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Abstract 

A complete understanding of the structure-function relationship of proteins 

requires an analysis of their dynamic behaviors and the static structure. However, all 

current approaches to studying dynamics in proteins have their shortcomings. A 

conceptually attractive and alternative approach simultaneously characterizes a 

protein's structure and its intrinsic dynamics⁠⁠. Ideally, such an approach could solely 

rely on RDC data-carrying both structural and dynamical information. The major 

bottleneck in utilizing RDC data in recent years has been attributed to a lack of RDC 

analysis tools capable of extracting the pertinent information embedded within this 

complex data source.  

Here we present a comprehensive strategy for structure calculation and 

reconstruction of discrete state dynamics from RDC data based on the SVD method of 

order tensor estimation. In addition to structure determination, we provide a 

mechanism of producing an ensemble of conformations for the dynamical regions of a 

protein from RDC data. The developed methodology has been tested on simulated 

RDC data with ±1Hz of error from an 83 residue α protein (PDB ID 1A1Z). In nearly 

all instances, our method reproduced the protein structure, including the 

conformational ensemble, within less than 2Å. Based on our investigations, arc 

motions with more than 30° of rotation are recognized as internal dynamics and are 

reconstructed with sufficient accuracy.  Furthermore, states with relative occupancies 

above 20% are consistently recognized and reconstructed successfully. Arc motions 

with a magnitude of 15° or relative occupancy of less than 10% are consistently     
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unrecognizable as dynamical regions within the context of ±1Hz of error.  

 We also introduce a computational approach named REDCRAFT that allows 

for uncompromised and concurrent characterization of protein structure and 

dynamics. We have subjected DHFR (PDB-ID 1RX2), a 159-residue protein, to a 

fictitious but plausible, mixed-mode internal dynamics model. In this simulation, 

DHFR was segmented into seven regions. The two dynamical and rigid-body 

segments experienced an average orientational modification of 7˚ and 12˚, 

respectively. Observable RDC data for backbone C'-N, N-H, and C'-H were generated 

from 102 frames that described the molecular trajectory. The Dynamic Profile 

generated by REDCRAFT allowed for the recovery of individual fragments with bb-

rmsd of less than 1Å and the identification of different dynamical regions of the 

protein. Following the recovery of fragments, structural assembly correctly assembled 

the four rigid fragments with respect to each other, categorized the two domains that 

underwent rigid-body dynamics, and identified one dynamical region for which no 

conserved structure can be defined. In conclusion, our approach successfully 

identified dynamical domains, recovery of structure where it is meaningful, and 

relative assembly of the domains when possible. 



 

vi 

Table of Contents 

Acknowledgments........................................................................................................ iii 

Abstract ........................................................................................................................ iv 

List of Tables ............................................................................................................. viii 

List of Figures ................................................................................................................x 

Chapter 1 Proteins ..........................................................................................................1 

1.1 Protein Structure-Function Relationships .......................................................1 

1.2 Protein Structure Hierarchy ............................................................................1 

Chapter 2 Structure Determination and Dynamics .....................................................8 

2.1 Structure Calculation Methods .......................................................................8 

2.2 The Study of Protein Dynamics ....................................................................12 

Chapter 3 Residual Dipolar Couplings .....................................................................17 

3.1 RDC Foundations..........................................................................................17 

3.2 Saupe Order Tensor Matrix Formulation ......................................................18 

3.3 Information Content of Saupe Order Tensor Matrix ....................................19 

3.4 RDC Degeneracies ........................................................................................19 

3.5 RDC Alignment ............................................................................................20 

3.6 Practical Aspects of RDC Acquisition in Proteins .......................................20 

3.7 Applications of RDC.....................................................................................22 

Chapter 4 Simultaneous Characterization of Structure and Dynamics ....................26 

4.1 Declaration of Terms ....................................................................................26 

4.2 Theoretical Treatment of Dynamics .............................................................31 

4.3 Materials and Methods ..................................................................................36 

4.4 Testing and Validation ..................................................................................40 

Chapter 5 Evaluation of Molecular Dynamic Simulation Approach to 

Study Protein Dynamics with RDC Constraints ...............................................47 

5.1 Framework ....................................................................................................47 



 

vii 

5.2 Methods and Material ...................................................................................48 

5.3 Testing and Validation ..................................................................................50 

5.4 Results and Discussion .................................................................................51 

5.5 Conclusions ...................................................................................................53 

Chapter 6 Results of the Simultaneous Characterization of Structure 

and Dynamics Approach ...................................................................................58 

6.1 Discovery of Onset of Dynamics and Structural Modes of 

Dynamic by Dynamic-Profile from REDCRAFT ...................................58 

6.2 2-State Rigid Body Dynamics ......................................................................59 

6.3 3-State Rigid Body Dynamics ......................................................................62 

6.4 Extended-State Rigid-Body Dynamics .........................................................62 

6.5 Modeling of 2-State Dynamics as 3-State Dynamics or a 3-

State as 2-State .........................................................................................63 

6.6 Limitations in Recovery of Discrete State Dynamics ...................................65 

Chapter 7 Concurrent Identification and Characterization of Protein 

Structure and Continuous Internal Dynamics with REDCRAFT .....................73 

7.1 Abstract .........................................................................................................74 

7.2 Introduction ...................................................................................................75 

7.3 Theoretical Background ................................................................................77 

7.4 Materials and Methods ..................................................................................80 

7.5 Results and Discussion .................................................................................89 

7.6 Conclusions ...................................................................................................96 

Future Work ...............................................................................................................104 

References ..................................................................................................................107 

Appendix A Supplementary Material ........................................................................131 

Appendix B Information on Chapter 7 ......................................................................134 

Appendix C Permission to Reprint ............................................................................136 

 

 



 

viii 

List of Tables 

Table 4.1 : Modes of Dynamics ................................................................................... 42 

Table 4.2: Order parameters used for the simulated 2-state arc 

motion. ......................................................................................................................... 42 

Table 4.3: Order parameters used for the complex 2-state model of 

dynamics. .............................................................................................................. 42 

Table 4.4: Order parameters used for the complex 3-state, 4-state 

model of dynamics. .............................................................................................. 42 

Table 4.5: Order parameters used for the 5-state, and 6-state model 

of dynamics. ......................................................................................................... 42 

Table 5.1: BB-rmsd for MD run Trajectory with both cases of using 

RDC restraint alone or with the addition of dihedral restraint ............................. 55 

Table 5.2: Order Tensor analysis of 1002 frames in trajectory of 

MD run with RDC restraints ................................................................................ 55 

Table 5.3: Order Tensor analysis of 1002 frames in trajectory of 

MD run with dihedral and RDC restraints ........................................................... 56 

Table 6.1: Results for 60º arc motion. ......................................................................... 66 

Table 6.2: Results for 30° arc motion .......................................................................... 67 

Table 6.3:  Results for 15º arc motion. ........................................................................ 68 

Table 6.4: Results for 2-state complex dynamics experiments. ................................... 69 

Table 6.5: Results for 3-state dynamics experiments. ................................................. 70 

Table 6.6: Results for modeling of a 3-state dynamic as a 2-state. ............................. 70 

Table 6.7: Results for simulating 2-state dynamics in our 3-state 

dynamic equation. ................................................................................................ 70 

Table 7.1: Order tensors used for RDC simulations. ................................................... 98 

Table 7.2: The BBRMSD of the different fragments generated 

through the complete run of REDCRAFT from residue 1 until 

residue159 of DHFR. ........................................................................................... 98 



 

ix 

Table 7.3: The BBRMSD of the different fragments generated 

through the fragmented run of REDCRAFT. ....................................................... 98 

Table 7.4: Results of progressive fragment assembly as 

investigation all inversion degeneracies. The reported scores 

are Q-Factors determined by REDCAT. .............................................................. 99 

Table A.1: The structure computed by REDCRAFT using standard 

Ramachandron restraints. As expected, the structure is locally 

and globally compromised due to the influence of dynamics on 

RDC data. ........................................................................................................... 131 

 



 

x 

List of Figures 

Figure 1.1: This peptide plane shows all six atoms that contributes 

to it in yellow color as well as the double bond between C and 

O atoms. Also, all three torsion angles are labeled. ............................................... 6 

Figure 1.2: DHFR protein with all secondary structure present; the 

helix structure is colored red, the β-strand/sheet are in blue, and 

the coils are in green. .............................................................................................. 6 

Figure 1.3: Ramachandran plot with all the allowed phi/psi 

combination in colored regions; the blue colored region 

represent β-sheets combination while the green areas represent 

the helical ones. ...................................................................................................... 7 

Figure 2.1: Hierarchy of the study of Protein and Function ........................................ 16 

Figure 4.1: Example of a typical dynamic-profile for the protein 

1A1Z in the absence of internal dynamics with simulated ±1Hz 

of uniformly distributed noise. ............................................................................. 43 

Figure 4.2: Example of a dynamic-profile of Rigid-body dynamics ........................... 43 

Figure 4.3: Example of a dynamic-profile of uncorrelated dynamics ......................... 44 

Figure 4.4: Theoretical treatment flowchart ................................................................ 45 

Figure 4.5: 2-state arc motion of the protein 1A1Z by 60º 

perturbation of the ψ71 dihedral at residue 71 ..................................................... 46 

Figure 4.6: 2-state complex motion created by altering the dihedral 

angles of the protein 1A1Z at residue 58. ............................................................ 46 

Figure 4.7: 3-state complex model of dynamics with blue 

representing the static domain and the dynamic domain shown 

in red, green and orange correspond to the conformational 

states 1, 2 and 3 respectively ................................................................................ 46 

Figure 5.1: Flowchart of the MD simulation evaluation phases. ................................. 57

file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471371
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471371
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471371
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471372
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471372
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471372
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471373
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471373
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471373
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471373
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471374
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471382


 

xi 

Figure 6.1: An example of the dynamic profile for a 2-state model 

of dynamics. The blue line represents the RDC-RMSD score 

from REDCRAFT in forward configuration and the red line 

denotes REDCRAFT in reverse configuration. In this particular 

model of dynamics the phi angle of the 71st residue of the 

protein was rotated 60 degrees. The dynamic profile indicates 

an anomaly around that same area. ...................................................................... 71 

Figure 6.2: An example of the dynamic profile for a 3-state model 

of dynamics. The blue line represents the RDC-RMSD score 

from REDCRAFT in forward configuration and the red line 

denotes REDCRAFT in reverse configuration. In this particular 

model of dynamics the 58th was mutated to simulate dynamics. 

