2.12 56.61 2.22 57.74 2.29 51.74 2.06 70.86 2.99 50.53 1.91 

93 37.27 1.15 44.74 1.31 43.16 1.29 38.95 1.20 38.00 1.16 39.86 1.16 

94 47.88 2.41 43.05 2.16 50.38 2.53 49.17 2.50 59.84 3.06 66.05 3.33 

95 43.00 1.21 39.99 1.12 43.64 1.22 43.26 1.22 37.36 1.08 43.83 1.18 

96 41.35 2.55 40.43 2.47 40.95 2.52 41.19 2.56 44.25 2.70 40.94 2.43 

97 42.18 1.06 45.03 1.11 53.00 1.32 51.51 1.29 53.96 1.34 51.12 1.22 

98 46.48 2.67 44.69 2.54 41.50 2.41 54.32 3.15 53.09 3.05 41.46 2.32 

99 41.37 1.10 46.55 1.21 66.12 1.81 52.34 1.39 55.50 1.47 63.40 1.65 

100 33.97 0.85 41.75 0.98 49.67 1.16 40.73 0.98 38.85 0.93 50.25 1.13 

101 38.28 0.67 34.14 0.61 37.86 0.67 38.60 0.68 32.82 0.60 38.73 0.65 

102 33.48 0.62 36.90 0.65 47.33 0.81 39.07 0.70 36.64 0.66 34.12 0.60 

103 71.15 3.76 61.88 3.08 60.42 3.03 76.84 4.25 70.19 3.69 55.37 2.63 

104 41.62 1.51 53.45 1.89 38.00 1.40 43.74 1.59 46.57 1.67 38.06 1.35 

105 42.86 1.29 47.29 1.39 48.26 1.44 38.89 1.20 46.03 1.38 38.10 1.13 

106 39.89 0.90 40.25 0.89 37.34 0.85 37.00 0.85 41.83 0.93 39.12 0.85 

107 38.78 0.97 38.95 0.96 47.52 1.15 65.24 1.66 51.29 1.24 52.98 1.23 

108 56.88 3.24 61.52 3.51 60.56 3.48 53.66 3.06 58.44 3.34 53.47 2.91 

109 39.09 0.74 41.63 0.77 42.16 0.79 38.06 0.73 37.48 0.72 39.83 0.72 

112 40.94 1.71 40.96 1.69 44.44 1.83 42.73 1.78 44.09 1.82 42.06 1.68 

113 38.09 1.66 49.18 2.04 40.35 1.73 45.08 1.92 38.68 1.68 42.46 1.74 



Page | 163  

 

Residue 

Number 

R2eff at CPMG frequency (Hz) 

50 100 150 200 300 450 

value error value error value error value error value error value error 

114 41.56 0.97 47.09 1.07 46.31 1.07 41.52 0.98 39.51 0.93 42.14 0.95 

115 41.00 1.35 51.18 1.64 45.46 1.47 46.76 1.53 43.04 1.41 45.09 1.41 

116 50.01 1.21 43.57 1.05 50.77 1.22 49.83 1.21 44.10 1.07 47.54 1.10 

117 39.12 2.22 58.91 3.26 50.64 2.79 48.79 2.72 56.68 3.16 46.71 2.48 

119 23.36 1.14 32.54 1.35 27.80 1.24 26.51 1.22 24.48 1.16 25.23 1.14 

120 48.34 1.59 45.37 1.47 53.40 1.75 55.25 1.84 48.49 1.59 47.21 1.49 

121 19.73 1.03 20.33 1.03 15.25 0.94 31.05 1.31 28.89 1.24 15.84 0.92 

122 53.01 2.15 48.68 1.94 48.07 1.94 45.38 1.86 49.15 1.99 46.08 1.80 

123 40.05 2.14 37.56 2.01 44.53 2.34 46.66 2.47 40.19 2.15 37.46 1.95 

124 42.05 0.94 41.21 0.92 49.69 1.10 47.26 1.06 38.62 0.88 48.42 1.03 

125 51.87 1.38 47.19 1.24 51.82 1.38 50.08 1.35 46.59 1.25 43.85 1.13 

126 41.67 1.98 37.42 1.79 42.49 2.00 43.17 2.05 43.73 2.06 35.78 1.69 

129 43.80 1.36 37.82 1.19 39.38 1.24 41.89 1.32 39.25 1.24 31.51 1.02 

131 40.76 0.74 36.10 0.67 39.62 0.72 43.59 0.79 39.39 0.72 44.32 0.76 

132 15.37 0.54 17.75 0.56 27.69 0.69 22.31 0.63 17.50 0.57 16.15 0.53 

133 14.66 0.50 20.88 0.56 15.86 0.51 14.57 0.50 18.96 0.54 15.44 0.49 

134 30.74 1.03 30.62 1.01 32.36 1.06 32.42 1.07 47.51 1.44 26.42 0.90 

135 19.97 0.38 17.42 0.36 18.72 0.37 19.58 0.38 19.10 0.38 18.43 0.36 

137 16.00 0.37 22.69 0.42 16.09 0.37 20.54 0.41 13.53 0.35 20.19 0.39 

140 8.65 0.29 5.53 0.26 24.02 0.39 16.00 0.33 17.84 0.34 26.09 0.39 
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Table A.6: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for dADAR-dsRBD1 at 750 MHz NMR spectrometer (Continued) 

Residue 

Number 

R2eff at CPMG frequency (Hz) 

600 800 1000 150 600 

value error value error value error value error value error 

59 39.86 0.83 33.07 0.73 35.15 0.76 43.40 0.88 36.12 0.76 

65 66.12 2.41 58.71 2.09 56.76 2.01 64.05 2.29 63.88 2.29 

66 45.61 3.40 44.96 3.39 45.46 3.42 45.68 3.38 37.27 2.86 

67 40.26 2.32 42.78 2.46 40.24 2.34 45.18 2.53 42.35 2.40 

68 33.12 2.59 39.48 2.97 37.92 2.88 39.95 2.95 37.95 2.84 

69 44.52 1.47 41.47 1.40 40.74 1.38 49.66 1.62 43.02 1.42 

70 37.57 0.79 37.81 0.80 38.33 0.81 41.98 0.86 38.09 0.80 

72 39.72 1.53 40.03 1.56 40.03 1.56 40.61 1.55 41.11 1.57 

73 35.54 0.82 35.05 0.81 32.77 0.78 39.89 0.88 34.43 0.79 

75 62.20 2.69 61.43 2.67 63.37 2.78 57.54 2.43 62.70 2.70 

76 34.46 0.83 34.81 0.85 33.19 0.82 37.55 0.88 34.85 0.84 

77 35.02 0.99 37.13 1.04 37.30 1.05 35.03 0.98 38.37 1.06 

78 39.83 1.26 43.94 1.38 39.83 1.27 48.66 1.49 38.73 1.23 

80 39.94 1.43 44.14 1.57 43.93 1.57 39.45 1.41 39.71 1.42 

81 48.72 1.81 45.32 1.70 49.69 1.86 61.08 2.30 49.48 1.83 

82 43.29 0.87 47.05 0.95 46.76 0.94 47.12 0.93 41.81 0.84 

84 35.54 0.79 35.60 0.80 37.77 0.83 41.34 0.88 35.82 0.79 

85 36.22 0.92 45.23 1.11 42.90 1.06 46.67 1.12 35.18 0.89 

87 60.19 2.39 55.51 2.19 52.80 2.08 59.36 2.33 56.46 2.20 

89 30.70 1.17 34.63 1.28 35.08 1.29 32.98 1.21 29.07 1.13 

91 35.45 0.71 35.72 0.72 33.29 0.69 36.11 0.71 34.68 0.70 

92 44.99 1.73 47.81 1.85 46.08 1.78 56.04 2.14 42.99 1.65 

93 38.73 1.15 38.26 1.14 39.73 1.18 42.34 1.22 38.62 1.14 

94 45.01 2.21 44.20 2.19 42.25 2.11 55.10 2.68 43.21 2.12 

95 41.75 1.14 40.05 1.11 41.82 1.15 44.23 1.19 41.31 1.13 

96 40.18 2.42 41.92 2.52 42.24 2.54 44.03 2.59 39.80 2.39 

97 40.45 1.00 36.82 0.93 39.91 0.99 58.18 1.41 38.70 0.96 

98 43.00 2.42 40.98 2.34 42.46 2.41 40.68 2.29 43.07 2.41 

99 45.16 1.16 45.42 1.17 45.74 1.18 67.42 1.79 44.04 1.13 

100 39.03 0.91 36.33 0.87 38.70 0.91 50.11 1.13 38.72 0.90 

101 36.24 0.63 36.40 0.64 35.50 0.62 40.94 0.68 34.90 0.61 

102 39.19 0.67 39.19 0.68 40.88 0.70 46.76 0.78 39.22 0.67 

103 61.00 2.98 49.47 2.39 49.90 2.41 60.53 2.93 57.61 2.77 

104 42.32 1.49 43.51 1.54 36.71 1.34 43.10 1.50 45.56 1.58 

105 39.57 1.18 49.68 1.45 45.88 1.35 48.89 1.40 39.93 1.18 

106 40.30 0.88 39.10 0.87 37.97 0.85 39.68 0.86 38.91 0.85 

107 46.34 1.09 49.85 1.18 50.14 1.19 51.92 1.21 43.09 1.02 

108 60.23 3.36 57.37 3.20 50.04 2.77 57.94 3.18 52.49 2.87 

109 43.18 0.78 44.31 0.81 46.28 0.84 41.50 0.75 44.42 0.80 

112 41.84 1.69 42.12 1.71 42.06 1.71 42.34 1.69 41.50 1.67 

113 40.40 1.69 41.13 1.73 37.27 1.60 45.09 1.84 40.98 1.70 
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Residue 

Number 

R2eff at CPMG frequency (Hz) 

600 800 1000 150 600 

value error value error value error value error value error 

114 40.14 0.92 41.01 0.94 41.93 0.96 43.93 0.98 38.90 0.89 

115 43.09 1.37 42.19 1.36 43.43 1.39 45.81 1.43 44.11 1.39 

116 45.16 1.06 45.05 1.07 44.43 1.06 49.74 1.15 45.47 1.06 

117 43.74 2.36 40.90 2.25 44.13 2.40 47.91 2.55 41.96 2.27 

119 25.88 1.16 25.49 1.16 23.88 1.13 29.49 1.24 25.44 1.15 

120 44.46 1.42 44.19 1.43 44.42 1.44 51.60 1.63 45.59 1.45 

121 23.98 1.09 20.94 1.04 22.75 1.08 16.75 0.94 22.01 1.05 

122 47.59 1.87 46.64 1.85 42.86 1.72 45.94 1.80 47.98 1.88 

123 39.33 2.05 37.75 2.00 39.25 2.06 42.07 2.15 38.13 1.99 

124 41.97 0.92 41.84 0.92 41.20 0.91 51.06 1.09 41.77 0.91 

125 45.25 1.18 42.20 1.12 41.77 1.11 54.39 1.40 44.42 1.15 

126 42.18 1.94 38.51 1.82 36.33 1.74 46.19 2.08 42.60 1.94 

129 37.48 1.16 34.34 1.10 32.68 1.06 44.59 1.33 36.60 1.13 

131 41.41 0.73 35.02 0.65 36.42 0.66 39.68 0.70 41.67 0.73 

132 21.03 0.59 20.30 0.59 22.13 0.61 28.49 0.68 20.56 0.58 

133 16.63 0.50 16.14 0.50 14.08 0.48 17.31 0.51 16.75 0.50 

134 23.98 0.87 29.88 0.99 24.24 0.88 32.20 1.02 24.05 0.87 

135 17.27 0.35 17.80 0.36 18.19 0.36 18.73 0.36 17.84 0.35 

137 18.65 0.38 15.51 0.36 15.30 0.36 18.13 0.37 15.99 0.36 

140 8.88 0.28 13.03 0.30 12.92 0.30 25.83 0.39 7.83 0.27 



Page | 166  

 