The dynamic profile indicates an anomaly around that same 

area. ...................................................................................................................... 71 

Figure 6.3: The resulting conformations from forced modeling of a 

2-state dynamic as a 3-state are shown here. Fragments shown 

in red and green correspond to the two actual conformational 

states while yellow depicting the phantom irrelevant 

conformation with 1% relative occupancy. .......................................................... 72 

Figure 7.1: The regions of DHFR that were subjected to MD 

simulation. ............................................................................................................ 99 

Figure 7.2: Structure of DHFR (PDB-ID 1RX2) that was used in 

this study with color annotation based on the simulated 

dynamics. The blue sections correspond to the fixed region 

while the green sections correspond to the rigid-body 

dynamics. The section illustrated in red section was subjected 

to no constraints and was subject to free motion (uncorrelated 

movement). ........................................................................................................... 99 

Figure 7.3: The number of dihedral angles returned by PDBMine 

using a window size of 7 for the DHFR protein (PDB-ID 

1RX2). ................................................................................................................ 100 

Figure 7.4: Dihedral angles produced by PDBMine using a window 

size of 7 for residues (A) G14 and (B) G85 of DHFR protein. .......................... 100 

Figure 7.5 Descriptive statistics describing (A) the angular 

departure from the initial state (Frame0) for both Rigid-Body 

domains, and (B) the distribution of angular departure to assess 

the amount of time spent in each state. .............................................................. 101 

Figure 7.6: Dynamic profile of REDCRAFT for DHFR from 

residue 1 to 159. Hinge regions from the implemented MD 

simulation and marked in red to illustrate the correlation 

between the anomalous increases in DP and the transition 

between fragments with different internal dynamics. ........................................ 101 



 

xii 

Figure 7.7: Superposition of the structure of 1RX2 (red) over the 

structure determined by REDCRAFT (blue). The two 

structures exhibit 21Å of bb-rmsd. ..................................................................... 102 

Figure 7.8: The combined dynamic profile for all REDCRAFT runs. 

The blue segments represent the dynamic profile of the fixed 

regions in DHFR, the green segments represent the dynamic 

profile for the rigid body dynamic parts of DHFR, different 

runs for the uncorrelated dynamics fragment are represented in 

orange, cyan, purple and pink. Last, the red points indicate the 

start of increase in scores in the specific dynamic profile for 

that run. ............................................................................................................... 102 

Figure 7.9: Superposition of the calculated fragments by 

REDCRAFT (blue) and the X-ray structure of DHFR (green). ......................... 103 

Figure A.1: Typical DP in structure with no dynamics (generated 

from structure). ................................................................................................... 132 

Figure A.2: DP of PDB ID 1A1Z with a simulated 2 state motion 

starting at residue 58 (shown in red). A uniformly distribute 

noise of ±1Hz was added to all RDC data. ......................................................... 132 

Figure A.3: Structure of DHFR determined by REDCRAFT (shown 

in blue) using typical Ramachandron dihedral restraints 

superposed on the actual X-ray structure (shown in red) with 

more than 35Å of bb-rmsd. ................................................................................ 133 

 

 

 

file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471395
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471395
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471396
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471396
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471396
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471397
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471397
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471397
file:///D:/PhdData/Dissertation/Dissertation.v9.HO.docx%23_Toc97471397


 

1 

Chapter 1                                                                                                

Proteins 

 Proteins are large, complex molecules that make up over 50% of the dry 

weight of cells. Proteins have diverse biological functions ranging from DNA 

replication1, forming cytoskeletal structures2, transporting oxygen around the bodies 

of multicellular organisms3 to cell signaling4 and ligand binding5. 

1.1 Protein Structure-Function Relationships 

Despite the functional diversity, all proteins consist of a linear arrangement of 

amino acids assembled into a polypeptide chain. Proteins differ primarily in their 

sequence of amino acids, which is dictated by the nucleotide sequence of their genes. 

However, this two-dimensional representation of the polypeptide chain does not give 

information about the actual three-dimensional structure that defines its characteristic 

functional properties6,7. Understanding the arrangement of atoms within proteins and 

how these topologies are uniquely suited to their biological roles allows us to probe 

the structure-function relationship of the protein; for example, the mechanism of 

oxygen binding in hemoglobin8, or understanding substrate and ligand binding9. 

1.2 Protein Structure Hierarchy 

To understand the properties of proteins, we must first describe the “building 

blocks” of proteins and their properties. This section describes Amino acids as well as 

the structure of proteins. Note that the term structure, when used with proteins, takes 

on a much more complex meaning since proteins have four different levels of 

structure: primary, secondary, tertiary, and quaternary.
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1.2.1 Amino Acids: The Building Blocks of Proteins 

Amino acids are organic compounds that consist of two charged functional 

groups; (amine (+NH2) group and carboxylic acid (-COOH) group), as well as a 

sidechain (R) group and a single Hydrogen atom, all of which are connected to an α-

carbon. There are 20 different types of standard amino acids, each with a unique 

sidechain (R). An individual amino acid is encoded using a three-letter code; for 

example, glycine is typically referred to as GLY. The side chain (R) is responsible for 

the different properties of individual amino acids, and it contributes considerably to 

the physical properties of proteins. The number of amino acids in a protein can differ 

significantly from one protein to another, ranging from fifty to thousands. 

1.2.2 Primary Sequence 

The primary structure is the linear order of amino acids along the polypeptide 

chain. Proteins are unique in the composition and order of amino acids along the 

polypeptide chain that represents them. Amino acids are called residues when they are 

part of a peptide bond. Peptide bonds are formed when the amino group of one amino 

acid reacts with the carboxyl group of another amino acid. This reaction results in the 

elimination of water and the formation of a dipeptide. When three residues are joined 

together by two peptide bonds, they form a tripeptide, and so on. The amino acid 

sequence of a protein is read from left to right; (from the amino (N-terminal) to the 

carboxyl (C-terminal)). Residues in a protein are divided into the main chain, the 

backbone, and the side chain. The backbone of a protein consists of the amide N, the 

α-carbon, and the carbonyl © linked together via peptide bonds. The peptide bond has 

a double-bond character between the carbon and nitrogen atoms, which prevents 

rotation about this bond, thus providing stability and planarity of the peptide plane10. 

Therefore, the peptide plane consists of six atoms: the α-carbon atom, the CO group 
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from the first amino acid, the NH group, and the α-carbon atom from the second 

amino acid, as seen in Figure 1.1. 

1.2.3  Secondary Structure 

The secondary structure is a local representation of the spatial relationship of 

residues closest together in the primary sequence. The secondary structures are 

defined based on the pattern of the backbone torsion/dihedral angles. Protein's 

backbone is defined using three dihedral angles Phi (φ), Psi (ψ), and Omega (ω)10. 

Due to the planarity of the peptide bond, the Omega (ω) torsion angle is restricted to 

be either 180° or 0°. So, the critical factor that decides the basic conformation of the 

secondary structure is the values adopted by the other two dihedral angles (φ and ψ) 

and their effect on the hydrogen bonding patterns. The Phi (φ) torsion angle 

represents the rotation of the backbone chain around the bonds between N-Cα. In 

contrast, the Psi (ψ) torsion angle represents the rotation of the backbone around the 

bonds between Cα-C. The Omega (ω) torsion angle represents the rotation of the 

backbone around the bonds between C-N, as shown in Figure 1.1. Protein’s secondary 

structure can be divided into three basic conformations: the Helix, the β-strand, and 

Coils. 

The Helix 

Helices make up almost 30% of secondary structures in globular proteins. The 

helix is formed when values adopted for the torsion/dihedral angles Phi(φ) and Psi (ψ) 

allow some of the backbone atoms to form hydrogen bonds that result in a spiral 

conformation11. The hydrogen bonds occur between the carbonyl oxygen of one 

residue of the backbone known as acceptor and the amide hydrogen of the fourth 

residue ahead in the polypeptide chain known as a donor. One of the essential features 
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of these hydrogen bonds is that they are linear and parallel to the helical axis, thus 

stabilizing the helical structure (see Figure 1.2). 

 The B-strand 

In the β-strand, the backbone atoms are elongated, so the hydrogen bonding 

occurs between strands (inter-strand) instead of within a strand (intra-strand). A single 

β-strand is not stable by itself. However, when two or more β-strands form additional 

hydrogen bonding, a stable β-sheet arrangement is created, see Figure 1.2. In β-

sheets, adjacent strands can align in parallel or antiparallel configurations with the 

orientation established by determining the direction of the polypeptide chain from the 

N to the C-terminal. 

The Turn/Coil 

Coils are flexible loop regions in a protein that link other secondary structure 

elements together. Their primary role is to enable the polypeptide chain to change 

direction and, in some cases, to reverse back on itself12. Turns are classified according 

to the number of residues they contain. A γ-turn contains three residues and frequently 

links adjacent strands of anti-parallel β-sheet; on the other hand, β-turns has four 

residue turns. Figure 1.2 shows an example of a single protein with multiple 

secondary structures. 

 Ramachandran Plot 

Not all combinations of the two torsion angles φ and ψ, also known as 

Ramachandran angles, are possible due to steric collisions between atoms. 

Ramachandran plot13 is a two-dimensional plot used to visualize the energetically 

allowed distribution of torsion angles Phi and Psi in a protein structure. Each type of 

secondary structure has a specific range of torsion angle values mapping to different 

regions observed on the Ramachandran plot. As shown in the diagram below 
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(Figure 1.3), the white areas correspond to sterically disallowed regions for all amino 

acids except glycine, which is unique because it has a small side chain that allows 

flexibility. The blue-colored areas correspond to β-sheet conformations with no steric 

clashes, and the green-colored areas correspond to allowed alpha-helical regions. 

1.2.4 Tertiary Structure 

The tertiary structure stands for the spatial arrangement of residues in the 

primary sequence of protein14,15. In other words, the protein’s geometric shape results 

from linking together one or more secondary structures10 or/and protein domains, as 

can be seen in Figure 1.2. A protein domain is a sub-unit used to organize the tertiary 

structure of proteins with a large residue number16. For a tertiary structure to be 

stable, proteins must form favorable interactions between secondary structure 

elements rather than repulsive ones. The process that determines the most stable 

interaction is known as protein folding. Elements of secondary structure interact via 

hydrogen bonds; and depend on disulfide bridges17, electrostatic interactions18,19, van 

der Waals interactions20, hydrophobic contacts, and hydrogen bonds between non-

backbone groups. 

The protein tertiary (3-D) structure is defined by its atomic coordinates. Each 

atom’s X Y Z coordinates in the protein are usually stored in a PDB file. PDB files 

contain other information besides the atomic coordinates of atoms; some of this 

information includes header information describing the primary sequence, the method 

used to determine the structure, the secondary structure elements, etc. All PDB files 

are deposited in a database called Protein Data Bank (PDB)21. The PDB database is 

currently maintained at Rutgers University (http://www.rcsb.org/pdb).  Numerous 

software packages have been developed for viewing PDB files, most of which are 

public domain software; our research employs two of them: Molmol22 and VMD23. 

http://www.rcsb.org/pdb
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1.2.5  Quaternary Structure 

Many proteins contain more than one polypeptide chain. The quaternary 

structure best describes the interaction between these chains24. These interactions 

include all the ones responsible for tertiary structure stability, except they occur 

between two or more polypeptide chains. In the quaternary structure, polypeptide 

chains are called subunits. This research focuses on tertiary structures and doesn’t 

examine any quaternary structures. 
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Figure 1.1: This peptide plane shows all six atoms that contribute to it in yellow color 

and the double bond between C and O atoms. Also, all three torsion angles are 

labeled. 

Figure 1.2: DHFR protein with all secondary structures present; the 

helix structure is colored red, the β-strand/sheet is in blue, and the coils 

are green. 
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Figure 1.3: Ramachandran plot with all the allowed phi/psi 

combination in colored regions; the blue-colored regions 

represent β-sheets combinations while the green-colored 

regions represent the helical ones. 
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Chapter 2                                                                                             

Structure Determination and Dynamics 

Protein Structure determination calculates the secondary, tertiary, and 

quaternary structure from the primary sequence and potential inclusion of empirical 

restraints. Understanding the arrangement of atoms within a protein and how its 

topology uniquely suits its biological role gives deeper insight into its function. 

However, despite all the advances in protein structure determination methods, the 

protein folding problem (without any empirical restraints) remains one of the most 

fundamental unsolved problems in computational molecular biology today. As of  

February 2022, the number of protein sequences reported in the latest release of 

UniProtKB databases25 (http://www.uniprot.org); UniProtKB/Swiss-Prot and 

UniProtKB/TrEMB are 565,928 and 225,013,025 respectively. Meanwhile, the 

number of identified protein structures according to the current Protein Data Bank21 

(http://www.rcsb.org) holding list are only 186,934. With less than 2% of structures 

identified of the overall known proteins, it's clear that much more effort is still needed 

to narrow the gap. 

2.1  Structure Calculation Methods 

There are two main methods for protein structure determination: experimental 

and computational methods. But for the scope of this research, we will focus more on 

the experimental methods. 

http://www.uniprot.org/
http://www.rcsb.org/
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Experimental methods in structure determination are typically time-

consuming, highly labor-intensive, and relatively expensive. Over 90% of all 

experimentally derived structures deposited in the Protein Data Bank result from 

Crystallographic studies, while the remaining structures are solved using Nuclear 

Magnetic Resonance (NMR) spectroscopy. 

2.1.1 X-ray Crystallography 

X-ray crystallography26–28 is the prominent technique for protein structure 

determination. This method applies X-ray diffraction principles to determine the 

arrangement of atoms of a crystalline solid in three-dimensional space. To have 

successful results of X-ray crystallography, a crystal form is needed where the 

arrangement of the atoms needs to be in an ordered, periodic structure for them to 

diffract the x-ray beams. Then a series of mathematical calculations (Bragg's Law29) 

are used to produce a diffraction pattern characteristic to the particular arrangement of 

atoms in that crystal. 

One of the significant drawbacks of X-ray crystallography is its dependence 

on whether a crystal of a protein can be obtained or not. The requirements for protein 

crystallization are challenging to satisfy, laborious, time-consuming, and 

expensive30,31. Furthermore, X-ray crystallography proved accurate with small 

molecules with less than 100 atoms in their crystal form. In contrast, macromolecular 

crystallography32 often involves tens of thousands of particles in the unit cell; hence 

the atomic-level picture provided by X-ray crystallography becomes less well-

resolved for a given number of observed reflections.
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2.1.2  NMR Spectroscopy 

Nuclear magnetic resonance spectroscopy33,34 is a technique based on the 

NMR phenomenon35 of nuclei to study the molecules’ physical, chemical, and 

biological properties by utilizing electromagnetic radiations. NMR spectroscopy is 

used for various applications; one-dimensional NMR techniques typically provide 

detailed chemical structures. On the other hand, more complicated two-dimensional 

methods are used for structure determination. Time-domain NMR spectroscopic 

techniques36 are used to probe molecular dynamics in solutions. On the other hand, 

solid-state NMR spectroscopy is used for solids structure determination. 

The main advantages of NMR spectroscopy include the study of molecules in 

their aqueous and potentially native environments. Also, NMR spectra are unique, 

well-resolved, analytically tractable, and often highly predictable for some molecules. 

Moreover, it's the only way to study partially or wholly intrinsically unstructured 

proteins37,38 and is typically used for determining conformation-activity 

relationships39. A disadvantage is that NMR spectrometers are relatively expensive, 

and the timescale of NMR is rather long, and thus it results in an averaged spectrum 

when observing fast phenomena. 

To determine the 3D structure of proteins using NMR spectroscopy, some 

measurable parameters or restraints are computed. The three widely used restraints are 

distance, angle, and orientation restraints. Distance restraints, commonly known as the 

Nuclear Overhauser effect (NOE)40,41 connect resonances from nuclei that are 

spatially close to each other; less than 60 A. Angle restraints are restraints on the 

torsion angles (Phi and Psi) of the peptide bonds, and they can be generated using 

either chemical shifts42 or coupling constants43. In this research, we employ the 
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orientation restraints measured from NMR spectroscopy; hence they will be discussed 

in detail in the following chapter. 

In theory, it's possible to define a complete three-dimensional structure of a 

protein if sufficient angles and distances between atoms are defined. However, in 

reality, all NMR-derived restraints are within a range of possible values. As a result, 

it's most likely that many conformations for a single protein are consistent with the 

measurements. Although it's challenging to define a unique structure from NMR 

spectroscopy, it still can yield a family of closely related structures. 

2.1.3 Computational Folding Methods 

Although experimental methods are still the primary source for determining 

protein structures, they still failed in determining the structure for some categories of 

proteins (protein complexes) and considering the significantly large number of protein 

sequences that have been identified due to the development of sequencing methods44; 

it is simply neither possible nor functional to determine all the protein structures by 

experimental methods. As a result, there is a pressing need for devising efficient 

computational methods for structure prediction. 

Since it was discovered that proteins are capable of folding into their unique 

functional 3D structures based on their primary sequence alone, and the compelling 

evidence that some diseases like cystic fibrosis are a result of a misfolded protein 

because of a change in its primary sequence, decades of research has increased our 

ability to predict the 3D protein structure from sequences only45. All proteins fold into 

their most stable form, called the native state. While covalent bonds contribute 

equally to the stability of the folded and unfolded proteins, the non-covalent 

interactions cumulatively contribute to the increased stability of the native state. Non-

covalent interactions include hydrogen bonds, hydrophobic forces, and interactions 
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between charged groups. The native form of a protein is the conformation in which 

the magnitude of favorable interactions outweighs the sum of the unfavorable ones. 

At its core, all computational methods aim to derive that conformation. 

The computational approaches to protein structure prediction can be broken 

down into three major categories: comparative modeling46,47, fold recognition48,49, and 

ab initio prediction50. The main difference between those categories is how each 

category utilizes the available information from the known structure databases. 

2.2 The Study of Protein Dynamics  

The relation between protein structure and function isn't straightforward 

enough for reliable function predictions. Recent studies have shown that different 

structures can have the same function; for example, the enzyme proteases51 occur in 

many branches of the classification trees of CATH52 and SCOP53. Moreover, similar 

structures can perform different functions, such as the TIM-barrel fold54. As a result, 

recent approaches in protein function predictions are built on the assumption that a 

critical element of the protein function is determined by the conformational dynamics 

of a protein encoded in their structures, see Figure 2.1. 

Recent advances in structure identification methods rapidly increased the 

number of identified proteins with conformational dynamics55,56. Nevertheless, a 

detailed understanding of how dynamics leads to function is still limited. Therefore, 

the development of methods leading to elucidation of the structure and dynamics of 

proteins is an active research area. 

The traditional methods applied to study protein dynamics can be separated 

into two main areas: Experimental or Computational methods. While experiments are 

used to determine what is moving and how fast it is, MD simulations, on the other 

hand, define the underlying forces and corresponding energies behind that movement. 
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2.2.1 Experimental Approaches 

Protein dynamics have been extensively studied using a variety of 

experimental approaches, including diffraction methods, solution-state spectroscopy, 

and solid-state NMR spectroscopy. Regardless of the enormous impact, experimental 

methods have on the protein structure determination field, they proved inadequate for 

investigating the dynamics-function linkage. The Study of dynamical proteins with X-

ray crystallography is fundamentally complex under the desiccated and restrictive 

crystalline environment that may interfere with the native state dynamics of aqueous 

proteins. Nuclear Magnetic Resonance (NMR) spectroscopy, on the other hand, is 

sensitive to local structure and dynamics in many distinct time windows, each of 

which may have different functional implications. To describe molecular dynamics as 

an exchange between multiple states, it is necessary to obtain a metric by which these 

states can be distinguished. Fortunately, NMR provides many observables which may 

suit this task, including chemical shift δ42, relaxation rates T1 and T257–59, Liparo-

Szabo order parameters60, and scalar coupling J43. However, such traditional 

approaches fail to provide an atomic-level description of the conformational states. 

This is partly due to the insensitivity of the commonly employed, short-range Nuclear 

Overhauser Effect (NOE) restraints to conformational changes40,41. Hence, if there is 

no observable difference in a particular metric between the exchanging states, it does 

not necessarily mean there are no dynamics. Instead, it means there is no detectable 

difference in that observable between the multiple states under those experimental 

conditions. Furthermore, some dynamic processes may not be visible within a 

particular experimental window. The traditional Liparo-Szabo approaches are 

sensitive to time scales faster than the overall correlation time (τc)61–63, while 

functionally relevant events often take place on time scales (sec-msec). 
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2.2.2  Molecular Dynamic Simulations (MD)  

Molecular dynamics (MD) simulation is often used for investigating the 

dynamics of proteins64,65. MD techniques can obtain details concerning individual 

particle motions as a function of time and the global molecular motions of proteins at 

spatial and temporal scales that are difficult to access experimentally65. The basic idea 

behind molecular dynamics is to iteratively solve Newton’s equation of motion for 

each atom in a molecule. A pre-defined force field calculates the potential energy; 

some frequently used force fields are Amber66, CHARM67,68, and GROMOS69. 

Peptide geometries such as bonds, angles, and dihedral are all included in the bonded 

terms of the potential energy calculations used in those force fields. Some examples 

of modern Molecular Dynamics Simulation (MD) software are CHARMM70, 

NAMD71, GROMACS72, AMBER73,74, and XPLOR-NIH75,76. 

The combination of increased computer power and improved potential 

functions has resulted in an ability to generate simulations that approach the point at 

which they can survive critical examination by the experimentalists who determine 

the structures of the simulated proteins. However, there are several drawbacks for MD 

simulations: First, the calculation of potential energy function has to be performed for 

each atom in the protein once every femtosecond or so, which increases the 

computational cost of the simulations. Second, the conformational changes suitable 

for MD simulations are more high speed compared to conformational changes 

observed experimentally. Third, at best, the potential energy function at the heart of 

these simulations is only an approximation. And finally, currently, there is no 

molecular model of water to be included in these simulations that describe all water 

properties correctly. 
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Simulations are most effective when analyzed in close conjunction with 

experimental intermediates, essential in validating and improving the simulations. The 

main idea of this combined approach is to obtain the underlying distribution that gives 

the average value obtained in the NMR experiment from the MD simulations. 