Table A.7: R1ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

TRBP2-dsRBD1 at 600 MHz NMR spectrometer 

Residue 

Number 

R1ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

1 2.61 0.42 2.22 0.15 2.33 0.24 2.20 0.48 1.99 0.36 

2 1.69 0.09 1.84 0.02 1.86 0.05 1.90 0.08 1.84 0.05 

3 1.66 0.09 1.86 0.04 1.85 0.05 1.96 0.04 1.91 0.06 

5 1.71 0.07 1.77 0.06 1.92 0.01 2.02 0.09 2.03 0.02 

7 2.04 0.11 2.12 0.04 2.18 0.03 2.32 0.08 2.21 0.03 

8 1.75 0.02 2.43 0.15 2.27 0.11 2.33 0.13 2.49 0.07 

9 1.91 0.10 2.20 0.08 2.19 0.07 2.39 0.14 2.56 0.09 

10 2.08 0.08 2.17 0.04 2.35 0.05 2.50 0.07 2.33 0.06 

11 1.71 0.23 2.42 0.44 2.31 0.35 2.56 0.37 2.75 0.31 

12 2.09 0.04 2.72 0.16 2.31 0.13 2.76 0.13 2.94 0.13 

13 2.22 0.13 2.26 0.19 2.34 0.19 2.08 0.19 1.98 0.10 

14 2.92 0.20 3.14 0.17 3.92 0.35 5.25 1.13 3.23 0.34 

15 2.06 0.20 2.49 0.26 2.53 0.23 2.92 0.25 2.67 0.29 

16 1.91 0.08 2.62 0.09 2.83 0.11 3.18 0.13 3.33 0.10 

18 2.45 0.10 3.42 0.22 4.14 0.14 4.68 0.16 4.77 0.16 

24 2.30 0.24 3.80 0.10 4.58 0.16 4.91 0.34 5.83 0.28 

25 2.52 0.28 3.88 0.10 4.59 0.35 5.39 0.19 5.18 0.36 

26 2.77 0.09 3.81 0.23 4.26 0.21 5.23 0.11 5.34 0.18 

28 3.00 0.34 4.28 0.26 4.83 0.29 5.40 0.24 5.81 0.22 

30 2.48 0.12 3.84 0.11 5.11 0.11 5.41 0.11 5.88 0.15 

32 2.55 0.39 3.97 0.35 5.80 0.34 6.48 0.88 6.40 0.43 

33 2.93 0.11 4.61 0.08 6.16 0.19 6.72 0.09 6.89 0.15 

34 2.49 0.18 4.83 0.15 6.12 0.30 7.36 0.46 7.48 0.36 

35 2.50 0.14 3.60 0.08 4.37 0.07 4.88 0.11 5.05 0.08 

36 2.84 0.15 4.54 0.12 5.75 0.08 6.54 0.08 6.70 0.06 

39 3.18 0.19 5.03 0.04 6.24 0.12 7.02 0.16 7.37 0.13 

41 3.04 0.08 4.56 0.12 6.15 0.16 6.79 0.28 7.36 0.12 

42 2.95 0.36 4.02 0.22 6.18 0.13 7.31 0.34 6.99 0.31 

43 2.60 0.06 4.37 0.11 5.62 0.04 6.58 0.20 6.91 0.12 

44 2.41 0.22 3.86 0.35 4.48 0.48 5.69 0.50 5.41 0.26 

45 1.98 0.07 3.36 0.22 4.29 0.02 4.73 0.16 4.76 0.15 

47 3.10 0.50 3.94 0.37 5.21 0.48 5.58 0.57 6.23 0.48 

48 2.39 0.21 4.04 0.15 5.23 0.08 6.27 0.16 6.52 0.36 

49 2.69 0.10 4.32 0.15 5.52 0.14 6.16 0.09 6.56 0.12 

50 2.59 0.20 4.06 0.22 5.39 0.12 6.47 0.13 6.66 0.09 

51 2.90 0.42 4.52 0.21 6.37 0.29 6.56 0.45 6.38 0.39 

53 2.61 0.17 3.90 0.32 5.35 0.23 5.66 0.28 5.76 0.29 

54 2.35 0.09 3.51 0.13 4.23 0.10 4.84 0.13 4.96 0.11 

56 2.33 0.16 3.78 0.11 3.75 0.09 4.40 0.08 4.77 0.11 

61 2.65 0.07 3.79 0.12 5.02 0.11 5.49 0.10 5.90 0.13 

62 3.00 0.16 4.20 0.18 6.09 0.13 6.66 0.22 7.06 0.09 
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Residue 

Number 

R1ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

63 2.70 0.07 4.42 0.22 5.72 0.17 6.32 0.14 7.00 0.18 

64 2.74 0.33 4.59 0.14 6.04 0.30 6.33 0.27 6.81 0.11 

65 3.06 0.29 4.45 0.10 5.82 0.13 6.47 0.24 7.10 0.15 

66 3.41 0.20 4.92 0.78 5.42 0.45 6.39 0.77 6.66 0.45 

67 3.06 0.10 4.39 0.29 5.99 0.21 6.79 0.16 6.73 0.25 

68 3.25 0.33 4.38 0.30 5.46 0.12 6.11 0.34 6.49 0.41 

69 2.80 0.09 4.30 0.09 5.64 0.09 6.34 0.05 6.55 0.17 

70 3.27 0.14 4.86 0.18 6.27 0.55 6.31 0.86 6.69 0.28 

71 2.63 0.11 4.14 0.11 5.32 0.08 6.05 0.09 6.28 0.07 

72 2.94 0.08 4.15 0.11 5.39 0.07 5.82 0.18 6.44 0.13 

73 2.90 0.25 4.40 0.15 5.88 0.20 6.43 0.18 6.58 0.11 

74 2.92 0.09 4.14 0.12 5.59 0.14 6.13 0.17 6.56 0.19 

75 2.98 0.09 4.26 0.26 5.87 0.14 6.53 0.19 6.54 0.09 

77 2.92 0.14 4.58 0.07 5.84 0.03 6.85 0.21 6.88 0.10 

80 2.61 0.52 3.89 0.62 4.95 0.43 4.46 0.51 5.76 0.13 

82 3.06 0.46 4.88 0.33 7.00 0.32 7.16 0.47 8.04 0.20 

88 3.26 0.24 4.63 0.17 6.16 0.11 7.16 0.28 7.70 0.40 

89 2.58 0.17 4.83 0.12 6.52 0.15 7.44 0.13 8.00 0.09 

90 3.29 0.27 4.80 0.27 6.27 0.30 7.10 0.22 7.06 0.52 

91 2.85 0.22 4.95 0.21 5.91 0.40 6.58 0.30 7.49 0.36 

94 2.94 0.06 3.95 0.10 5.07 0.11 5.60 0.11 6.14 0.08 

95 2.03 0.21 2.84 0.21 3.08 0.25 3.29 0.33 3.56 0.06 

97 2.92 0.20 4.37 0.07 5.34 0.07 5.77 0.10 5.69 0.21 

98 2.51 0.12 3.41 0.07 3.92 0.11 4.22 0.14 4.76 0.11 

99 2.30 0.18 3.27 0.23 3.54 0.34 4.18 0.29 4.26 0.27 

101 2.21 0.07 2.53 0.08 3.14 0.10 3.26 0.16 3.50 0.17 

104 1.38 0.05 1.63 0.07 1.75 0.03 1.88 0.07 1.88 0.03 

105 0.81 0.05 0.97 0.05 1.02 0.04 1.10 0.05 1.08 0.04 
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Table A.8: R2ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

TRBP2-dsRBD1 at 600 MHz NMR spectrometer 

Residue 

Number 

R2ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

1 5.94 0.50 4.58 0.51 4.22 0.41 4.37 0.85 3.50 0.26 

2 4.16 0.17 4.15 0.25 4.04 0.27 3.12 0.27 2.93 0.17 

3 3.52 0.11 3.62 0.19 3.49 0.25 2.66 0.12 2.88 0.02 

5 3.08 0.19 3.16 0.33 3.25 0.38 2.28 0.09 2.55 0.06 

7 5.08 0.14 4.83 0.13 4.48 0.09 3.71 0.16 3.69 0.29 

8 6.70 0.39 6.78 0.48 6.43 0.55 5.03 0.09 5.44 0.17 

9 6.31 0.24 6.19 0.17 5.85 0.29 4.46 0.38 4.65 0.33 

10 5.46 0.17 5.29 0.20 4.83 0.25 3.93 0.23 3.93 0.10 

11 7.51 0.43 7.93 0.74 7.22 0.85 5.12 0.52 5.41 0.78 

12 6.78 0.42 7.00 0.64 6.14 0.62 5.13 0.23 5.40 0.13 

13 7.94 0.46 7.71 0.20 6.74 0.45 5.82 1.07 5.51 0.61 

14 7.79 0.33 7.88 0.28 7.65 0.98 5.88 0.17 6.19 0.60 

15 7.25 0.28 7.54 0.12 6.32 0.94 5.12 0.84 4.59 0.90 

16 5.94 0.44 5.86 0.51 5.78 0.63 4.51 0.81 4.78 0.20 

18 7.99 0.15 8.13 0.09 7.69 0.54 6.75 0.50 6.78 0.26 

24 9.44 0.14 9.31 0.32 9.27 0.27 7.61 0.53 7.99 0.31 

25 9.83 0.50 9.35 0.43 10.38 1.31 7.96 0.46 8.25 0.32 

26 8.97 0.98 9.30 1.10 9.23 1.08 8.80 1.43 8.09 0.80 

28 10.02 0.31 10.01 0.28 9.59 0.49 8.25 0.39 9.18 0.12 

30 11.43 0.18 10.47 0.17 10.20 0.62 8.48 0.35 8.92 0.32 

32 14.65 1.56 13.33 1.18 11.56 0.68 14.33 2.50 9.98 0.32 

33 12.52 0.24 12.15 0.29 11.41 0.57 10.84 1.02 10.29 0.10 

34 13.16 0.56 11.99 0.41 10.65 0.63 8.81 0.87 9.40 0.64 

35 7.80 0.13 7.53 0.26 7.31 0.26 6.68 0.11 6.77 0.34 

36 12.45 0.31 11.75 0.32 11.10 0.32 8.96 0.25 9.73 0.24 

39 13.80 0.25 12.89 0.25 11.83 0.20 10.78 0.32 10.69 0.04 

41 13.04 0.44 12.84 0.48 11.90 0.69 10.30 0.85 11.01 0.31 

42 13.86 0.36 13.49 0.34 11.46 0.91 11.79 0.93 10.63 0.46 

43 11.86 0.17 11.23 0.28 10.54 0.18 9.13 0.12 9.43 0.27 

44 9.56 0.85 9.67 1.21 9.74 1.52 9.72 2.30 10.21 1.66 

45 8.65 0.32 8.34 0.47 8.24 0.73 6.61 0.55 7.42 0.29 

47 11.80 0.78 10.61 1.04 10.26 0.63 6.90 1.17 7.66 1.13 

48 12.45 0.10 11.69 0.59 10.44 0.44 9.44 0.63 9.93 0.50 

49 11.39 0.19 10.84 0.22 10.29 0.39 9.76 0.37 9.27 0.10 

50 13.03 0.85 11.97 0.30 10.92 0.47 11.18 0.52 10.44 0.51 

51 12.48 0.58 10.90 0.44 10.40 0.46 10.03 1.15 10.89 0.53 

53 11.26 0.33 9.76 0.58 9.89 0.28 8.95 0.88 8.89 0.41 

54 9.33 0.40 9.02 0.57 8.72 0.95 7.99 0.45 8.47 0.56 

56 8.95 0.33 8.93 0.43 8.25 0.45 7.48 0.20 6.96 0.28 

61 9.91 0.26 9.48 0.28 9.21 0.40 8.24 0.40 8.03 0.12 

62 12.29 0.16 11.72 0.26 10.57 0.32 9.60 0.19 9.92 0.08 
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Residue 