Unfortunately, this is a non-trivial matter due to the non-linear and multiple-valued 

relationships between NMR observables and protein structure. Also, it is conceivable 

that many different distributions can result in the same average value. This ambiguity 

in results depending on the criteria used and software applied; casts a shadow on the 

accuracy of such approach.   

Many NMR observables are typically used as restraints in MD simulations. 

Still, for the scope of this research, we will only focus on the use of residual dipolar 

coupling (RDC) in conjunction with MD simulation (Chapter 5).  
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Figure 2.1: Hierarchy of the study of Protein and Function 
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Chapter 3                                                                                                   

Residual Dipolar Couplings 

Residual Dipolar Couplings (RDCs) have been observed as early as 196377.  

However, it was not until the recent reintroduction of Residual Dipolar Couplings 

acquired by NMR spectroscopy that new opportunities for structure determination and 

study of internal dynamics were presented. Availability of RDCs has expanded the 

macromolecular investigations beyond structural characterization and into the probing 

of internal dynamics and molecular interaction78. RDCs hold the promise to report on 

an extensive, comprehensive range of motional timescales spanning both sub-τc and 

supra- τc windows79,80. This research mainly focuses on the implementation of RDC 

observables in combination with our approach to define and characterize dynamics in 

proteins. 

3.1  RDC Foundations 

The fundamental physical principle behind RDCs is the dipole-dipole (DD) 

interaction. Dipolar coupling measures the interaction between two magnetic nuclei in 

the presence of an external magnetic field. For the scope of this research, we limit our 

discussion to nuclei with a spin quantum number of 1⁄2. Let B0 be the external 

magnetic field, i and j represent the two magnetic nuclei. The coupling magnitude Dij 

is given by the formula in Equations 3.1, 3.2, from which all mathematical derivation 

of the RDC interactions (for a pair of spin 1⁄2 nuclei) begin. 

𝐷𝑖𝑗 = (
𝐷𝑚𝑎𝑥

𝑟𝑖𝑗
3 ) ⟨

3𝑐𝑜𝑠(𝛩)2 − 1

2
⟩                                                                                         (3.1)
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𝐷𝑚𝑎𝑥 =
−𝜇0ℎ𝛾𝑖𝛾𝑗

8𝜋3
                                                                                                                (3.2) 

In these Equations, Dmax represents the magnitude of the dipolar coupling at its 

strongest, when the vector connecting nuclei i and j is parallel to the magnetic field 

B0; where µ0 is the magnetic permeability of free space, h is Plank's constant, γi and γj 

are the gyromagnetic ratios of nuclei i and j, respectively. rij is the distance between 

the nuclei i and j, Θ is the angle between the bond vector and B0. It is important to 

note that the RDC value Dij (reported in units of Hz) is a function of the time-

dependent angle Θ(t) averaged over time t, as represented by the angular brackets in 

Equation 3.1. 

This time-averaging phenomenon may account for molecular motions caused 

by natural bond vibrations, internal dynamics, or overall molecule tumbling in the 

solution state. 

3.2  Saupe Order Tensor Matrix Formulation 

Given an arbitrary molecular frame, the mathematical transformation of 

Equation 3.1 can produce a computationally amiable formulation of the RDC 

phenomenon, as shown in Equations 3.3, 3.481,82. In this representation of the RDC 

interaction, ν signifies the normalized orientation of the interacting vector, Sij denotes 

the ijth element of the Saupe order tensor matrix83, which is the averaged projection of 

axes of the molecular frame onto the direction of B0 with βx,y,z specifying axis, δij is 

Kronecker delta and the remaining constants are subsumed into a single constant, 

Dmax. 

𝐷 = 𝐷𝑚𝑎𝑥 ⋅ 𝜈𝛵̄ ⋅ (

𝑆𝑥𝑥 𝑆𝑥𝑦 𝑆𝑥𝑧
𝑆𝑦𝑥 𝑆𝑦𝑦 𝑆𝑦𝑧
𝑆𝑧𝑥 𝑆𝑧𝑦 𝑆𝑧𝑧

) ⋅ 𝜈̄                                                                            (3.3)  

𝑆𝑖𝑗 = ⟨
3𝑐𝑜𝑠(𝛽𝑖)𝑐𝑜𝑠(𝛽𝑗) − 𝛿𝑖𝑗

2
⟩ , 𝑖𝑗 = {𝑋, 𝑌, 𝑍}                                                               (3.4) 
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3.3 Information Content of Saupe Order Tensor Matrix 

The Saupe Order Tensor matrix, also known as alignment tensor or order 

tensor matrix, is a symmetric, traceless 3 ×3 matrix; therefore, according to the 

spectral theorem of Linear Algebra, it can be decomposed in the form of S=R⋅ Ś⋅RT 

such that Ś is the diagonal matrix of eigenvalues of S known as the principal order 

matrix. R is the rotation matrix whose columns are the eigenvectors of S84. Now, 

Equation 3.3 can be rewritten in the form of Equation 3.5. This Equation makes use 

of the principal order matrix Ś and Euler rotation matrices R(α,β,γ) and RT(α,β,γ) 

where α, β, and γ are Euler angles, and T indicates conjugate transpose. The Euler 

rotation of Cartesian coordinates in the molecular frame XYZ of Equation 3.3 results 

in new coordinates XYZ for the bond vector within the principal order frame as 

expressed in Equation 3.7. 

𝐷 =
3

2
⋅ 𝐷𝑚𝑎𝑥 ⋅ 𝜈𝛵̄ ⋅ 𝑅

𝑇(𝛼, 𝛽, 𝛾) ⋅ 𝑆́ ⋅ 𝑅(𝛼, 𝛽, 𝛾) ⋅ 𝜈̄                                                        (3.5) 

𝑆́ = (

𝐴𝑥𝑥 0 0
0 𝐴𝑦𝑦 0

0 0 𝐴𝑧𝑧

)                                                                                                      (3.6) 

(
𝑋̄
𝑌̄
𝑍̄

) = 𝑅(𝛼, 𝛽, 𝛾) (
𝑋
𝑌
𝑍
)                                                                                                        (3.7) 

3.4  RDC Degeneracies 

RDC degeneracies arise from the mathematical form of the magnetic dipole-

dipole interaction and its properties under anisotropic averaging Equation 3.2. Due to 

possible symmetries such as planarity of the protein and the alignment tensor 

symmetry, there exist multiple solutions for the overall orientation of a protein given a 

set of residual dipolar couplings (RDCs). The exact number of solutions depends on 

the relative orientations of the bond vectors considered and on the internal symmetry 

of the protein. When the rhombicity is zero, rotation about the symmetry axis of the 
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alignment tensor does not affect the RDCs. Therefore, the number of orientations that 

fulfill a given experimental RDC set belonging to a single alignment is infinite. On 

the other hand, for nonzero rhombicity, it was initially thought that for a rigid 

fragment with three or more co-planar dipolar vectors, the RDC equation resulted in 

8-fold degeneracy for peptide plane orientations85, until recently when it was shown 

that the analytical solution of the RDC equation contains a 16-fold degeneracy86. The 

RDC degeneracy can be reduced to four if the regular patterns of the dipolar 

couplings for secondary structure domains are considered87,88. Furthermore, it was 

proven that this inherent degeneracy could be resolved using two or more alignment 

media89. Nonetheless, RDC degeneracies play a vital role in ill-defined structure 

determination combined with conformational dynamics. 

3.5 RDC Alignment 

In isotropic solution, inter-nuclear magnetic dipole couplings average to zero 

due to rotational diffusion. Partial molecular alignment is necessary to induce an 

incomplete averaging of dipole couplings (RDCs). There are multiple approaches for 

inducing weak alignment conditions. The most common method is to depend on a 

medium that can be mechanically manipulated to create an anisotropic matrix that can 

be aligned under the presence of an external magnetic field82. In this case, the weak 

alignment of proteins is generated from the interaction between proteins and the 

media. Several alignment media are designed to induce partial alignments, such as  

bicelles90,91, filamentous phage92,93, and polyacrylamide gel94,95.  

3.6 Practical Aspects of RDC Acquisition in Proteins 

For this research, we will focus our discussion here on a particular set of RDC 

measurements in proteins. RDC measurements are bond dependent; hence, in total, 

we consider six RDCs that are measured from a single protein residue; {N-H, Cα-Hα, 
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C-C, N-C, Hα-H, and H-Hα dipolar coupling}. The most frequently used RDCs are N-

H and Cα-Hα. Due to the short bond length and the sizeable gyromagnetic ratio of H, 

the dipolar couplings of both RDCs are large and can be measured more accurately 

than other backbone one-bond RDCs. Moreover, the N-H RDC correlated spectra are 

generally well resolved, which makes the measuring process more manageable than 

that of Cα-Hα RDCs.  

On the other hand, the Cα-Hα RDC values can be as large as 50 Hz under 

normal conditions due to the larger bond96, which makes the orientational information 

extracted from Cα-Hα RDCs non-redundant to the one provided by N-H RDCs and 

thus valuable for structure determination and refinement.  

For the C-C RDCs, two measurements can be computed: one for the Cα−C 

bond and the other for the Cα−Cβ bond. The intrinsic RDC values of a Cα−C bond are 

about one-fifth of that of N-H RDCs, still larger than both C−N and N−Cα RDCs. The 

RDCs of Cα−Cβ bonds provide non-redundant orientational constraints concerning the 

RDCs of bond vectors located in a peptide plane. This information can be critical for 

the accurate determination of alignment tensors97,98. In addition, Cα−Cβ RDCs provide 

information on side-chain orientation and backbone dihedral angles99,100. 

Unfortunately, measurement of Cα−Cβ RDCs is complicated for reasons like poor 

separation of the chemical shift ranges between Cα and Cβ groups, fast T2 relaxation 

of Cα, and medium-sized CαCβ J-couplings. 

RDCs between H-H bonds can be observed and applied as long-range 

conformational constraints for structure determination91. H-H RDCs can potentially 

provide distance constraints longer than 50A, which is the limit of traditional NOE 

distance constraints. Nevertheless, the neighboring protons of the bond vector 

significantly reduce the values of H-H RDCs. 
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3.7 Applications of RDC 

The measurement of Residual Dipolar Couplings in weakly aligned proteins 

can potentially provide unique information on their structure and dynamics in the 

solution state100,101. Additionally, RDCs have proven to be an invaluable NMR 

parameter to orient multi-domain proteins and protein complexes, where the detection 

of inter-domain or inter-protein nuclear Overhauser effects (NOEs) are very 

challenging102,103. Moreover, recent advances in alignment media and the availability 

of RDCs have expanded the application of RDCs such that their use spans from 

automated backbone resonance assignment, structure determination, protein folding to 

ligand-protein and protein-protein interactions. 

However, for this research, we will limit our discussion to the applications of 

RDCs in proteins to structure determination and the study of dynamics. 

3.7.1 Protein Structure Determination 

Chapter 2 highlighted the importance of determining the 3D structure of 

proteins. This section focuses on the role that RDCs play in structure determination. 