Number 

R2ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

63 12.33 0.26 11.93 0.27 11.00 0.48 9.56 0.44 9.84 0.31 

64 12.67 0.36 11.95 0.21 11.11 0.95 8.63 0.28 9.62 0.15 

65 11.96 0.29 10.87 0.37 10.64 0.59 9.97 0.33 9.78 0.20 

66 11.76 0.59 12.17 0.48 10.74 0.99 9.64 0.54 10.49 0.39 

67 12.51 0.30 11.19 0.23 10.94 0.10 9.67 0.82 10.29 0.30 

68 11.37 0.44 11.35 0.53 10.48 0.60 9.60 1.06 10.02 0.64 

69 12.00 0.37 11.48 0.32 10.95 0.13 9.80 0.42 9.79 0.32 

70 15.31 0.65 14.55 0.31 14.43 0.78 12.23 0.54 12.42 0.63 

71 10.64 0.04 10.56 0.19 9.68 0.30 9.38 0.46 8.81 0.17 

72 10.81 0.16 10.37 0.18 9.58 0.20 8.26 0.12 8.62 0.13 

73 11.53 0.23 10.80 0.13 10.10 0.09 9.33 0.25 9.10 0.21 

74 12.79 0.09 11.61 0.41 10.61 0.52 9.28 0.82 8.83 0.79 

75 12.48 0.36 11.92 0.20 11.45 0.62 9.45 0.46 10.80 0.21 

77 13.36 0.31 12.21 0.23 11.59 0.37 10.88 0.37 10.57 0.29 

80 12.39 1.60 9.21 0.28 8.74 1.12 7.83 0.63 7.57 0.45 

82 16.38 0.96 14.93 0.70 14.30 1.11 11.70 1.02 13.20 0.78 

88 13.19 0.28 13.34 0.84 11.96 0.44 11.16 0.53 11.11 0.34 

89 13.41 0.27 12.99 0.36 11.97 0.44 11.38 0.23 11.37 0.24 

90 6.34 1.75 5.97 1.35 5.63 1.18 2.51 1.63 5.42 1.61 

91 14.32 0.94 12.71 0.64 11.37 0.71 8.30 0.80 10.34 2.29 

94 10.92 0.26 9.69 0.22 9.36 0.34 8.77 0.29 8.62 0.42 

95 5.89 0.38 5.81 0.39 5.26 0.36 3.34 0.53 4.52 0.17 

97 10.49 0.27 10.67 0.22 9.54 0.45 8.82 0.25 8.81 0.44 

98 8.22 0.29 8.27 0.31 7.65 0.33 6.42 0.43 6.43 0.45 

99 9.09 0.60 8.45 0.29 8.57 0.90 7.52 1.09 6.67 0.17 

101 5.69 0.42 5.80 0.33 5.75 0.68 4.99 0.45 5.16 0.17 

104 2.84 0.16 3.00 0.30 3.10 0.29 2.49 0.26 2.52 0.19 

105 1.52 0.12 1.73 0.20 1.91 0.29 1.13 0.16 1.55 0.13 
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Table A.9: R1ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

dADAR-dsRBD1 at 600 MHz NMR spectrometer 

Residue 

Number 

R1ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

59 3.13 0.23 4.17 0.32 4.05 0.30 5.13 0.12 5.57 0.46 

65 3.61 0.39 6.04 0.33 6.63 0.54 7.74 0.12 8.46 0.59 

66 3.40 0.92 6.68 1.18 6.52 0.69 7.46 0.25 9.10 0.96 

67 3.81 0.41 5.79 0.32 6.21 0.75 7.84 0.14 8.41 1.11 

68 3.91 0.33 6.12 0.52 6.28 0.58 6.64 0.39 8.25 0.96 

69 3.81 0.36 6.66 0.76 6.02 0.63 7.80 0.24 8.47 0.78 

70 3.87 0.24 6.13 0.41 6.67 0.26 7.69 0.17 8.53 0.41 

72 3.46 0.25 6.10 0.39 6.30 0.39 7.14 0.36 7.91 0.31 

73 3.33 0.40 5.29 0.48 5.90 0.44 6.86 0.22 7.33 0.66 

75 3.74 0.88 3.49 0.83 5.90 0.27 7.51 0.52 8.32 0.47 

76 3.04 0.41 5.15 0.27 5.82 0.21 6.64 0.16 7.64 0.42 

77 3.20 0.34 5.32 0.47 5.06 0.38 5.78 0.24 7.07 0.52 

78 3.38 0.48 5.11 0.33 5.62 0.43 6.48 0.29 7.57 0.53 

79 2.26 1.68 3.42 1.29 6.58 1.43 7.17 1.98 7.99 1.69 

80 3.54 0.51 4.88 0.40 5.23 0.41 6.98 0.21 7.65 0.78 

81 3.74 0.38 5.90 0.67 6.60 0.42 6.74 0.13 8.23 0.56 

82 3.59 0.45 5.87 0.35 6.05 0.42 7.06 0.16 8.18 0.60 

84 3.33 0.32 5.58 0.39 6.24 0.30 7.06 0.12 8.13 0.49 

85 3.05 0.40 4.83 0.30 5.16 0.28 6.26 0.22 7.11 0.71 

87 2.48 0.94 0.00 0.00 3.70 0.74 4.27 0.44 4.25 1.11 

88 2.47 0.31 3.26 0.21 3.03 0.15 3.59 0.16 3.90 0.41 

89 3.40 0.34 4.81 0.41 5.40 0.18 6.12 0.31 6.54 0.54 

91 3.18 0.23 4.97 0.22 5.75 0.20 6.95 0.10 7.62 0.60 

92 3.45 0.56 6.22 0.53 6.51 0.47 7.27 0.13 8.26 0.53 

93 3.34 0.49 5.83 0.10 6.22 0.34 7.11 0.21 7.92 0.69 

94 3.37 0.51 6.14 0.47 5.25 0.59 6.71 0.42 8.47 0.88 

95 3.75 0.30 6.30 0.51 6.69 0.43 7.37 0.17 8.36 0.47 

96 3.95 0.54 6.20 0.70 6.02 0.84 7.72 0.30 8.43 0.52 

97 3.48 0.21 5.74 0.47 6.38 0.24 7.29 0.33 7.83 0.46 

98 3.60 0.19 6.05 0.53 6.09 0.25 6.76 0.53 7.48 0.55 

99 3.71 0.46 5.88 0.32 6.30 0.28 7.25 0.31 8.28 0.62 

100 3.23 0.46 5.49 0.30 5.78 0.21 7.07 0.36 8.00 0.74 

101 3.45 0.38 5.91 0.28 6.06 0.17 7.33 0.15 8.12 0.59 

102 2.11 0.68 0.00 0.00 2.66 0.52 3.67 0.45 3.21 0.82 

103 3.94 0.22 6.54 0.98 4.77 0.89 6.01 0.41 7.79 0.63 

104 3.83 0.18 6.37 0.67 6.73 0.19 7.59 0.49 8.42 0.19 

105 3.19 0.32 5.57 0.55 6.07 0.20 6.87 0.27 7.92 0.49 

106 3.48 0.29 5.74 0.39 6.08 0.16 7.13 0.04 7.74 0.41 

107 3.69 0.29 6.52 0.70 6.22 0.46 7.61 0.06 8.26 0.51 

108 3.42 0.20 5.33 0.59 7.35 0.13 7.80 0.18 8.60 0.61 

109 3.58 0.32 5.84 0.18 6.61 0.28 7.77 0.21 8.61 0.49 



Page | 171  

 

Residue 

Number 

R1ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

112 3.32 0.22 6.18 0.80 7.40 0.47 7.79 0.14 9.11 0.51 

113 3.44 0.26 6.64 1.21 5.47 0.65 6.68 0.13 7.46 0.52 

114 3.55 0.35 6.27 0.50 6.75 0.25 7.53 0.07 8.72 0.48 

115 3.19 0.37 6.31 0.55 7.00 0.31 7.69 0.20 8.97 0.43 

116 4.05 0.25 7.04 0.53 7.06 0.42 8.00 0.14 9.08 0.31 

117 4.01 0.16 6.35 0.53 7.06 0.36 7.66 0.44 8.85 0.66 

119 2.82 0.26 4.60 0.35 3.39 0.35 4.69 0.29 5.21 0.74 

120 3.50 0.41 6.40 0.75 5.80 0.68 7.08 0.24 8.45 0.76 

121 3.77 0.45 6.57 0.68 6.90 0.65 7.87 0.26 8.93 0.58 

122 3.91 0.24 7.39 0.58 6.61 0.44 8.01 0.17 8.51 0.36 

123 3.74 0.42 6.21 0.67 6.45 0.46 6.96 0.25 8.48 0.66 

124 3.67 0.30 6.05 0.51 5.97 0.31 7.39 0.20 7.97 0.50 

125 3.83 0.32 6.31 0.42 5.94 0.51 7.66 0.12 8.67 0.78 

126 3.62 0.58 5.50 0.48 5.79 0.48 6.44 0.10 7.38 0.26 

129 3.51 0.41 4.49 0.28 4.06 0.34 5.21 0.24 6.01 0.74 

131 2.61 0.46 2.71 0.37 2.87 0.28 3.65 0.19 4.19 0.69 

132 2.30 0.50 2.07 0.52 3.12 0.14 3.67 0.21 3.62 0.41 

133 1.96 0.41 2.25 0.35 2.56 0.21 3.23 0.21 3.36 0.46 

134 2.39 0.53 2.70 0.25 2.59 0.20 3.54 0.37 3.67 0.67 

135 2.26 0.56 1.63 0.71 2.43 0.17 3.47 0.29 3.44 0.69 

137 1.99 0.57 1.99 0.33 1.72 0.19 2.44 0.20 2.60 0.67 

140 1.06 0.31 0.91 0.34 0.69 0.12 1.34 0.18 1.39 0.43 
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Table A.10: R2ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

dADAR-dsRBD1 at 600 MHz NMR spectrometer 

Residue 

Number 

R2ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

59 16.87 0.52 15.03 0.23 13.22 0.35 12.93 0.17 11.31 0.30 

65 24.43 0.42 21.20 0.18 18.68 0.25 18.17 0.32 17.23 0.18 

66 14.82 0.34 13.03 0.16 11.47 0.52 12.63 0.92 10.66 0.32 

67 15.73 0.42 14.66 0.20 13.09 0.23 12.93 0.42 12.25 0.32 

68 14.27 0.79 14.75 0.23 12.71 0.46 14.15 1.18 11.66 0.43 

69 15.49 0.54 14.01 0.40 13.11 0.90 14.69 0.94 13.30 0.91 

70 15.50 0.11 14.21 0.16 12.97 0.11 13.49 0.30 11.64 0.09 

72 15.57 0.31 14.61 0.40 14.01 0.15 12.91 0.39 12.11 0.41 

73 13.20 0.09 11.90 0.24 11.26 0.26 11.51 0.45 10.58 0.32 

75 13.69 0.56 12.95 0.80 11.93 0.40 10.86 0.44 11.26 0.11 

76 13.19 0.13 11.76 0.09 10.84 0.18 10.92 0.16 9.96 0.13 

77 13.60 0.31 12.32 0.22 11.35 0.08 11.10 0.45 9.90 0.18 

78 13.67 0.09 12.39 0.18 11.81 0.26 11.65 0.32 10.26 0.16 

79 12.85 1.49 13.15 2.06 12.07 1.34 11.81 1.73 10.70 1.58 

80 13.75 0.45 12.63 0.10 11.75 0.20 11.44 0.21 10.37 0.23 

81 15.40 0.78 14.47 0.26 13.57 0.17 14.14 0.31 12.24 0.25 

82 15.23 0.13 14.03 0.13 13.37 0.28 12.95 0.30 11.71 0.13 

84 14.48 0.18 13.18 0.19 12.13 0.15 12.09 0.41 11.34 0.08 

85 13.28 0.14 11.68 0.18 10.96 0.10 10.99 0.26 10.36 0.31 

87 7.61 0.35 7.23 0.42 6.94 0.38 4.38 0.95 7.68 0.97 

88 6.50 0.07 5.92 0.10 5.48 0.10 5.56 0.07 4.88 0.11 

89 12.09 0.22 11.08 0.15 10.39 0.20 10.34 0.14 9.04 0.49 

91 12.65 0.11 11.82 0.15 11.02 0.19 10.96 0.43 10.37 0.26 

92 18.55 0.14 17.22 0.29 15.43 0.44 15.91 0.36 14.47 0.26 

93 14.36 0.13 13.12 0.24 11.91 0.16 12.47 0.32 10.78 0.29 

94 15.57 0.61 13.27 0.45 12.79 0.44 13.52 0.72 11.96 0.18 

95 14.80 0.31 13.60 0.14 12.23 0.12 12.47 0.33 11.54 0.14 

96 15.10 0.44 14.11 0.55 12.76 0.45 13.26 0.54 12.18 0.36 

97 15.33 0.12 14.00 0.25 12.98 0.14 13.07 0.31 11.95 0.26 

98 15.41 0.31 14.42 0.46 13.02 0.44 13.14 0.32 11.97 0.18 

99 15.14 0.12 13.79 0.07 13.08 0.21 12.95 0.15 12.08 0.12 

100 13.64 0.17 12.85 0.19 12.30 0.09 12.02 0.20 11.34 0.25 

101 13.92 0.11 12.62 0.13 11.73 0.19 11.72 0.31 10.79 0.10 

102 5.32 0.28 5.06 0.13 4.87 0.10 2.75 0.94 4.87 0.25 

103 22.72 0.54 20.78 0.40 18.20 0.13 18.09 0.60 15.79 0.11 

104 14.88 0.47 13.76 0.21 12.67 0.29 12.70 0.35 10.52 0.20 

105 14.97 0.25 13.50 0.22 12.62 0.23 13.05 0.39 11.42 0.09 

106 14.85 0.09 13.58 0.13 12.61 0.23 12.73 0.49 11.41 0.09 

107 16.30 0.12 15.18 0.24 14.05 0.30 13.98 0.38 12.53 0.15 

108 15.83 0.17 14.84 0.11 13.49 0.44 12.82 0.47 12.89 0.10 

109 15.43 0.14 14.08 0.09 13.36 0.07 12.99 0.15 12.01 0.14 
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Residue 

Number 

R2ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

112 16.19 0.40 14.49 0.29 14.02 0.25 14.14 0.44 12.09 0.37 

113 14.17 0.15 12.85 0.23 12.06 0.26 12.45 0.34 11.05 0.31 

114 15.88 0.25 14.56 0.08 13.38 0.11 13.82 0.58 12.05 0.16 

115 15.76 0.17 14.60 0.26 13.80 0.28 13.87 0.34 11.94 0.10 

116 17.23 0.25 16.00 0.13 14.26 0.18 14.68 0.70 13.31 0.14 

117 16.57 0.80 14.89 0.55 13.86 0.28 13.43 0.37 12.06 0.34 

119 7.87 0.31 7.36 0.02 7.31 0.21 7.59 0.37 7.07 0.20 

120 19.34 0.55 17.91 0.43 15.76 0.47 17.09 1.31 14.89 0.59 

121 16.11 0.34 14.73 0.31 13.75 0.47 13.40 0.58 12.73 0.31 

122 19.67 0.29 16.85 0.27 15.89 0.34 15.58 0.47 13.91 0.30 

123 16.27 0.07 14.40 0.61 13.80 0.18 14.29 0.62 12.27 0.16 

124 15.87 0.17 14.35 0.26 13.00 0.21 13.49 0.44 11.81 0.13 

125 18.32 0.18 16.41 0.25 14.86 0.17 15.17 0.22 13.07 0.20 

126 14.87 0.14 13.87 0.31 12.44 0.05 13.05 0.32 10.77 0.28 

129 14.41 0.09 12.70 0.09 11.52 0.15 11.94 0.38 9.98 0.13 

131 14.41 0.06 12.88 0.21 11.40 0.16 10.70 0.13 9.87 0.11 

132 5.83 0.17 5.12 0.10 5.27 0.20 4.43 0.30 4.67 0.13 

133 5.37 0.16 5.06 0.15 4.80 0.08 4.71 0.07 4.53 0.12 

134 11.92 0.06 11.07 0.17 9.73 0.19 9.08 0.17 8.40 0.07 

135 5.62 0.06 5.12 0.14 4.78 0.11 4.20 0.29 4.55 0.09 

137 5.41 0.14 4.88 0.08 4.59 0.12 4.46 0.15 3.89 0.12 

140 1.68 0.07 1.62 0.06 1.73 0.09 1.67 0.10 1.58 0.05 
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Table A.11: Dynamics parameters extracted from HARD experimental data from geoHARD method 

for TRBP2-dsRBD1 

Residue 

Number 

kex (s
-1) Δω (Hz) pA 

value error value error value error 

1 29861 318 189 81 75.9 11.9 

2 434 136 943 222 99.7 0.2 

3 271 118 298 262 98.9 1.3 

5 166 21 432 401 94.8 9.1 

7 153 16 711 391 99.2 0.1 

8 228 66 978 39 99.2 0.3 

9 134 15 937 292 98.3 0.3 

10 29455 294 210 44 85.9 9.0 

11 375 36 773 263 99.0 0.1 

12 368 128 906 212 99.4 0.3 

13 17971 342 290 230 82.0 13.8 

14 43266 609 348 201 84.5 10.6 

15 352 159 366 295 98.3 1.2 

16 163 24 175 191 98.9 0.8 

18 112 9 660 174 99.1 0.1 

24 240 64 512 407 99.4 0.2 

25 61477 2320 552 298 88.6 12.4 

26 77732 60493 455 98 81.8 13.0 

28 141 17 730 30 99.1 0.2 

30 316 106 116 43 96.4 3.4 

32 835 155 34 3 61.8 7.2 

33 178 43 835 253 99.3 0.2 

34 654 123 36 6 75.4 9.4 

35 93748 4826 328 84 76.0 10.9 

36 63624 3927 345 261 73.8 13.6 

39 387 165 540 351 99.4 0.5 

41 172 19 638 287 99.5 0.1 

42 214 44 297 108 98.6 0.7 

43 178 38 264 135 99.0 0.6 

44 733 354 5 2 94.7 3.2 

45 583 154 235 394 86.2 14.9 

47 169 24 802 126 98.9 0.4 

48 1375 946 357 322 94.3 6.0 

49 210 65 454 285 99.3 0.3 

50 153 16 823 192 99.0 0.2 

51 38572 30538 612 323 83.8 15.1 

53 222 48 126 36 98.3 1.3 

54 71920 2655 305 86 77.0 13.1 

56 327 99 891 240 99.4 0.3 

61 56783 3024 266 72 75.7 12.0 

62 171 35 434 278 99.2 0.5 

63 166 36 507 167 99.3 0.2 
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Residue 

Number 

kex (s
-1) Δω (Hz) pA 

value error value error value error 

64 61490 2347 419 215 81.5 10.5 

65 137 12 773 237 99.3 0.1 

66 46110 1190 314 56 76.6 11.3 

67 73723 3105 525 205 88.6 8.3 

68 60054 2401 470 265 82.2 12.4 

69 225 57 826 19 99.2 0.3 

70 216 43 1107 167 98.8 0.4 

71 231 85 502 233 99.5 0.3 

72 220 61 454 314 99.6 0.3 

73 21686 16498 857 263 98.5 1.7 

74 237 98 389 328 94.1 7.9 

75 145 20 765 257 99.1 0.2 

77 410 184 836 258 99.5 0.3 

80 372 121 114 101 89.9 9.5 

82 70229 1927 398 134 74.9 12.8 

88 149 30 634 180 99.2 0.3 

89 247 45 78 35 95.7 2.9 

90 3651 2985 234 413 95.4 5.4 

91 386 120 56 38 80.9 14.4 

94 8721 576 62 39 76.0 13.3 

95 13739 18332 375 454 89.9 10.5 

97 173 23 714 422 99.5 0.2 

98 235 99 687 245 99.2 0.3 

99 274 93 184 49 98.5 0.8 

101 323 116 126 188 90.0 9.0 

104 39519 30481 139 370 86.2 14.0 

105 298 84 122 248 85.5 10.8 
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Table A.12: Dynamics parameters extracted from HARD experimental data from geo HARD method 

for dADAR-dsRBD1 

Residue 

Number 

kex (s
-1) Δω (Hz) pA 

value error value error value error 

59 21247 1 647 355 90.5 10.2 

65 24407 5 608 340 88.6 10.0 

66 89667 9 374 79 70.8 9.8 

67 52735 5 553 304 84.0 12.2 

68 54873 1 564 264 84.2 12.8 

69 119 0 653 29 98.8 0.1 

70 62783 3 572 272 83.0 12.4 

72 195 0 692 401 98.8 0.3 

73 179 0 705 337 99.5 0.1 

75 181 0 511 162 99.1 0.2 

76 59950 6 403 210 81.2 9.4 

77 42845 1 429 195 82.4 12.3 

78 44850 7 445 216 84.5 13.1 

80 39052 4 606 346 85.7 16.1 

81 2329 6 1051 57 98.8 0.3 

82 29061 39 477 298 82.6 14.6 

84 57533 3 541 287 81.4 14.8 

85 343 0 643 339 99.1 0.5 

89 61114 5 446 241 78.4 13.8 

91 71271 6 406 105 80.9 10.2 

92 248 0 349 260 97.5 1.3 

93 66127 3 444 135 81.9 9.5 

94 378 0 825 322 99.2 0.3 

95 77920 3 461 150 73.9 14.6 

96 59039 5 581 323 79.7 16.0 

97 3299 8 577 253 97.5 2.6 

98 40459 7 569 239 89.4 11.2 

99 306 0 757 348 99.3 0.3 

100 182 0 960 359 99.2 0.2 

101 71491 5 482 269 79.5 12.3 

103 21325 2 775 416 88.6 13.0 

104 132518 7 556 112 78.2 10.0 

105 319 0 450 417 98.7 0.6 

106 46020 4 606 328 86.1 13.4 

107 44315 3 523 243 88.4 8.1 

108 229 0 720 315 99.1 0.4 

109 422 1 693 423 99.2 0.3 

112 169 0 210 30 98.7 0.4 

113 189 0 691 342 99.1 0.3 

114 49029 6 503 298 78.5 15.7 

115 59525 5 498 259 81.3 10.6 

116 57321 3 597 256 85.0 12.1 
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Residue 

Number 

kex (s
-1) Δω (Hz) pA 

value error value error value error 

117 67330 4 530 178 83.3 10.8 

119 206 0 762 264 99.6 0.1 

120 497 0 624 281 98.7 0.7 

121 62372 3 467 156 78.4 13.8 

122 40264 3 432 261 77.1 11.9 

123 43880 3 678 400 85.0 14.4 

124 44193 3 524 285 86.8 8.2 

125 36593 2 596 270 90.3 6.9 

126 36698 9 469 218 88.1 7.2 

129 26751 2 646 297 92.3 12.2 

131 286 0 99 8 86.8 6.8 

132 207 0 96 139 91.8 6.9 

133 353 0 388 299 99.5 0.4 

134 395 0 120 35 90.5 7.5 

135 229 0 49 33 82.7 8.9 

137 189 0 73 21 88.0 9.3 

140 222 0 392 356 99.4 0.4 
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Table A.13: Thermodynamic parameters calculated for dsRBD-dsRNA interaction calculated from 

fitting of Isothermal Titration Calorimetry data to one-set of sites binding model  

RNA sequences TRBP2-dsRBD1 dADAR-dsRBD1 

kd (M) 

miR-16-1 0.89 ± 0.21 0.27 ± 0.05 

miR-16-1-D 0.50 ± 0.04 0.43 ± 0.10 

miR-16-1-M 2.12 ± 0.22 0.78 ± 0.24 

miR-16-1-B 0.69 ± 0.13 0.27 ± 0.07 

D10-RNA 2.21 ± 0.51 0.21 ± 0.10 

Number of Binding sites 

miR-16-1 3.9 ± 0.1 4.3 ± 0.1 

miR-16-1-D 5.2 ± 0.1 4.4 ± 0.1 

miR-16-1-M 1.5 ± 0.0 1.6 ± 0.1 

miR-16-1-B 3.0 ± 0.1 3.6 ± 0.1 

D10-RNA 2.5 ± 0.1 2.4 ± 0.1 

ΔH (kcal.mol
-1

) 

miR-16-1 -20.6 ± 1.1 -69.0 ± 1.8 

miR-16-1-D -34.8 ± 0.6 -80.9 ± 3.2 

miR-16-1-M -9.4 ± 0.2 -24.6 ± 1.1 

miR-16-1-B -19.8 ± 0.7 -61.8 ± 2.0 

D10-RNA -20.9±1.6 -44.0 ± 2.2 

TΔS (kcal.mol
-1

) 

miR-16-1 -12.4 ± 1.0 -59.9 ± 1.8 

miR-16-1-D -26.2 ± 0.6 -72.1 ± 3.1 

miR-16-1-M -1.6 ± 0.2 -16.3 ± 0.9 

miR-16-1-B -11.4 ± 0.6 -52.8 ± 1.9 

D10-RNA -13.2 ± 1.4 -34.9 ± 2.0 
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Table A.14: Nuclear spin relaxation data for TRBP2-dsRBD1 recorded at 950 MHz  