This role can be classified into two main categories: structure validation and 

refinement, or de novo structure calculations, performed using RDC data alone or 

combined with other NMR data. 

 Structure Validation and Refinement 

Structure validation and refinement is the most common application of RDCs. 

For structure validation purposes, the RDC data are numerically fitted to an already 

existing 3D structure, determined by either X-ray crystallography or NMR 

spectroscopy, using software packages such as PALES104,105 and REDCAT106. The 

fitting will result in the optimized alignment tensor that best matches the measured 

RDCs. Equation 3.8 is the quality factor Q used to quantify the agreement between a 
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structure and measured RDCs107. In this Equation, Dm, Dc represents the measured 

and calculated dipolar coupling, respectively, and rms is the root mean square. 

𝑄 =
𝑟𝑚𝑠(𝐷𝑚 − 𝐷𝑐)

𝑟𝑚𝑠(𝐷𝑚)
                                                                                                             (3.8) 

On the other hand, in structure refinement, RDCs are not included in the initial 

structure calculations phase, which is determined mainly using NOEs distance 

restraints108. However, RDCs restraints are used in Molecular Dynamic (MD) 

simulation combined with simulated annealing (SA) protocols to further refine the 

initial structure through software packages such as XPLOR-NIH75,76. 

 DE Novo Structure calculation 

In the last decade, the focus of the community shifted to develop approaches 

that depend solely on RDC data to determine proteins backbone structures or folds. 

Some approaches are based on heuristic methods such as simulated annealing and 

complemented by Molecular Dynamics or Monte- Carlo simulation to find a 

solution109–111. Other approaches employed molecular fragment replacement (MFR) 

methods90,91 instead. 

3.7.2 Study of Dynamics in Protein  

The potential use of RDCs to study dynamics in proteins has been recognized 

after the renaissance of RDCs in liquid-state protein NMR spectroscopy82,91. RDCs 

hold the promise to report on an extensive, comprehensive range of motional 

timescales spanning both sub- and supra- τc windows80 as they are time-averaged 

from femtoseconds up to milliseconds112,113. 

Several procedures to employ RDCs for the characterization of the structure 

and dynamics of proteins have been proposed, including analytical 

deconvolution60,101,114, the Gaussian axial fluctuations method115, restrained molecular 
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dynamics simulations in which the alignment tensor is either fitted to the experimental 

RDCs116,117 or calculated directly from the structure36,118 and direct comparison with 

molecular dynamics simulations119,120. 

The major bottleneck in utilizing RDC data in recent years has been attributed 

to a lack of RDC analysis tools capable of extracting the pertinent information 

embedded within this complex data source. Nearly all legacy NMR data analysis 

software packages (i.e. XPLOR-NIH75,76, CNS121, Cyana122) have been modified to 

accommodate RDC restraints. In recent years, other software packages have been 

developed specifically for structure calculation of macromolecules from RDC data, 

such as REDCRAFT123,124. 

In general, all approaches fall into two categories: model-based and model-

free approaches. The model-based approaches constitute some of the earliest 

approaches in investigating internal dynamics. These methods utilize an existing 

protein structure (obtained by NMR spectroscopy or X-ray crystallography) and 

proceed by either assuming a fixed model of dynamics125(typically a conical motion) 

or a presumed stochastic model126. While these methods do not provide an atomic-

level description of the conformational states, they can be used for quantitative 

analysis in the amplitude of the internal dynamics. 

Alternatively, The model-free approach takes advantage of the advanced 

Molecular Dynamics Simulation (MD) software to simulate the averaged observable 

RDC data over the course of conformational changes127–129. These approaches can 

provide atomic-resolution conformational states, but at the same time, rely on an 

existing protein structure as the starting point of the MD simulation. MD simulation 

has been previously discussed in section 2.2.2. 
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Independently, both approaches (model-based and model-free) proceed in two 

successive steps beginning with protein structures determined under the assumption of 

rigidity, followed by characterization of dynamics. Although structure determination 

protocols based on the premise of molecular rigidity may conveniently yield a 

structure, the degree of similarity between a static model of a protein structure and its 

many conformations remains poorly understood. Recent work highlighted the 

possibility of obtaining erroneous structures for a protein undergoing internal 

dynamics129,130. Consequently, mapping dynamics onto a false static structure may 

lead to a compromised motional model. This can be attributed to the fact that it is 

conceptually difficult to separate structure from dynamics because the two are 

intimately related. Thus, any attempt in structure elucidation that disregards protein 

dynamics (or vice versa), may run the risk of producing faulty results. 

Furthermore, the strategy of structure-first followed by dynamics next imposes 

a collection of superfluous data, which may include: the traditional distance-based 

restraints and relaxation data to establish the existence of internal dynamics. 

Acquisition of the additional data inflates these studies’ cost and time requirements. 

As an alternative, the method we present in this research provide a concurrent 

characterization of structure and dynamics in protein using RDC data alone, which 

will be explained in detail in Chapter 4 
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Chapter 4                                                                                              

Simultaneous Characterization of Structure and Dynamics 

A complete understanding of the structure-function relationship of proteins 

requires an analysis of their dynamic behaviors in addition to the static structure. 

However, as mentioned in Chapter 2, all current approaches to studying dynamics in 

proteins have their shortcomings. A conceptually attractive and alternative approach 

simultaneously characterizes a protein's structure and its intrinsic dynamics114,131,132⁠⁠. 

Ideally, such an approach could solely rely on RDC data-carrying both structural and 

dynamical information. However, as previously mentioned, the major bottleneck in 

the utilization of RDC data in recent years has been attributed to a lack of RDC 

analysis tools capable of extracting the pertinent information embedded within this 

complex source of data. Here we present an alternative approach for concurrent 

characterization of structure and dynamics of proteins from RDC data. 

4.1 Declaration of Terms 

To facilitate further discussion, here we present a declaration of terms absent 

in the field and will be beneficial in understanding this approach. 

4.1.1 Protein Dynamic Classifications 

The traditional dynamics-based protein classification scheme is the regional 

scheme. Under regional mode, proteins are classified according to the area where 

dynamical properties are confined within the protein. If the dynamical region in the 

protein is confined to a single domain, most likely the loop region that connects other 

secondary structures, then the dynamics are classified as intra-domain. 
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Multiple-domains, on the other hand, refer to the cases where the dynamical 

region of a protein is the hinge region between multiple domains; a famous example is 

the 'swiveling' mechanism in pyruvate phosphate dikinase133. This regional 

classification of dynamics does not capture the dynamics-function relationship in 

proteins. To better facilitate the discussion of dynamics, we enumerate three distinct 

dynamics dimensions, namely: Temporal, Structural, and Alignment, as shown in 

Table 4.1. This comprehensive classification scheme for protein dynamics extends the 

characterization of the dynamics of proteins to include the time scale of the 

fluctuations as well as the amplitude and directionality of the fluctuations. Each of the 

classifications is based on specific criteria and can be subdivided into further sub-

categories. 

The temporal dimension of dynamics can be defined by two categories: 

Discrete-state and Continuous-state dynamics. The distinction between the two is 

solely based on the temporal occupancy of conformational states that are visited 

during the trajectory of the dynamics. 

For the Structural mode of dynamics, we define two categories: Rigid-body 

and Uncorrelated modes. Many proteins need to adopt a well-defined 3D structure to 

carry out their function; as a result, they maintain a constant internal structure as a 

function of time which is defined as rigid-body dynamics. On the other hand, 

intrinsically disordered proteins (IDPs)37,38 and some proteins with intrinsically 

disordered regions (IDRs), exhibit uncorrelated dynamics where the structure is 

altered as a function of time.   

Finally, the Alignment mode of dynamics can be described by homogeneous 

and heterogeneous modes of alignment. The homogeneous mode of alignment 

assumes fixed alignment of the protein (within the same alignment medium) as a 
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function of conformational changes. In contrast, in the heterogeneous mode of 

dynamics, the alignment of a protein is altered as a function of the conformational 

changes. 

In principle, all eight combined modes of dynamics should be possible with 

examples of all four combinations of Structural and Temporal modes of dynamics 

having already been identified and presented in the literature133–136[166]⁠⁠. In this 

chapter, we investigate the combination of Rigid-body, Discrete-state dynamics with 

the explanation that it represents the biologically most likely event. The remaining 

three modes (combinations of Structural and Temporal modes) can be approximated 

as Rigid-body and Discrete-state dynamics in some favorable instances. The 

discussion related to the alignment mode of dynamics needs to be deferred for future 

work as it is extensive and therefore distracting. Therefore, in this work, we assume a 

homogeneous alignment of the protein. 

4.1.2 REDCRAFT Dynamic-Profile  

The first step in investigating the internal dynamics of a protein is to identify 

the hinge regions that give rise to the internal movement. It is also essential to 

establish the structural mode of dynamics (Rigid-body versus Uncorrelated) after the 

discovery of the onset of dynamics. The dynamic-profile123,137⁠ that REDCRAFT 

produces during structure calculation sessions can assist in discovery of the onset of 

dynamics and structural mode of dynamics through identification of the 

inconsistencies during the averaging of order tensors due to internal dynamics which 

results in differences between the observed order tensors of the static and rigid 

components of a molecule. These differences of the order tensors result in an inherent 

inability to produce a structure that will consistently satisfy the orientational 

constraints between the static and dynamical regions. 
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An example of a typical dynamic-profile for a static protein is shown in 

Figure 4.1. Under typical and non-anomalous conditions, a dynamic-profile will start 

with a very low RDC-rmsd score (due to initial lack of RDC data), then it will 

monotonically increase until arriving at a maximum value, followed by a final phase 

that is characterized by a plateauing of the RDC-rmsd score that is in agreement with 

the data acquisition error. Any significant departure from this typical profile is 

indicative of some anomalous conditions. The anomalous conditions may consist of 

non-standard amino acid geometries (e.g., cis-Pro, impermissible dihedrals, non-

standard bond lengths, etc.), the existence of internal dynamics, or miss-assignment of 

the RDCs, to name a few. Of particular interest to the discussion presented here, we 

will observe alternations of dynamic-profile as the means to identify the onset of 

dynamics and distinguish different structural modes of dynamics. Dynamic profiles 

can be generated for forward (N-terminus to C-terminus) or backward (C-terminus to 

N-terminus) analysis of a given protein. The forward and backward dynamic-profiles 

can help to corroborate the same anomalous regions with different degrees of 

certainty. 

Analysis of REDCRAFT's dynamic-profile takes place in two steps. The first 

step serves to identify any form of structural anomalies by observing any deviation 

from a typical profile. The second step utilizes the ability of REDRAFT to perform a 

fragmented structure determination of a protein (discussed in section 4.1.3). Once the 

point of anomaly is established, a new session of structure determination can be 

initiated a few residues in advance of the point of the anomaly. 