Residue 

Number 

950 MHz 

R1 (Hz) R2 (Hz) NOE 

Value Error Value Error Value Error 

1 1.09 0.12 1.46 0.71 -0.43 0.02 

2 1.31 0.14 2.22 0.70 0.07 0.02 

3 1.51 0.11 2.18 0.63 0.27 0.02 

5 1.47 0.06 2.45 0.31 0.23 0.02 

8 1.37 0.14 2.38 0.78 0.25 0.02 

9 1.36 0.15 2.27 0.81 0.26 0.02 

10 1.42 0.14 2.24 0.75 0.28 0.02 

11 1.46 0.13 2.83 0.79 0.22 0.02 

12 1.47 0.12 2.73 0.79 0.24 0.02 

13 1.35 0.15 2.53 0.87 0.24 0.02 

14 1.32 0.14 3.03 0.81 0.28 0.02 

15 1.39 0.13 2.91 0.91 0.26 0.02 

16 1.33 0.04 5.03 0.48 0.41 0.02 

18 1.39 0.08 7.33 0.64 0.66 0.02 

24 1.20 0.05 9.52 0.25 0.65 0.02 

25 1.24 0.05 11.13 0.38 0.63 0.02 

26 1.19 0.06 8.39 0.59 0.58 0.02 

28 1.22 0.08 9.57 0.86 0.65 0.02 

30 1.13 0.06 10.13 0.60 0.63 0.02 

33 1.12 0.06 12.68 0.55 0.85 0.02 

34 1.07 0.04 14.80 0.93 0.86 0.02 

35 1.35 0.04 9.61 0.38 0.69 0.02 

36 1.12 0.05 11.89 0.50 0.82 0.02 

39 1.13 0.03 12.70 0.70 0.92 0.02 

40 1.14 0.05 13.08 0.48 0.84 0.02 

41 1.05 0.02 13.08 0.31 0.76 0.02 

42 1.05 0.02 14.85 0.48 0.80 0.02 

43 1.16 0.02 11.98 0.50 0.82 0.02 

44 1.23 0.03 9.62 0.21 0.72 0.02 

45 1.00 0.04 8.33 0.37 0.55 0.02 

47 1.03 0.04 13.02 0.44 0.78 0.02 

48 1.02 0.04 12.20 0.55 0.84 0.02 

49 0.95 0.04 11.16 0.48 0.79 0.02 

50 1.01 0.04 13.38 0.50 0.77 0.02 

51 1.09 0.04 13.20 0.54 0.84 0.02 

53 1.09 0.06 10.04 0.44 0.57 0.02 

54 1.19 0.06 7.58 0.41 0.53 0.02 

56 1.22 0.11 6.12 0.81 0.50 0.02 

61 1.11 0.03 10.13 0.39 0.65 0.02 

62 1.08 0.04 11.87 0.38 0.76 0.02 

63 0.90 0.03 11.15 2.20 0.76 0.02 

64 1.04 0.02 13.53 0.39 0.70 0.02 
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Residue 

Number 

950 MHz 

R1 (Hz) R2 (Hz) NOE 

Value Error Value Error Value Error 

65 1.06 0.03 12.21 3.14 0.68 0.02 

66 1.08 0.05 15.33 0.60 0.87 0.02 

67 1.05 0.04 11.83 0.40 0.83 0.02 

68 1.02 0.03 12.61 0.38 0.76 0.02 

69 1.09 0.06 12.11 0.44 0.75 0.02 

70 1.01 0.10 12.96 1.01 0.75 0.02 

71 1.08 0.07 11.49 0.64 0.79 0.02 

72 1.11 0.05 10.47 0.55 0.76 0.02 

73 1.15 0.06 10.87 0.49 0.79 0.02 

74 1.08 0.04 9.95 0.41 0.75 0.02 

75 1.10 0.04 11.59 0.64 0.79 0.02 

77 1.06 0.04 13.06 0.37 0.80 0.02 

80 1.37 0.07 10.45 0.69 0.62 0.02 

82 1.04 0.05 14.23 0.47 0.89 0.02 

88 1.00 0.03 14.67 0.21 0.88 0.02 

89 0.92 0.03 14.51 0.28 0.84 0.02 

90 1.10 0.04 11.56 0.46 0.89 0.02 

91 1.13 0.03 14.83 0.32 0.73 0.02 

92 1.04 0.03 13.76 0.39 0.86 0.02 

94 1.30 0.07 9.18 0.56 0.65 0.02 

95 1.37 0.06 4.41 0.59 0.53 0.02 

97 1.23 0.09 10.64 0.68 0.67 0.02 

98 1.50 0.12 7.51 0.77 0.61 0.02 

99 1.44 0.14 5.57 0.85 0.56 0.02 

101 1.51 0.05 4.83 0.36 0.48 0.02 

104 1.29 0.04 4.23 0.35 0.20 0.02 

105 0.96 0.02 2.38 0.05 -0.47 0.02 
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Table A.15: Nuclear spin relaxation data for TRBP2-dsRBD1 in presence of miR-16-1 duplex 

recorded at 950 MHz 

Residue 

Number 

950 MHz 

R1 (Hz) R2 (Hz) NOE 

Value Error Value Error Value Error 

1 2.65 0.46 3.99 0.56   

2 2.97 0.52 4.50 0.55 -0.02 0.08 

3 2.89 0.50 4.47 0.43 0.26 0.08 

5 2.72 0.45 3.77 0.37 0.30 0.08 

8 3.16 0.59 5.14 0.58 0.29 0.08 

9 3.39 0.59 5.48 0.66 0.18 0.08 

10 3.33 0.54 5.35 0.54 0.30 0.08 

11 3.54 0.66 5.33 0.61 0.36 0.08 

12 3.49 0.63 5.98 0.70 0.33 0.08 

13 2.93 0.48 5.58 0.44 0.30 0.08 

14 3.47 0.62 6.20 0.75 0.40 0.08 

15 3.33 0.59 6.35 0.65 0.42 0.08 

16 2.18 0.27 8.10 0.61 0.61 0.08 

18 2.44 0.51 14.46 2.30 0.63 0.08 

24 1.73 0.35     

25 1.52 0.50     

26 1.86 0.21   0.83 0.08 

28     0.64 0.08 

35 1.85 0.44 11.56 1.40 0.83 0.08 

41 1.16 0.19     

43 1.44 0.30   0.89 0.08 

44 1.47 0.33     

54     0.42 0.08 

69 1.24 0.25     

71 1.51 0.26   0.85 0.08 

72 1.61 0.26 11.51 1.88 0.69 0.08 

74 1.10 0.15   0.54 0.08 

77     0.90 0.08 

94 1.93 0.31   0.67 0.08 

97 1.94 0.37     

98 2.64 0.39 12.54 1.09 0.68 0.08 

99 3.03 0.54   0.70 0.08 

101 2.46 0.35 7.64 0.82 0.38 0.08 

104 2.39 0.41 4.29 0.37 0.23 0.08 

105 1.59 0.27 1.68 0.37 -1.10 0.08 
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Table A.16: Nuclear spin relaxation data for TRBP2-dsRBD1 in presence of miR-16-1-D duplex 

recorded at 950 MHz  

Residue 

Number 

950 MHz 

R1 (Hz) R2 (Hz) NOE 

Value Error Value Value Error Value 

1 2.47 0.39 3.92 0.46 -0.63 0.07 

2 2.74 0.45 4.27 0.47 0.01 0.07 

3 2.72 0.42 4.26 0.38 0.30 0.07 

5 2.61 0.38 3.66 0.29 0.32 0.07 

8 2.89 0.44 4.78 0.49 0.34 0.07 

9 2.96 0.47 5.01 0.45 0.29 0.07 

10 3.16 0.46 5.19 0.51 0.36 0.07 

11 2.97 0.46 5.48 0.53 0.29 0.07 

12 2.93 0.43 5.45 0.44 0.26 0.07 

13 3.02 0.43 5.51 0.42 0.33 0.07 

14 2.98 0.48 6.20 0.54 0.36 0.07 

15 2.98 0.51 6.40 0.52 0.41 0.07 

16 2.37 0.36 9.44 0.65 0.52 0.07 

18 2.13 0.43   0.44 0.07 

24 2.04 0.32     

25 1.87 0.48     

26 2.32 0.37   0.93 0.07 

28 2.45 0.47   0.18 0.07 

35 1.88 0.41   0.91 0.07 

41 2.32 0.45     

43 1.53 0.36     

44 1.15 0.49     

45 1.76 0.41   0.30 0.07 

54 2.63 0.32 5.29 1.47 0.62 0.07 

56 2.04 0.34     

69 1.42 0.23   0.65 0.07 

70 1.44 0.45     

71 1.83 0.41     

72 1.53 0.34 5.71 3.76 0.89 0.07 

73 1.63 0.42   0.34 0.07 

74 2.32 0.54     

77 1.57 0.48     

94     0.70 0.07 

95 2.88 0.45 6.87 0.82 0.24 0.07 

97 1.92 0.41   0.72 0.07 

98 2.83 0.48 15.03 1.30 0.82 0.07 

99 2.76 0.48 12.17 0.79 0.67 0.07 

101 2.85 0.40 6.86 2.64 0.51 0.07 

104 2.28 0.36 4.16 0.22 0.30 0.07 

105 1.50 0.30 1.76 0.24 -1.08 0.07 
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Table A.17: Nuclear spin relaxation data for TRBP2-dsRBD1 in presence of miR-16-1-M duplex 

recorded at 950 MHz  

Residue 

Number 

950 MHz 

R1 (Hz) R2 (Hz) NOE 

Value Error Value Value Error Value 

1 2.60 0.40 2.43 0.49   

2 2.76 0.41 2.79 0.37 -0.04 0.10 

3 2.73 0.43 2.83 0.27 0.29 0.10 

5 2.60 0.40 2.70 0.22 0.33 0.10 

8 3.04 0.47 3.36 0.39 0.36 0.10 

9 3.00 0.48 3.06 0.40 0.35 0.10 

10 3.36 0.53 3.43 0.47 0.46 0.10 

11 3.06 0.49 3.67 0.45 0.36 0.10 

12 3.18 0.53 4.34 0.36 0.41 0.10 

13 3.21 0.50 3.88 0.53 0.49 0.10 

14 3.10 0.48 4.47 0.68 0.18 0.10 

15 3.25 0.46 4.15 0.61 0.40 0.10 

16 2.45 0.39 6.15 0.62 0.46 0.10 

18 2.49 0.44 10.87 1.61 0.75 0.10 

24 2.04 0.26   0.72 0.10 

25 2.30 0.29   0.82 0.10 

26 2.51 0.47 12.68 1.76 0.63 0.10 

28 2.58 0.46   0.65 0.10 

30 2.07 0.32   0.72 0.10 

33 2.19 0.36   0.68 0.10 

35 2.09 0.35 10.87 1.22 0.75 0.10 

39 1.28 0.33     

41 1.84 0.33   0.90 0.10 

42 1.24 0.27     

43 1.87 0.31 15.74 2.86 0.76 0.10 

44 1.94 0.34 11.05 1.87 0.73 0.10 

45 1.63 0.29 11.15 1.42 0.98 0.10 

48 1.23 0.27   0.87 0.10 

49 0.86 0.21     

50 1.85 0.34   0.50 0.10 

53 1.98 0.36     

54 1.98 0.39 8.57 0.64 0.27 0.10 

56 2.59 0.46 11.75 1.63 0.79 0.10 

61 1.77 0.35   0.91 0.10 

63 1.36 0.26   0.83 0.10 

64 1.97 0.31   0.90 0.10 

65 1.82 0.28   0.83 0.10 

68 1.70 0.31   0.38 0.10 

69 1.61 0.29   0.82 0.10 

70 2.28 0.40   0.55 0.10 

71 1.71 0.28 16.65 1.82 0.97 0.10 
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Residue 