The behavior of the dynamic-profile will be indicative of the structural mode 

of the dynamics (Rigid-body versus Uncorrelated), which can be established by the 

use of the fragmented study of a protein structure in REDCRAFT. In this context, 
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structure calculation can be terminated prior to the onset of dynamics, and structure 

calculation of a new fragment can be initiated a few residues past the onset of 

dynamics. Analysis of the dynamic-profile of the new fragment can help establish the 

structural mode of dynamics. The dynamic-profile of the new fragment undergoing 

Rigid-body dynamics will exhibit a typical pattern (similar to Figure 4.1) since it is 

internally rigid and consist of an internally static structure as a function of time. On 

the other hand, the uncorrelated dynamics will exhibit a monotonically increasing 

score that indicates the lack of any consistent structure as a function of time. 

Figure 4.2 and Figure 4.3 illustrate examples of these two modes of dynamics: rigid-

body and Uncorrelated dynamics. In the case of Rigid-body dynamics shown in 

Figure 4.2, the dynamic-profile of the second fragment exhibits a normal behavior 

indicating successful reconstruction of a coherent structure. Dynamic-profile for the 

case of uncorrelated dynamics is shown in Figure 4.3, and it exhibits a monotonically 

increasing behavior that indicates the absence of a coherent structure. In the case of 

Rigid-body dynamics, upon recovering the structure of each domain, a measure of 

relative dynamics between the two domains can be established based on a comparison 

of their corresponding order tensors. 

4.1.3 REDCRAFT Fragmented Construction 

The second feature of REDCRAFT that further enables the study of the 

structure and dynamics of proteins emanates from its ability to conduct a fragmented 

reconstruction of a protein. In general, the structure of a given protein can be created 

in numerous fragments because of data availability, biological importance, or the 

study of dynamical regions that undergo Rigid-body dynamics. The Study of 

dynamic-profile allows for the identification of hinge regions, which can then be used 

to establish different dynamical domains of a protein for fragmented calculation of 
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structures. Relevant to the current discussion, fragmented structure calculation that 

can be initiated based on analysis of a dynamic-profile allows structure reconstruction 

of all rigid components of a protein. However, they may be dynamical with respect to 

each other. Once the individual structure of the rigid fragments within a protein is 

reconstructed, they can be assembled under a dynamics scheme that reconciles the 

differences in the observed order tensors across all alignment media. 

4.1.4 Number of States and Rates of Occupancy 

As previously stated in section 4.1.1, this method is designed for the Rigid-

body/Discrete-state dynamics combination. In order to reflect those features in our 

simulated models of dynamic, we define two terms. The first term: Number of states, 

describes the Rigid-body portion of the dynamic model by indicating the number of 

states where the model maintains a constant internal structure during a period of the 

dynamic. For example, for a 2-state model, this model of dynamics has two states 

where it maintains a fixed internal structure during the interval of dynamics. 

The second term: Rates of occupancy, describes the Discrete-state portion of 

the dynamic model by indicating the percentage of time during the interval of 

dynamics that each of the defined states for that model resides in. Note that the total 

percentage of time combined for all states for a single model should sum up to 100%. 

4.2 Theoretical Treatment of Dynamics 

The proposed approach permits structure calculation of proteins from a 

relatively sparse set of RDCs114,123,137⁠ in the absence of dynamics using the software 

package REDCRAFT123⁠. Furthermore, it includes the identification and 

characterization of different modes of dynamics based on the dynamic-profile⁠ analysis 

as implemented in REDCRAFT. The basic concept behind this approach is that the 

discrete-state dynamical regions of a protein (when present) can be reconstructed 
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based on perturbation of order tensors calculated from Singular Value Decomposition 

(SVD)-based106,123 mechanisms. 

The presented methodology proceeds in four conceptual steps: structure 

determination, identification of the onset of dynamics, classification of the mode of 

dynamics, and reconstruction of different conformational states. The following 

sections detail our methodology and approach in the treatment of dynamics. 

The foundation of the presented work is based on reconstructing the trajectory 

of dynamics using discrepancies of order tensors reported from the static and dynamic 

domains of a protein. Therefore, the first step in the study of dynamics is the 

mathematical formulation of the effects of dynamics on order tensors. Equation 4.1 

formulates changes in the observable order tensor (denoted as Ŝ) as a function of time 

(or dynamics). In this equation, the variable j denotes the jth alignment medium, and 

integration is performed over the entire life of the dynamics. It can be argued that 

biological systems perform cyclical motions (returning to some original state) 

therefore, the lifetime of a dynamic event can be treated as finite and periodical. A 

discrete approximation of the continuous function shown in Equation 4.1 can be 

developed as shown in Equation 4.2. In this formulation, δt serves as the 

observation’s discrete-time interval, which, if selected appropriately, can provide an 

accurate approximation of a temporally continuous motion. This equation can be 

further simplified based on relative occupancies in different states of the dynamics. 

This simplification occurs if the conformational continuum temporal occupancy is 

primarily in a small number of stable states (transient states are negligible). Under 

these conditions, Equation 4.3 can be formulated and adopted to recover the primary 

conformational states of discrete-state dynamics. In this equation, the entity Si
j 

denotes the order tensor reported from the ith conformational state within the jth 
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alignment medium, where ρi is the relative occupancy of the ith state. The second 

constraint shown in this equation enforces that the sum of all relative occupancies 

should equate to 1 (or 100%).    

𝑆𝑗̂ = ∫ 𝑆𝑗(𝑡)
∞

𝑡=0

𝑑𝑡                                                                                                               (4.1) 

𝑆𝑗̂ =∑𝑆𝑗(𝑘 ⋅ 𝛿𝑡)

𝑛

𝑘=1

                                                                                                            (4.2) 

{
 
 

 
 𝑆𝑗̂ =∑𝜌𝑖𝑆𝑗

𝑖

𝑛

𝑖=1

Subject to:∑𝜌𝑖

𝑛

𝑖=1

= 1

                                                                                                    (4.3) 

The following steps describe our overall strategy in the calculation of structure 

and characterization of dynamics (Figure 4.4): 

1) Proceed in structure calculation with REDCRAFT123,137 under the assumption 

of structural rigidity. 

2) Upon identifying internal dynamics from dynamic-profile, embark on a 

fragmented study of dynamics for each region that exhibits internal structural rigidity. 

3) After successful completion of fragmented structure calculation, establish the 

rigid and dynamical fragments through comparison of observed order tensors in all 

alignment media. Comparing order tensors across different domains can establish 

static and dynamic domains. Fragments can be collected into relative rigid domains 

based on the similarity of their order tensors. 

4) Construct models of dynamics that successfully explain the differences of the 

observed order tensors between the static and dynamic domains in all alignment 

media. 
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The scientific basis, technical requirements, and procedures to establish steps 

1-3 have been previously described and can easily be accomplished using 

REDCRAFT123,137⁠ and REDCAT138 ⁠software packages. However, additional 

theoretical formulations and procedural analyses are required for step 4. To facilitate 

the development of procedures to achieve the objectives in step 4, we first submit that 

in the case of two-domain dynamics, it is possible to designate one of the domains as 

the static domain and the other as the dynamic domain. Although, at first, the 

principle of relative motion may appear to introduce some ambiguity to this 

designation, the presence of a third entity (the external magnetic field) against which 

all tumbling, vibrational motions, and internal dynamics are observed disambiguates 

the designation. It is, therefore, possible to uniquely designate one domain as the 

dynamical and the other as the static domain by simply observing the General Degree 

of Order⁠ (GDO)139 for each domain.  

Furthermore, Equation 4.3 can be used as the basis of expansion to reconstruct 

the individual discrete states, as shown in Equation 4.4. In this equation, the term Sa
j 

denotes the anchor order tensor in alignment medium j. It signifies the order tensor 

that would have been observed if the dynamical domain was fixed and void of 

dynamics. The anchor order tensor can be obtained from the static domain of the 

protein (domain with the highest GDO). The term ξi represents the Eulerian 

transformation (with its three corresponding angular arguments) that maps the Rigid-

body structure of the dynamical domain from any arbitrary molecular frame to the 

frame that defines the ith state of dynamics. The average observable order tensor on 

the left-hand side of the equation can be obtained within REDCAT106⁠ by analyzing 

the structure of the dynamical domain using the experimentally acquired RDCs. 

Equation 4.4 can be used to formulate the objective function shown in Equation 4.5, 
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which can be used to obtain solutions for four unknowns (relative occupancy and 

three Euler angles) that define each state of a given discrete dynamics. In this 

equation, the symbol ║.║denotes the magnitude of the difference matrix by summing 

the square of its elements. This equation can be repeated for each alignment medium, 

contributing five additional independent equations to the overall system of equations. 

In total, defining n discrete dynamical states will require 4n-1 (relative occupancy of 

the last state can always be computed by one minus the sum of all the other 

occupancies) degrees of freedom. At the same time, m alignment media will provide 

5m number of equations. Therefore, a viable solution can be obtained so long as the 

criterion is shown in Equation 4.6 is satisfied. 

Note that an essential fact in combining information across all alignment 

media is that relative occupancies and orientation of the dynamical domains with 

respect to the static domain remain unchanged across all alignment media. We have 

used the least-square minimization140,141 routine available in Maple 14 software 

package to obtain the solution to Equation 4.5.    

{
 
 

 
 𝑆𝑗̂ =∑𝜌𝑖𝑆𝑗

𝑖

𝑛
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𝑛
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𝑛
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                                                   (4.4) 

𝑓(𝜌1..𝑛, 𝛼1..𝑛, 𝛽1..𝑛, 𝛾1..𝑛) =

{
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𝑛

𝑖=1

‖

𝑚

𝑗=1

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 ∶ ∑𝜌𝑖 = 1

𝑛
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5𝑚 ⩾ 4𝑛 − 1                                                                                                                          (4.6) 
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4.3 Materials and Methods 

We rely on synthetic data from simulated dynamics to ensure proper 

evaluation of the existing methods and our proposed work. The use of simulated data 

has several advantages during our development’s early stages. Simulated data will 

avail ground truth for evaluation purposes and a controlled measure of the sensitivity 

of any method to the percentage of missing data and quality of data (as a function of 

signal/noise). 

We will utilize synthetic data from an 83 residues FADD protein (PDB-ID 

1A1Z). The FADD protein is an example of a helical protein. The helical nature of 

this protein presents unique challenges when studied by RDC data due to the parallel 

orientation of their N-H bonds.  

4.3.1 Simulated Models of Dynamics 

Our different dynamics models for the 2-state and 3-state are implemented on 

the same FADD protein mentioned above.  

 2-state rigid body dynamics 

Our exploration of 2-state dynamics consisted of two different models of 

dynamics. The two dynamics models consist of an arc motion and a more complex 

motion resulting from rotation about two axes. The 2-state models of arc motion are 

generated by rotating the φ angle of 1A1Z protein at the 71st residue (denoted by φ71) 

by 15˚, 30˚ and 60˚. Consequently, in the arc model of dynamics, this protein is 

segmented into two domains: a static domain that consists of residues 1-69 and the 

dynamic domain that consists of residues 73-83. An example of arc motion with 60˚ 

perturbation of φ71 is shown in Figure 4.5. In this figure, the protein segment shown 

in blue is the static region, while the red and green domains represent the two 
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conformations of the dynamical region. It is noteworthy that this partitioning 

introduces additional challenges since the dynamical region is a single helix.   

The more complex motion (example shown in Figure 4.6) was created by 

performing a 30 ̊ rotation of the φ and ψ angles at residue 58 (30 ̊ rotation of φ58 

followed by 30 ̊ rotation of the ψ58) of the protein 1A1Z. In this case, the two domains 

were defined as residues 1-56 (the static region) and residues 60-83 (dynamic region). 

In Figure 4.6, the blue portion of the structure represents the static region, while the 

red and orange portions represent the two alternate states of the dynamical region. 

3-state rigid body dynamics 

Our exploration of the 3-state dynamics consists of building on the complex 

model of 2-state dynamics. Here the two states from the complex 2-state motion will 

be used as states one and two of the complex 3-state motion. The third state will be 

created by rotating the ψ angle of residue 58 (only ψ58) by 60 ̊ from the original 

structure. As in the case of 2-state complex motion, the domains will be defined by 

residues 1-56 and 60-83 as the static and dynamic domains, respectively. The 

simulated three conformations are shown in Figure 4.7, where the red, green, and 

orange fragments illustrate states 1, 2, and 3 of the dynamical domain while the static 

domain is illustrated in blue. 

Extended-state rigid body dynamics (4 & 5 & 6) 

Theoretically, our proposed method can be extended to accommodate the 

rigid-body/discrete-state model of dynamics with several states up to six. Our 

exploration of the extended-state dynamics includes 4-state, 5-state, and 6-state 

models that are biologically plausible; they do not violate basic geometry or result in 

disallowed collisions. 
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4.3.2 Simulated Data 

Simulation of RDC values for an arbitrary pair of nuclei requires a priori 

knowledge of an order tensor. In this research, we use the formulation of a Saupe 

order tensor142⁠ by providing principal order parameters Sxx, Syy, and Szz and rotational 

Euler angles α, β, and γ. Using the atomic coordinates, order parameters, and Euler 

angles, REDCAT106 was used to produce computed RDC values. We have utilized 

several order tensors typically observed from similar size/shape proteins in our 

investigations to observe the dependency of our method on order tensors, passively. 

Table 4.2-Table 4.5 summarizes the order tensors used for each of our dynamics 

models.      

The simulated RDCs used in the 2-state and 3-state part of the research 

contains the following set of RDCs: {C'-N, N-H, C'-H, Cα -Hα}. Also, note that the 

RDCs used in these models are accompanied by a uniform random change in the RDC 

values in the range of ±1 Hz to account for simulated error or noise. To simulate 

different percentages of occupancies, Equation 4.7 was used to average the sets of 

RDCs from different conformations, where ρi and RDCi
j denote the relative occupancy 

and RDC values for vector j in the ith conformational state, respectively. In this 

equation, n is the total number of discrete conformational states.   

{
 
 

 
 𝑅𝐷𝐶𝑗 =∑𝜌𝑖 ⋅ 𝑅𝐷𝐶𝑗

𝑖

𝑛

𝑖=1
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𝑛

𝑖=1

= 1

                                                                                                           (4.7) 

4.3.3  Software Resources 

RECRAFT 

REDCRAFT software package123,124,137 ⁠⁠ is designed for structure determination 

purely from orientational restraints. REDCRAFT is well suited for the study of 



 

39 

structure and dynamics because of its key feature of calculating the optimal structure 

by appending one residue at a time. This elongation process is consistent with the 

biological synthesis of proteins and allows for progressive examination of the rigidity 

assumption of a protein's structure. In this research, we focus on the features of 

Redcraft that are relevant for the study of structure and dynamics of proteins; the 

Dynamic-profile and Fragmented reconstruction. Both features are explained in detail 

in sections 4.1.24.1.3. The REDCRAFT software package is available for download 

from (https://ifestos.cse.sc.edu).  

REDCAT 

REDCAT⁠ software package106,138 is used for computing the synthesized RDC 

values for the given order tensors in section 4.3.2. REDCAT is also used to perform 

the order tensor analysis executed in all chapters. REDCAT is available for download 

from (https://ifestos.cse.sc.edu).  

VMD 

VMD23 is a molecular analysis and display software. For this research, VMD 

was used to manipulate and generate different simulated models of dynamic, and bb-

rmsd analysis. 

Molmol 

MOLMOL22 ⁠ is a molecular analysis and display software. For this research, 

MOLMOL was used to manipulate and generate the different simulated models of 

dynamic. 

Maple 

We applied many procedures using Maple 14 software package, such as the 

Gram−Schmidt procedure143⁠ and least-square minimization141 routine. 

https://ifestos.cse.sc.edu/
https://ifestos.cse.sc.edu/
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4.4 Testing and Validation 

The general testing and validation strategy relies on simulated RDC data. 

Using simulated data during the early stages of method development is critical. Prior 

knowledge of the dynamics (ground-truth) allows for meaningful comparison of the 

recovered results to the known model of dynamics to establish the accuracy of the 

recovery method. Furthermore, simulated scenarios allow for systematic exploration 

of the strengths and limitations of the presented methodology. 

The overall process consists of generating average sets of RDC data from 

different dynamics models, reconstructing fragmented structures based on steps 1-3 as 

listed in section 4.2, and reconstructing the dynamical states from the recovered Euler 

rotations (after solving Equation 4.5). Following reconstruction of the discrete states, 

validation is based on quantifying the backbone deviation between the reconstructed 

and target states. Our experiments, utilized a synthetic model and data from 1A1Z 

protein, as mentioned in sections 4.3.1 and 4.3.2. 

The traditional method of reporting results for the reconstructed structure of a 

protein is based on the measure of backbone-root-mean-square-deviation (bb-rmsd). 

In this research, the simple use of bb-rmsd is not sufficient to report our findings since 

it might generate results biased in favor of this method. Therefore, a more stringent 

approach is required to preserve the relative orientation of a protein's fragments. 

Complete validation of the recovered structures in this research will comprise three 

consecutive steps. The first step assembles the individual structural components, 

including the dynamical region’s different conformations. Assembly of different 

conformational states will be accomplished by utilizing the Euler angles obtained 

from the minimization of the objective function shown in Equation 4.5. These Euler 

angles facilitate the correct orientation of the conformational domains with respect to 
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the static domain. Furthermore, any existing orientational degeneracies (e.g., 

inversion degeneracy, etc.) are automatically resolved because the information from 

more than one alignment medium is used. Note that upon completing this step, while 

the individual components of the protein are in a correct orientational relationship 

with respect to each other, they may exhibit a substantial translation in space. 

During the second step of the validation, the target structure (including all of 

its conformational states) will be rotated to a relative orientation with respect to the 

reconstructed structure to serve as a template for measurement of the bb-rmsd 

similarity. During this step, we will use MOLMOL22/VMD⁠23 visualization software to 

optimally superimpose the target protein’s static domain onto the reconstructed 

structure’s static domain through rotational and translational modifications. 

Completion of this step provides a measure of backbone similarity between the static 

domain of the target and reconstructed structures.  

The third evaluation step consists of establishing the orientational accuracy of 

the reconstructed conformations for the dynamic domain by allowing only 

translational modifications (disallowing orientational modification) of the domains. 

Calculation of bb-rmsd based on optimized translation and disallowing rotational 

modification will be performed by the software backbone that is included within the 

REDCRAFT⁠ software package123,124. It is important to note that the reported bb-rmsd 

measures are upper-bound estimates.   
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Table 4.1 : Modes of Dynamics 

Temporal Structural Alignment 

Discrete-state Rigid-body Homogeneous 

Continuous-state Uncorrelated Heterogeneous 

 

Table 4.2: Order parameters used for the simulated 2-state arc motion. 

 Sxx Syy Szz α β γ 

S1 3.00×10-4 5.00×10-4 -8.00×10-4 0º 0º 0º 

S2 -4.00×10-4 -6.00×10-4 1.00×10-3 40º 50º -60º 

 

Table 4.3: Order parameters used for the complex 2-state model of dynamics. 

 Sxx Syy Szz α β γ  

S1 -3.00×10-4 -5.00×10-4 8.00×10-4 0º 0º 0º 

S2 2.00×10-4 5.00×10-4 -7.00×10-4 -40º -50º 60º 

 

Table 4.4: Order parameters used for the complex 3-state, 4-state model of dynamics. 

 Sxx Syy Szz α β γ  

S1 3.00×10-4 5.00×10-4 -8.00×10-4 0º 0º 0º 

S2 2.00×10-4 5.00×10-4 -7.00×10-4 -40º -50º 60º 

S3 -7.00×10-4 -1.00×10-4 8.00×10-4 20º -40º 20º 

 

Table 4.5: Order parameters used for the 5-state, and 6-state model of dynamics. 

 Sxx Syy Szz α β γ  

S1 3.00×10-4 5.00×10-4 -8.00×10-4 0º 0º 0º 

S2 2.00×10-4 5.00×10-4 -7.00×10-4 -40º -50º 60º 

S3 -7.00×10-4 -1.00×10-4 8.00×10-4 20º -40º 20º 

S4 -4.00×10-4 3.00×10-4 1.00×10-4 46º -28º 152º 
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Figure 4.1: Example of a typical dynamic-profile for the protein 1A1Z in the absence 

of internal dynamics with simulated ±1Hz of uniformly distributed noise. 

 

 

Figure 4.2: Example of a dynamic-profile of Rigid-body dynamics 
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Figure 4.3: Example of a dynamic-profile of uncorrelated dynamics 
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Figure 4.4: Theoretical treatment flowchart 
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Figure 4.5: 2-state arc motion of the protein 1A1Z by 60º perturbation of the ψ71 

dihedral at residue 71 

 

 

Figure 4.6: 2-state complex motion created by altering the dihedral angles of the 

protein 1A1Z at residue 58. 

 

 

Figure 4.7: 3-state complex model of dynamics with blue representing the static domain 

and the dynamic domain shown in red, green and orange correspond to the 

conformational states 1, 2 and 3 respectively 
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Chapter 5                                                                                            

Evaluation of Molecular Dynamic Simulation Approach to Study 

Protein Dynamics with RDC Constraints 

The previous chapter presented a method that allows for concurrent 

characterization of protein structure and dynamics using only RDC data. To further 

validate the contribution of our method, in this chapter, we evaluate the performance 

of one of the most popular existing approaches in the study of dynamical proteins, 

Molecular Dynamic Simulation, when they are executed with RDC data. 

5.1 Framework 

This comparative study aims to specify the requirements needed for the MDS 

to produce an accurate trajectory that reflects the simulated model of dynamics that 

the RDC data represents. The evaluation of MD simulation will start under the most 

pragmatic conditions and will proceed by including additional restraints to test if it is 

possible to produce a successful reconstruction of structure and dynamics, see 

Figure 5.1.  

The first evaluation phase; will utilize only the RDC restraints from the 

specified model of simulated dynamics mentioned in section 5.2.2 in the MDS. 