Number 

950 MHz 

R1 (Hz) R2 (Hz) NOE 

Value Error Value Value Error Value 

72 1.89 0.33 14.88 2.29 0.91 0.10 

73 2.00 0.29   0.97 0.10 

74 1.71 0.28     

75 2.10 0.35     

77 1.84 0.33     

82     0.61 0.10 

89 1.72 0.35     

94 2.37 0.35   0.79 0.10 

95 1.67 0.26 4.65 0.95   

97 2.25 0.37 12.14 1.95 0.75 0.10 

98 3.19 0.51 9.29 0.71 0.66 0.10 

99 3.01 0.48 7.45 0.75 0.76 0.10 

101 2.86 0.46 5.94 0.47 0.57 0.10 

104 2.34 0.37 3.26 0.22 0.29 0.10 

105 1.54 0.29 1.39 0.34 -1.34 0.10 
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Table A.18: Nuclear spin relaxation data for TRBP2-dsRBD1 in presence of miR-16-1-B duplex 

recorded at 950 MHz  

Residue 

Number 

950 MHz 

R1 (Hz) R2 (Hz) NOE 

Value Error Value Value Error Value 

1 2.38 0.38 4.09 0.38 -0.17 0.06 

2 2.67 0.41 4.43 0.42 -0.01 0.06 

3 2.69 0.41 4.32 0.34 0.33 0.06 

5 2.52 0.35 3.84 0.27 0.30 0.06 

8 2.91 0.45 4.93 0.49 0.33 0.06 

9 2.84 0.46 5.19 0.46 0.27 0.06 

10 3.10 0.45 5.44 0.47 0.37 0.06 

11 2.90 0.45 5.36 0.56 0.32 0.06 

12 2.92 0.46 6.06 0.50 0.34 0.06 

13 3.01 0.46 6.04 0.50 0.40 0.06 

14 3.03 0.48 6.24 0.61 0.38 0.06 

15 2.75 0.44 6.65 0.57 0.36 0.06 

16 2.33 0.34 9.91 0.82 0.62 0.06 

18 2.17 0.41   0.96 0.06 

24 1.72 0.27     

25 2.04 0.64     

26 2.02 0.35   0.50 0.06 

28 1.30 0.39     

35 1.86 0.35 12.54 3.03 0.84 0.06 

41 1.74 0.37     

43 1.63 0.39     

44 1.41 0.27     

45 1.54 0.26   0.34 0.06 

54 2.39 0.35   0.35 0.06 

56 1.88 0.36     

69 1.12 0.32     

71 1.46 0.38   0.60 0.06 

72 1.51 0.31     

73 2.09 0.37     

74 2.31 0.37     

95 2.54 0.28 7.88 1.53   

97 2.11 0.35   0.67 0.06 

98 2.81 0.43 13.57 1.52 0.79 0.06 

99 2.61 0.49 11.37 0.85 0.63 0.06 

101 2.55 0.42 8.37 0.56 0.46 0.06 

104 2.25 0.35 4.32 0.28 0.20 0.06 

105 1.47 0.28 1.75 0.23 -1.22 0.06 
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Table A.19: Nuclear spin relaxation data for TRBP2-dsRBD1 in presence of D10-RNA recorded at 

600 MHz 

Residue 

Number 

600 MHz 

R1 (Hz) R2 (Hz) NOE 

Value Error Value Error Value Error 

2 1.35 0.06 1.74 0.21 -0.65 0.11 

3 1.53 0.04 1.96 0.21 -0.12 0.11 

5 1.56 0.03 2.15 0.20 -0.06 0.11 

8 1.46 0.07 2.13 0.28 -0.08 0.11 

9 1.48 0.07 2.07 0.29 -0.15 0.11 

10 1.49 0.07 2.10 0.25 -0.29 0.11 

11 1.52 0.07 2.48 0.34 -0.14 0.11 

12 1.55 0.08 2.51 0.31 -0.08 0.11 

13 1.52 0.07 2.50 0.29 -0.11 0.11 

16 1.47 0.04 3.70 0.30 0.03 0.11 

18 1.58 0.05 6.17 0.65 0.34 0.11 

24 1.50 0.04 7.40 0.72 0.39 0.11 

25 1.47 0.05 8.82 0.86 0.53 0.11 

26 1.41 0.05 6.88 0.68 0.40 0.11 

28 1.40 0.06 6.23 0.82 0.45 0.11 

30 1.34 0.04 8.76 0.81 0.57 0.11 

33 1.38 0.03 11.04 1.15 0.75 0.11 

34 1.27 0.05 11.15 1.19 0.64 0.11 

36 1.41 0.04 9.87 1.11 0.76 0.11 

39 1.31 0.04 12.81 1.37 0.82 0.11 

41 1.33 0.03 10.56 0.95 0.71 0.11 

42 1.23 0.04 10.79 1.24 0.74 0.11 

43 1.38 0.04 9.54 0.89 0.71 0.11 

44 1.57 0.03 5.11 0.52 0.33 0.11 

48 1.30 0.03 10.67 1.02 0.91 0.11 

49 1.28 0.04 9.28 0.92 0.79 0.11 

50 1.35 0.04 9.94 1.20 0.65 0.11 

51 1.32 0.06 10.80 1.42 0.76 0.11 

53 1.34 0.04 8.53 0.87 0.50 0.11 

54 1.32 0.04 6.02 0.60 0.41 0.11 

56 1.46 0.06 5.14 0.48 0.32 0.11 

61 1.33 0.03 8.15 0.78 0.55 0.11 

62 1.24 0.04 9.92 1.05 0.73 0.11 

63 1.24 0.03 9.89 1.14 0.74 0.11 

64 1.36 0.04 10.04 0.97 0.75 0.11 

65 1.34 0.05 9.64 0.96 1.10 0.11 

66 1.38 0.09 10.52 1.31 0.84 0.11 

67 1.38 0.05 8.98 0.93 0.51 0.11 

68 1.30 0.09 9.93 0.97 0.87 0.11 

69 1.34 0.04 9.82 1.02 0.79 0.11 

70 1.25 0.06 10.16 1.05 0.67 0.11 
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Residue 

Number 

600 MHz 

R1 (Hz) R2 (Hz) NOE 

Value Error Value Error Value Error 

71 1.32 0.05 9.44 0.94 0.66 0.11 

73 1.36 0.04 9.31 1.04 0.71 0.11 

75 1.30 0.04 12.31 1.37 0.72 0.11 

77 1.32 0.02 12.16 1.31 0.84 0.11 

80 1.55 0.05 7.82 0.90 0.65 0.11 

82 1.32 0.07 11.22 1.31 0.73 0.11 

88 1.37 0.07 14.06 1.49 0.50 0.11 

89 1.23 0.03 12.59 1.44 0.60 0.11 

90 1.43 0.06 9.88 1.36 -0.47 0.11 

94 1.56 0.04 7.46 0.76 0.48 0.11 

95 1.60 0.04 2.99 0.34 0.07 0.11 

97 1.52 0.04 9.22 0.99 0.49 0.11 

98 1.63 0.07 6.18 0.60 0.46 0.11 

99 1.58 0.07 5.00 0.52 0.40 0.11 

101 1.60 0.03 4.07 0.41 -0.21 0.11 

104 1.31 0.03 1.96 0.19 -0.67 0.11 

105 0.98 0.01 2.25 0.19 -0.69 0.11 
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Table A.20: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for TRBP2-dsRBD1 in presence of D10-RNA at 600 MHz NMR spectrometer  

Residue 

Number 

R2eff at CPMG frequency (Hz) 

25 50 100 200 350 500 

value error value error value error value error value error value error 

1 9.48 1.04 8.95 0.87 8.82 0.88 9.02 0.82 7.80 0.39 8.35 0.33 

2 8.66 0.20 8.47 0.17 8.19 0.17 8.53 0.16 8.01 0.08 8.24 0.07 

3 7.99 0.18 8.12 0.15 8.17 0.15 8.29 0.14 8.35 0.07 8.75 0.06 

5 7.63 0.16 7.70 0.14 8.13 0.14 7.65 0.13 7.42 0.06 7.86 0.05 

8 12.48 0.28 12.66 0.24 12.52 0.24 12.75 0.23 12.26 0.11 12.19 0.09 

9 12.08 0.34 12.30 0.29 12.87 0.30 13.37 0.28 12.24 0.13 12.70 0.11 

10 10.09 0.28 10.11 0.24 10.36 0.25 10.51 0.23 10.45 0.11 10.30 0.09 

11 14.33 0.44 14.07 0.37 13.86 0.37 14.24 0.35 13.87 0.17 14.15 0.14 

12 13.78 0.39 13.87 0.34 13.53 0.34 13.65 0.31 13.59 0.16 13.65 0.13 

13 14.68 0.51 14.07 0.42 14.02 0.43 14.81 0.41 13.98 0.20 14.41 0.17 

16 12.81 0.65 12.69 0.55 12.94 0.56 13.07 0.53 12.93 0.26 13.44 0.22 

18 24.58 1.29 25.12 1.12 24.86 1.13 24.59 1.03 22.09 0.46 23.09 0.40 

24 26.69 4.02 25.85 3.31 25.23 3.28 25.44 3.06 22.86 1.37 24.11 1.20 

25 26.73 4.29 26.08 3.56 27.04 3.75 27.05 3.48 24.94 1.59 25.75 1.36 

26 24.31 1.88 23.40 1.55 23.29 1.56 23.72 1.47 22.54 0.70 23.56 0.60 

28 28.02 2.45 27.41 2.04 28.33 2.14 26.95 1.88 26.98 0.93 27.86 0.80 

30 32.58 3.04 31.90 2.52 29.79 2.35 31.56 2.34 29.37 1.06 30.62 0.93 

33 36.71 3.86 36.04 3.21 37.22 3.40 37.07 3.14 35.20 1.44 34.47 1.17 

34 31.28 5.32 33.04 4.87 36.26 5.61 34.45 4.84 38.53 2.82 35.10 2.05 

36 34.86 2.63 35.36 2.29 34.65 2.26 35.18 2.14 32.24 0.94 32.80 0.80 

39 37.68 4.88 36.46 3.97 35.99 3.94 37.01 3.81 38.41 2.00 34.33 1.41 

41 30.81 4.46 32.16 4.01 34.45 4.46 29.16 3.35 33.33 1.96 34.97 1.74 

42 24.71 4.33 27.26 4.09 29.42 4.52 30.29 4.34 32.08 2.31 36.61 2.30 

43 32.15 3.10 31.84 2.61 29.97 2.46 30.82 2.36 30.95 1.17 30.50 0.96 

44 21.91 1.18 19.09 0.90 20.11 0.95 18.99 0.84 17.68 0.40 18.42 0.34 

48 37.76 6.17 35.87 4.88 37.09 5.19 38.99 5.19 32.69 2.00 31.98 1.62 

49 31.45 3.33 32.32 2.95 31.23 2.86 32.34 2.77 31.77 1.34 31.21 1.09 

50 38.73 7.79 34.78 5.68 44.21 8.38 37.07 5.84 32.57 2.42 29.70 1.80 

51 40.38 11.42 44.60 11.53 44.70 11.73 49.98 13.43 42.04 4.85 38.21 3.46 

53 29.49 5.78 28.61 4.76 26.84 4.49 26.47 4.10 26.87 2.07 25.48 1.63 

54 22.49 1.04 22.34 0.88 22.55 0.90 21.20 0.79 21.62 0.40 21.57 0.33 

56 21.24 0.70 20.97 0.59 20.42 0.59 20.69 0.55 19.02 0.25 19.83 0.22 

61 27.92 1.82 27.62 1.54 26.73 1.50 28.09 1.47 26.89 0.69 25.97 0.56 

62 32.47 4.75 32.70 4.09 32.73 4.15 33.16 3.91 32.41 1.88 31.43 1.51 

63 40.25 5.53 39.45 4.57 38.03 4.38 40.25 4.44 33.18 1.66 35.23 1.50 

64 32.30 5.66 32.71 4.91 30.11 4.48 33.09 4.68 34.07 2.41 32.02 1.85 

65 38.17 9.57 34.05 6.93 35.79 7.52 32.71 6.17 33.77 3.19 33.89 2.67 

66 24.79 8.18 29.01 8.26 31.63 9.29 28.54 7.62 36.58 5.21 34.19 3.94 

69 33.32 3.25 33.53 2.80 33.88 2.87 34.70 2.75 32.13 1.23 31.94 1.02 

70 38.51 3.63 36.44 2.85 39.20 3.22 36.85 2.72 36.36 1.32 35.10 1.05 

71 29.12 1.96 28.85 1.66 28.99 1.69 28.59 1.54 28.18 0.75 26.95 0.60 
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Residue 

Number 

R2eff at CPMG frequency (Hz) 

25 50 100 200 350 500 

value error value error value error value error value error value error 

73 30.31 2.72 30.36 2.33 31.23 2.44 31.13 2.26 30.86 1.11 30.50 0.91 

75 33.76 4.20 34.74 3.72 33.99 3.66 36.79 3.80 37.80 1.96 34.35 1.42 

77 33.44 3.31 33.51 2.83 35.04 3.04 34.47 2.76 35.34 1.42 34.75 1.15 

82 48.42 11.58 48.54 9.93 48.80 10.16 45.36 8.21 37.33 2.95 36.22 2.35 

88 41.89 14.22 46.04 14.33 40.03 11.41 44.28 12.54 35.21 4.33 34.15 3.45 

89 44.82 4.66 44.77 3.97 43.02 3.75 42.23 3.37 36.92 1.35 40.82 1.31 

94 27.96 1.62 28.12 1.39 26.52 1.32 26.62 1.23 25.21 0.58 25.78 0.49 

95 17.46 2.71 17.18 2.28 16.93 2.29 14.47 1.93 9.48 0.78 9.09 0.64 

97 27.25 2.55 26.39 2.10 27.82 2.26 28.29 2.13 28.63 1.07 25.33 0.78 

98 22.54 1.26 21.06 1.01 21.55 1.05 22.34 1.00 19.53 0.44 20.26 0.38 

99 20.68 0.91 20.49 0.77 20.51 0.78 20.43 0.72 20.44 0.36 20.97 0.30 

101 16.20 1.08 15.83 0.91 15.30 0.90 15.35 0.84 14.93 0.41 15.00 0.34 

104 8.16 0.67 8.59 0.58 8.57 0.59 8.81 0.55 7.14 0.25 7.98 0.22 

105 5.04 0.42 4.57 0.35 5.15 0.37 4.92 0.34 6.32 0.18 4.92 0.14 
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Table A.20: R2eff values measured at different CPMG frequencies from CPMG relaxation dispersion 

experiment for TRBP2-dsRBD1 at 600 MHz NMR spectrometer (Continued) 

Residue 

Number 

R2eff at CPMG frequency (Hz) 

650 800 1000 50 (Repeat) 650 (Repeat) 

value error value error value error value error value error 

1 8.63 0.42 7.67 0.39 8.02 0.41 8.12 0.41 8.30 0.39 

2 8.35 0.08 7.91 0.08 8.02 0.08 8.18 0.08 8.03 0.08 

3 8.77 0.07 8.67 0.07 9.07 0.08 8.44 0.07 8.61 0.07 

5 7.96 0.07 7.81 0.07 7.93 0.07 7.73 0.07 7.73 0.06 

8 12.43 0.12 11.87 0.11 11.80 0.11 12.06 0.11 11.95 0.11 

9 13.03 0.14 12.93 0.14 13.29 0.15 12.20 0.14 12.65 0.14 

10 10.61 0.12 10.45 0.12 10.63 0.12 10.26 0.12 10.59 0.11 

11 14.27 0.18 14.10 0.18 13.92 0.18 14.31 0.18 13.63 0.17 

12 13.83 0.16 13.59 0.16 13.22 0.16 13.82 0.16 13.13 0.15 

13 14.41 0.21 14.02 0.20 14.53 0.21 13.52 0.20 14.11 0.20 

16 13.51 0.28 13.35 0.27 13.38 0.28 13.14 0.27 12.79 0.25 

18 22.33 0.49 22.12 0.47 22.41 0.49 22.36 0.48 22.26 0.46 

24 24.58 1.53 24.06 1.47 25.37 1.58 24.62 1.52 24.46 1.44 

25 26.44 1.76 26.06 1.69 24.94 1.66 27.90 1.85 24.18 1.52 

26 22.66 0.73 23.11 0.73 22.73 0.73 22.83 0.73 22.12 0.68 

28 27.03 0.98 28.12 1.00 27.93 1.01 29.12 1.05 26.80 0.92 

30 29.53 1.12 30.07 1.12 30.16 1.15 30.56 1.15 29.45 1.05 

33 35.32 1.51 34.16 1.41 34.57 1.47 34.25 1.44 35.35 1.44 

34 35.19 2.58 36.73 2.69 35.38 2.60 41.38 3.28 38.18 2.76 

36 32.90 1.01 33.34 1.01 32.55 1.00 33.70 1.03 32.95 0.96 

39 33.96 1.74 34.20 1.72 35.03 1.82 35.57 1.85 33.58 1.63 

41 35.09 2.19 34.37 2.09 34.95 2.18 37.07 2.36 33.44 1.95 

42 31.26 2.33 32.18 2.37 31.58 2.37 33.95 2.58 30.65 2.16 

43 30.77 1.22 33.18 1.31 32.85 1.32 31.52 1.24 30.87 1.16 

44 18.81 0.43 17.89 0.41 17.79 0.42 18.98 0.43 17.49 0.39 

48 31.01 1.95 30.43 1.87 30.79 1.94 33.49 2.14 30.15 1.79 

49 32.30 1.43 33.06 1.44 32.40 1.44 34.22 1.53 32.03 1.34 

50 29.92 2.27 28.75 2.12 29.49 2.24 33.07 2.56 32.08 2.35 

51 35.67 3.92 33.19 3.48 33.60 3.61 35.28 3.83 32.49 3.27 

53 24.37 1.95 23.31 1.83 23.96 1.92 26.08 2.07 26.11 1.98 

54 21.70 0.42 22.55 0.42 21.72 0.42 22.64 0.43 21.76 0.40 

56 19.44 0.27 18.84 0.26 19.28 0.27 19.42 0.27 18.37 0.25 

61 27.12 0.73 26.19 0.69 26.70 0.72 26.15 0.70 26.95 0.69 

62 32.48 1.97 33.73 2.03 34.54 2.14 35.04 2.17 31.29 1.78 

63 33.58 1.76 31.72 1.60 34.74 1.84 33.02 1.71 34.02 1.70 

64 30.46 2.18 33.47 2.41 35.37 2.66 32.97 2.39 34.60 2.44 

65 32.36 3.14 33.35 3.20 34.90 3.49 35.01 3.47 35.60 3.39 

66 34.49 4.99 37.74 5.57 34.46 5.00 39.32 6.02 35.74 4.98 

69 33.25 1.34 31.44 1.22 32.33 1.30 33.10 1.33 33.07 1.27 

70 34.66 1.29 36.32 1.35 35.22 1.32 37.53 1.44 34.79 1.23 

71 27.38 0.76 27.48 0.75 27.05 0.75 29.59 0.82 27.72 0.73 
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Residue 

Number 

R2eff at CPMG frequency (Hz) 

650 800 1000 50 (Repeat) 650 (Repeat) 

value error value error value error value error value error 

73 31.50 1.18 31.34 1.15 31.72 1.20 33.10 1.25 31.57 1.13 

75 33.43 1.72 32.79 1.64 35.16 1.84 34.33 1.77 34.03 1.67 

77 34.45 1.43 33.05 1.32 33.49 1.37 33.54 1.37 32.78 1.27 

82 36.40 2.97 33.50 2.59 33.88 2.69 36.14 2.92 37.64 2.96 

88 33.49 4.21 36.10 4.58 34.94 4.47 38.94 5.20 34.58 4.17 

89 39.01 1.53 38.86 1.49 39.51 1.56 39.14 1.53 36.29 1.30 

94 26.20 0.62 26.27 0.61 25.19 0.60 26.30 0.62 25.25 0.57 

95 10.51 0.85 10.09 0.82 10.80 0.86 11.52 0.88 10.16 0.79 

97 27.49 1.07 27.17 1.03 25.96 1.01 26.93 1.04 26.58 0.98 

98 21.02 0.49 20.50 0.47 20.63 0.48 19.86 0.47 20.17 0.45 

99 21.11 0.38 21.13 0.38 20.54 0.38 20.78 0.38 20.88 0.36 

101 15.01 0.43 15.31 0.42 15.46 0.44 15.38 0.43 14.77 0.40 

104 7.36 0.27 7.46 0.26 7.71 0.27 7.24 0.26 7.32 0.25 

105 5.26 0.18 5.17 0.17 5.53 0.18 4.64 0.17 4.79 0.16 
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Table A.21: R1ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

TRBP2-dsRBD1 in presence of D10-RNA at 600 MHz NMR spectrometer 

Residue 

Number 

R1ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

1 2.08 0.28 1.80 0.46 1.16 0.16 1.69 0.05 1.84 0.24 

2 1.64 0.06 1.88 0.09 1.40 0.09 2.13 0.12 1.97 0.10 

3 1.78 0.07 1.96 0.07 1.56 0.11 2.45 0.08 2.12 0.10 

5 1.93 0.10 2.13 0.02 1.75 0.07 2.35 0.04 2.15 0.13 

8 1.72 0.08 2.22 0.14 1.76 0.09 2.64 0.21 2.50 0.18 

9 2.00 0.02 2.21 0.11 1.84 0.05 2.40 0.02 2.31 0.17 

10 2.18 0.03 2.15 0.09 1.75 0.07 2.45 0.10 2.36 0.05 

11 1.97 0.09 2.38 0.18 1.92 0.30 2.90 0.06 2.88 0.08 

12 2.04 0.15 2.37 0.06 1.88 0.17 2.93 0.15 2.60 0.28 

13 1.96 0.09 2.34 0.09 1.90 0.11 2.89 0.20 2.77 0.32 

16 1.64 0.04 2.51 0.21 2.35 0.04 3.37 0.12 3.28 0.03 

18 2.35 0.13 3.89 0.38 3.94 0.24 4.58 0.04 4.82 0.19 

24 2.62 0.20 3.01 0.42 4.43 0.18 5.39 0.68 5.96 0.80 

25 3.39 0.48 4.15 0.06 4.68 0.59 5.30 0.92 5.70 1.07 

26 2.74 0.37 3.42 0.21 3.88 0.30 4.54 0.18 4.72 0.24 

28 2.88 0.20 3.79 0.17 4.56 0.24 5.49 0.17 5.36 0.45 

30 2.16 0.29 4.30 0.37 4.80 0.56 6.05 0.04 5.65 0.24 

33 2.49 0.11 4.77 0.39 5.50 0.44 6.31 0.65 7.04 0.29 

34 3.03 0.13 3.89 0.63 5.87 0.12 7.59 0.58 7.73 0.38 

36 2.79 0.16 4.71 0.20 5.76 0.17 5.86 0.54 6.06 0.28 

39 3.16 0.25 4.98 0.30 6.09 0.11 6.93 0.55 7.24 0.49 

41 2.64 0.42 5.80 0.33 5.40 0.63 5.95 0.40 6.70 1.10 

42 2.41 0.68 4.71 1.18 6.31 0.70 7.32 0.73 6.69 0.72 

43 2.65 0.41 4.65 0.17 5.52 0.16 7.25 0.25 7.04 0.26 

44 2.56 0.12 3.56 0.17 3.78 0.19 4.78 0.11 3.94 0.42 

47 5.04 1.58 4.08 1.03 6.27 0.74 6.77 0.51 5.43 2.25 

48 3.04 0.71 4.38 0.05 5.08 0.07 5.64 0.17 5.93 0.34 

49 2.31 0.16 3.57 0.21 4.56 0.40 6.50 0.37 6.82 0.46 

50 2.82 0.45 4.21 1.25 4.78 0.60 5.52 0.85 7.71 0.51 

51 3.89 0.30 3.31 0.44 5.96 0.43 6.68 0.31 8.49 0.26 

53 2.43 0.44 3.11 0.56 4.94 1.19 5.48 0.03 4.83 0.40 

54 2.33 0.20 3.30 0.11 3.71 0.10 4.66 0.07 4.60 0.43 

56 1.79 0.17 2.93 0.06 2.94 0.20 4.23 0.12 3.80 0.41 

61 2.56 0.20 3.93 0.23 4.42 0.05 5.45 0.12 5.40 0.24 

62 3.08 0.37 4.87 0.23 4.94 0.27 6.70 0.08 7.20 0.16 

63 3.09 0.21 4.65 0.22 5.01 0.76 6.48 0.40 6.76 0.27 

64 2.55 0.46 5.04 0.45 6.52 0.29 6.41 0.97 5.98 0.14 

65 2.77 0.85 3.18 0.63 5.32 1.07 8.17 0.58 6.19 0.88 

66 3.83 0.70 4.66 0.38 3.86 0.20 7.69 0.86 5.84 2.02 

67 2.01 0.76 4.36 0.46 6.26 0.20 6.66 0.62 6.78 0.81 

68 3.30 0.65 4.14 0.54 6.47 0.09 5.61 0.91 5.62 0.52 
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Residue 

Number 

R1ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

69 2.94 0.45 3.55 0.08 5.27 0.50 5.46 0.21 6.69 0.15 

70 2.85 0.18 5.17 0.40 5.56 0.30 6.50 0.39 7.07 0.26 

71 2.93 0.25 4.60 0.27 5.03 0.25 6.30 0.18 6.40 0.32 

73 2.47 0.15 4.81 0.05 5.18 0.56 6.51 0.52 6.31 0.23 

75 3.58 0.30 5.20 0.26 5.48 0.07 6.76 0.40 6.63 0.23 

77 2.71 0.33 4.73 0.35 5.78 0.24 6.51 0.32 6.93 0.59 

80 3.52 1.01 3.64 0.40 4.49 0.75 6.32 0.65 6.08 0.09 

82 3.50 0.61 5.15 0.29 6.82 0.56 6.65 1.01 6.76 0.88 

88 2.70 0.69 5.85 0.74 6.28 0.69 6.41 0.46 7.36 0.52 

89 3.19 1.12 4.74 0.41 6.71 0.58 6.99 0.85 7.93 0.15 

90 5.40 0.94 4.89 0.89 7.24 0.86 5.92 0.40 5.75 0.22 

94 2.84 0.08 4.15 0.23 4.34 0.27 4.98 0.39 5.10 0.08 

95 2.05 1.18 2.72 0.73 1.79 0.57 1.96 0.70 3.50 0.54 

97 2.33 0.30 4.09 0.14 4.63 0.34 5.41 0.33 5.90 0.23 

98 2.38 0.07 3.22 0.03 3.60 0.17 4.24 0.23 3.88 0.19 

99 2.37 0.19 3.24 0.24 3.15 0.15 4.49 0.16 4.40 0.22 

101 2.24 0.05 2.89 0.20 2.60 0.13 3.78 0.40 3.73 0.54 

104 1.86 0.20 2.16 0.28 1.40 0.16 2.25 0.14 2.12 0.05 

105 1.13 0.14 1.45 0.08 0.87 0.16 1.50 0.06 1.22 0.14 
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Table A.22: R2ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for 

TRBP2-dsRBD1 in presence of D10-RNA at 600 MHz NMR spectrometer 

Residue 

Number 

R2ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

1 2.17 0.41 1.27 0.18 1.90 0.12 2.48 0.19 2.10 0.22 

2 2.94 0.03 2.01 0.08 2.02 0.23 2.44 0.10 2.26 0.21 

3 3.05 0.08 2.31 0.08 2.09 0.37 2.73 0.10 2.41 0.07 

5 3.16 0.07 2.43 0.04 2.26 0.23 2.87 0.24 2.64 0.16 

8 3.82 0.26 2.58 0.20 3.34 0.02 3.33 0.11 3.35 0.13 

9 3.81 0.16 2.58 0.12 2.81 0.19 3.17 0.15 3.07 0.10 

10 3.76 0.24 2.36 0.06 2.58 0.38 3.02 0.22 2.86 0.10 

11 3.73 0.38 3.76 0.17 1.74 0.99 3.66 0.65 2.86 0.18 

12 4.29 0.32 3.28 0.17 2.73 0.50 3.33 0.34 3.12 0.25 

13 4.24 0.15 3.44 0.02 3.11 0.20 3.45 0.34 2.77 0.24 

16 5.19 0.15 4.34 0.13 4.18 0.34 4.47 0.49 3.77 0.38 

18 8.06 0.03 7.89 0.15 6.58 0.33 7.08 0.04 6.61 0.06 

24 9.38 0.78 8.18 0.42 8.73 0.98 7.57 0.82 7.21 0.54 

25 10.64 0.26 8.49 0.46 7.87 1.15 9.58 0.50 8.44 0.63 

26 8.84 0.60 7.54 0.17 7.72 0.21 7.03 0.23 7.14 0.10 

28 8.78 0.94 8.73 0.26 7.83 0.58 8.88 0.69 7.96 0.86 

30 10.86 0.25 9.00 0.22 8.76 0.31 9.57 0.57 8.71 0.48 

33 13.78 0.30 11.36 0.64 11.20 0.63 11.66 0.26 9.91 0.30 

34 15.88 1.52 14.16 1.34 10.65 0.38 10.77 1.26 8.46 0.55 

36 11.85 0.44 11.29 0.47 10.70 0.23 10.18 0.23 9.74 0.09 

39 13.70 0.85 12.46 0.28 11.34 0.22 11.43 0.66 11.16 0.45 

41 12.62 0.48 11.15 0.87 9.09 0.57 11.44 0.57 10.62 0.77 

42 12.34 1.40 11.51 0.84 10.69 0.76 9.96 0.66 11.52 0.37 

43 11.75 0.66 11.17 0.11 10.45 0.55 10.69 0.43 9.51 0.15 

44 7.88 0.40 6.32 0.47 6.76 0.25 6.42 0.42 6.16 0.91 

47 14.95 2.05 13.85 1.20 12.35 1.21 8.97 1.48 10.02 1.17 

48 12.41 1.15 11.09 0.26 11.36 0.16 9.40 0.72 10.13 0.26 

49 12.01 0.29 10.90 0.47 9.91 0.79 10.35 0.48 9.12 0.11 

50 12.30 1.11 11.18 0.94 10.17 1.13 10.52 0.93 9.11 0.47 

51 16.26 1.29 13.92 0.73 10.79 0.20 12.11 0.77 8.95 1.08 

53 9.30 0.32 9.68 0.58 7.46 0.42 6.70 0.38 9.25 0.41 

54 8.53 0.24 7.18 0.19 6.91 0.07 7.05 0.22 6.58 0.23 

56 7.67 0.13 5.75 0.22 5.17 0.34 6.11 0.18 5.77 0.30 

61 10.40 0.36 8.66 0.43 8.36 0.16 8.63 0.23 8.09 0.10 

62 13.37 0.61 11.33 0.26 10.48 0.36 10.55 0.97 9.49 0.79 

63 12.38 0.53 11.06 0.20 9.44 0.39 10.22 0.25 10.36 0.39 

64 11.72 0.40 11.08 0.22 10.79 1.13 11.48 0.84 9.68 0.41 

65 16.49 1.96 11.63 0.63 9.92 1.50 11.80 1.49 9.72 0.34 

66 12.45 1.59 10.64 0.59 11.98 0.98 9.68 2.79 11.20 1.87 

67 12.64 0.96 11.52 0.85 10.91 0.85 11.83 0.64 9.34 0.65 

68 9.23 0.99 11.69 0.95 9.25 1.29 9.22 0.80 9.71 0.82 
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Residue 

Number 

R2ρ (Hz) 

HS1 HS2 HS4 HS6 HS8 

value error value error value error value error value error 

69 12.93 0.12 10.74 0.36 10.15 0.27 9.86 0.38 9.63 0.56 

70 12.90 0.33 11.48 0.20 11.44 0.50 11.39 0.18 10.51 0.54 

71 12.02 0.45 10.95 0.24 9.37 0.11 9.80 0.45 9.22 0.34 

73 13.05 0.46 10.55 0.56 10.12 0.80 10.07 0.37 9.09 0.33 

75 14.23 1.22 11.02 0.43 10.35 0.75 11.32 0.38 10.98 0.43 

77 13.31 0.43 12.21 0.49 11.22 0.70 11.13 0.15 10.66 0.53 

80 10.32 0.79 8.50 0.65 8.33 0.30 9.35 0.76 6.63 1.29 

82 11.98 1.70 13.34 1.12 12.75 0.91 11.36 0.37 11.89 0.50 

88 12.34 0.49 13.86 1.11 12.91 0.43 12.46 0.83 13.02 0.68 

89 13.85 0.47 11.85 0.77 12.45 2.26 13.73 2.21 13.10 2.32 

90 15.22 1.12 13.42 0.37 12.54 0.83 11.81 0.60 10.20 1.23 

94 9.42 0.16 7.85 0.19 8.15 0.26 7.46 0.32 7.38 0.21 

95 4.45 1.20 4.37 0.64 4.66 1.26 3.16 0.77 3.01 0.68 

97 9.88 0.59 9.53 0.55 8.04 0.52 8.48 0.25 8.32 0.83 

98 7.02 0.06 5.95 0.15 5.54 0.19 6.45 0.13 5.90 0.40 

99 6.67 0.16 5.91 0.19 5.27 0.20 5.91 0.35 5.71 0.17 

101 5.65 0.71 4.54 0.05 4.68 0.38 4.88 0.22 4.62 0.34 

104 3.01 0.21 1.87 0.17 2.29 0.04 2.86 0.07 2.77 0.13 

105 1.59 0.07 1.44 0.05 1.52 0.02 1.84 0.16 1.75 0.04 
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Table A.23: Dynamics parameters extracted from HARD experimental data from geoHARD method 

for TRBP2-dsRBD1 in presence of D10-RNA 

Residue 

Number 

kex (s
-1) Δω (Hz) pA 

value error value error value error 

1 696 1 154 297 96.5 2.2 

2 13272 32 324 335 78.1 17.1 

3 17151 37 400 250 90.6 11.6 

5 62073 7 254 190 79.0 15.8 

8 219 0 295 345 99.4 0.7 

9 21456 46 434 252 88.0 14.0 

10 9081 25 456 222 92.1 10.4 

11 766 0 16 22 98.0 1.9 

12 45246 4 220 104 84.1 13.5 

13 49240 2 261 216 83.7 9.5 

16 4087 1 38 21 82.4 9.5 

18 216 0 327 357 97.6 3.1 

24 206 0 49 20 86.9 6.9 

25 644 2 635 228 99.5 0.6 

26 193 0 861 270 99.4 0.3 

28 4663 12 643 369 92.3 13.7 

30 188 0 426 305 99.3 0.3 

33 296 0 186 27 98.5 0.9 

34 52751 5 425 140 85.4 10.4 

36 4967 14 930 298 96.0 7.1 

39 48007 5 365 161 78.6 11.4 

41 12318 37 540 169 90.2 11.1 

42 134 0 809 124 99.0 0.1 

43 159 0 265 382 87.8 12.7 

44 56141 26 414 320 81.5 12.9 

47 93377 5 452 160 73.7 13.1 

48 234 0 743 351 99.1 0.4 

49 487 0 37 9 78.5 10.2 

50 320 0 46 21 87.3 9.6 

51 39961 2 705 372 91.0 10.2 

53 9933 25 591 391 90.2 13.4 

54 1365 3 414 320 98.6 2.1 

56 7420 1 83 66 82.5 14.8 

61 165 0 771 105 99.2 0.3 

62 54050 2 504 264 84.8 11.3 

63 15556 37 641 266 89.4 12.6 

64 169 0 858 266 99.2 0.2 

65 7322 1 72 10 74.2 10.9 

66 1021 2 1113 227 98.4 1.1 

67 944 0 35 5 79.4 7.2 

68 130 0 253 362 83.7 16.4 

69 6846 1 72 19 77.7 9.5 
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Residue 

Number 

kex (s
-1) Δω (Hz) pA 

value error value error value error 

70 154 0 757 379 99.3 0.2 

71 60339 6 352 102 79.1 10.7 

73 4772 1 48 13 78.6 12.4 

75 137 0 783 164 99.2 0.2 

77 228 0 423 272 98.9 0.6 

80 241 0 235 297 99.0 0.8 

82 157 0 799 241 99.3 0.2 

88 105 0 604 15 98.7 0.1 

89 207 0 769 280 99.6 0.2 

90 34739 2 726 373 90.4 11.2 

94 70987 3 297 67 68.5 12.1 

95 681 1 134 294 85.2 14.5 

97 381 0 183 274 94.5 7.3 

98 207 0 792 225 99.7 0.2 

99 206 0 121 112 97.7 2.3 

101 2871 9 506 284 97.9 4.3 

104 450 1 229 294 85.0 15.8 

105 192 0 214 243 99.6 0.3 
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Supporting Figure 

 

Figure A.1:  Residue wise plot of local correlation time (τM) for (A) TRBP2-dsRBD1 and (B) 

dADAR-dsRBD1. 
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Figure A.2: 1H-NMR spectra of the imine-region of the annealed RNAs indicating the formation of 

RNA duplexes.



Page | 200  

 

 

Figure A.3: 1H-15N-HSQC spectrum of TRBP2-dsRBD1 in presence of 0.5 equivalents of D10-RNA. 
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