The second evaluation phase; will utilize both RDC and partial structural 

constraints. The structural restraints include the dihedral angles of the domain that 

undergoes dynamics in the chosen simulated model.  

 The last evaluation phase differs from the first two by including RDCs as 

orientation restraints⁠ to replica-averaged MD Simulation118,144–147.     
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After executing the simulations, an analysis will be performed to test the 

success and correctness of the simulations by confirming how compliant they are to 

the restraints used with the MD simulations, see section 5.3.  

5.2  Methods and Material 

Figure 5.1 states the steps performed to apply all evaluation steps of MD 

Simulations. The first step for all three phases is to generate a simulated dynamics 

model. Next, RDCs are calculated from the developed model and averaged according 

to the desired occupancies for the different conformations of the simulated model. 

The following step, the implementation, is what differs between the three evaluation 

steps as explained in section 5.2.3. The final step is the analysis of the trajectory for 

validation of the results. 

5.2.1  Simulated Model of Dynamics 

The 2-state model of dynamics from 1A1Z FADD protein described in 

section 4.3.1 will be used in the evaluation phases, Figure 4.5. This 2-state model 

showcases an arc motion with φ angle rotation of 60 ̊ at the 71st residue (denoted by 

φ71) with a 50% occupancy rate for each state. 

5.2.2 Simulated Data 

Order tensor values from Table 4.2 (section 4.3.2) were used to simulate RDC 

values for the simulated dynamics model states. Equation 4.1 was used to average the 

sets of RDCs from different conformations based on a 50% occupancy rate. A 

uniformly distributed noise in the range of ±1 Hz was added to all RDC data. These 

simulated averaged RDCs are used as orientation restraint in all MD simulations 

performed in this chapter. 
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5.2.3 Molecular Dynamic Simulation 

GROMACS MD software148–150(series 2021.5) is used to perform the MD 

simulations executed in this chapter. The 1A1Z protein structure was minimized in 

terms of energy, temperature, and pressure to arrive at a more equilibrated state. In the 

next step, a constrained molecular dynamics simulation was performed in 

GROMACS (series 2021.5) software. The simulation was conducted for 2500000 

steps with a step size of 0.0005 psec in a 300 K bath temperature in vacuum. A total 

of 1002 uniformly sampled frames were produced during the molecular trajectory to 

be used to calculate ensemble RDC data. 

In the first and second evaluation phases, we utilized two forcefields, 

CHARMM27 and AMBER99 force fields, to test the effect of forcefield selection on 

the final result. Also, two simulations per forcefield were performed with different 

starting coordinates, one with state one and the other with state two. 

Replica Average MD Simulations 

 Replica exchange simulations’ primary purpose is to enhance the sampling of 

energy landscapes that feature many minima over accessible simulation time scales. 

The basic idea behind it is to simultaneously simulate multiple replicas of the same 

structure under the same conditions but with different temperatures and periodically 

exchange the coordinates of replicas between these ensembles. The probability of 

observing a replica in a particular ensemble depends on the potential energy and the 

temperature. If two states have a likelihood that they would be observed in two 

independent ensembles, then an exchange of the coordinates between both replicas in 

the ensembles occurs. A few criteria need to be taken into consideration to achieve a 

statistically correct sampling:  
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 The temperature scheme used; Temperatures should be distributed in 

geometric progression 

 The choice of starting coordinates for each replica 

 The acceptable exchange probability between ensembles; according to 

litreture151,152, exchange acceptance probability around 0.2 is acceptable. 

 The number of replicas needed; choosing the number to achieve the desired 

exchange probability depends on the temperature range and the available 

computational resources. Unfortunately, there is no universally correct answer; 

some experimentation is needed to find the right number of replicas. 

For the third evaluation phase, 12 REMD simulations were performed with 

GROMACS software148,149 using the RDC data generated from the simulated model 

discussed in sections 5.2.1 and 5.2.2. Each simulation was conducted for 5000000 

steps with a step size of 0.002 psec in vacuum with AMBER99 forcefield. The 

number of replicas used was 4, 6, and 8. Multiple temperature schemes were sampled 

from the 300-400K to the 300- 700k. 

5.3 Testing and Validation 

Validation of the results is done in two steps. The first validation phase 

compares the bb-rmsd of the frames generated in the simulation trajectory with the 

bb-rmsd value between state1 and state2 from the simulated model equal to 3.7 Å to 

see if the MD simulation has generated enough magnitude of motion that reflects the 

actual dynamics. 

 The second step will use the simulated RDC generated from the simulated 

model of dynamic described in sections 5.2.1 and 5.2.2 and employed as orientation 

restraints in the MD simulations to validate that they closely reproduce the 

conformational properties of the original simulated model trajectory. The RDC values 
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are back calculated as average over all frames in the produced trajectory. These 

resulting average RDC values are expected to match the simulated RDC data used as 

restraints. 

Using the trajectory produced from the MD simulation, 1002 frames were 

generated uniformly to span the entire course of the dynamics. Auxiliary tools were 

used to separate these frames in a PDB format and generate a corresponding 

REDCAT file. The software package REDCAT106 was used to calculate the RDCs 

values for backbone {C′-N, N-HN, Cα -Hα, C′-HN, H-Hα, and Hα-H} for each frame 

of the trajectory using the order tensors shown in Table 4.2 in two alignment media. 

REDCAT’s internal utility functions were used to create the observable RDCs by 

averaging the individual RDCs across the entire course of the dynamics (defined by 

1002 frames). Finally, REDCAT’s internal utility functions were used to calculate the 

difference between these averaged RDCs and the simulated RDCs used as restraints in 

the simulation to calculate the order parameter and violations of the MD trajectory. 

For the replica average MD simulation, validation will follow in two steps: in 

the first step, the exchange probability has to be around .2 for the REMD to be 

deemed producible, the second step will involve the same order tensor analysis 

performed in the case of regular MD simulation described above. 

5.4 Results and Discussion  

Molecular Dynamic Simulation with Orientational Restraints 

Table 5.1 contains the results of the bb-rmsd analysis of each MD simulation 

trajectory run in both forcefields and with each starting structure. As can be seen, the 

highest value of bb-rmsd during the simulation was less than the expected 3.7 Å. While 

the choice of forcefield used has an effect on the magnitude of motion produced, it is 

not as significant as the effect of the starting structure chosen. The most considerable 
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magnitude of motion resulted from starting the simulation from state2 in AMBER99 

forcefield. This result is expected; since state1 is the most stable state while state2 is 

simulated and not plausible in real life, it is improbable for the protein to move and 

violate the parameters optimized in the MD software. 

On the other hand, Table 5.2 contains the order parameter calculated from the 

back calculated average RDCs frames the simulation trajectory. For each alignment 

media, we calculated the order parameter, the number of violations between the back 

calculated RDCs, and the simulated RDCs, and the highest value of violations 

recorded to compare with the 1Hz of error of noise added to the simulated RDCs. In 

Table 5.2, although the calculated order parameter is close to the ones used in creating 

the simulated RDCs, there is a slight difference. In addition, there are many violations 

with tremendous values, which indicates that the simulation run doesn’t comply with 

all the RDC restraints.  

Molecular Dynamic Simulation with Orientational and Dihedral Restraints 

The results of the MD simulation run with RDC restraints, and the addition of 

dihedral restraints were very disappointing. The results of the bb-rmsd analysis of the 

trajectory of each MD simulation were the same as the MD run with RDC restraints 

only. These results prove that the dihedral restraints added no more information to the 

simulation. 

Moreover, the order parameter analysis results shown in Table 5.3 agree with 

the results from the previous section. The calculated order parameter is comparable to 

the ones used to create the simulated RDCs with a slight difference. In addition, there 

are many violations with substantial values which indicates that the addition of 

dihedral restraint didn’t provide further improvements, hence deemed unnecessary. 
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Replica Averaged MDS with Orientational Restraints 

The different simulations overall results were unproductive; both REMD runs 

executed with 8 replicas failed. The first one used a temperature scheme of 300-700K 

and failed due to the system’s violation of the LINCS constraint algorithm applied in 

GROMCS (some bond rotation exceeded the maximum allowed threshold because of 

the high temperature). On the other hand, the second attempt of REMD with 8 

replicas was executed with 300-450k. As a result, the ensembles were too similar for 

any exchange to take place.  

The same issues were encountered with the 6 and 4 replica ensembles; high-

temperature ranges, simulation halts, and low-temperature ranges yield no exchange. 

Only one generated an exchange rate of .22 between two of the four replicas with the 

few completed runs. With further analysis, the results of this successful run were not 

any better than the results of a single MD simulation with RDC restraint discussed 

above.  

5.5 Conclusions  

The results reported in this evaluation indicate that using MD simulation with 

RDC data alone will not yield positive results, which agrees with the results reported 

in the literature. 

Although MD simulation is a valuable tool for studying protein dynamics, 

they are simulations, and to some degree, we get back what we put into the 

simulation. The choice of forcefield to use, the coordinates of the starting structure, 

what violations to deem acceptable, and even the option of MD software to use all 

affect the simulation results. 

All this points to the need for a more conclusive, dependable, reproducible, 

and mathematical approach in studying dynamics as the one presented in Chapter 4. 
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Table 5.1: BB-rmsd for MD run trajectory with both cases of using RDC restraint 

alone or with the addition of dihedral restraint 

Force Field Starting Structure 

BB-rmsd in A0 

Minimum Average Maximum 

CHARMM27 

State 1 0.0005 0.623 1.346 

State 2 0.0005 0.937 1.433 

AMBER99 

State 1 0.0005 0.622 1.118 

State 2 0.0005 1.169 2.027 

 

 

Table 5.2: Order Tensor analysis of 1002 frames in trajectory of MD run with RDC 

restraints 

Force Field  Starting 

Structure 

Align-

ment   

Media 

Calculated Order Parameter  

 

Number 

of Vio-

lations 

Max 

Value of 

Violation 
Sxx Syy Szz 

CHARMM27 State 1 M1 
3.1×10-4 4.7×10-4 -7.8×10-4 

71 4.5 Hz 

M2 
-3.7×10-4 -5.6×10-4 9.4×10-4 

112 9.7 Hz 

State 2 M1 
3.1×10-4 4.8×10-4 -7.8×10-4 

90 4.8 Hz 

M2 
-3.7×10-4 -5.6×10-4 9.3×10-4 

114 11.8 Hz 

AMBER99 State 1 M1 
3.0×10-4 4.9×10-4 -8.0×10-4 

131 5.3 Hz 

M2 
-3.8×10-4 -5.8×10-4 9.6×10-4 

167 15.8 Hz 

State 2 M1 
3.1×10-4 4.7×10-4 -7.9×10-4 

113 6.3 Hz 

M2 
-3.7×10-4 -6.1×10-4 9.8×10-4 

129 4.3 Hz 
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Table 5.3: Order Tensor analysis of 1002 frames in trajectory of MD run with 

dihedral and RDC restraints 

Force Field Starting 

Structure 

Alignment 

Media 

Calculated Order Parameter 

 

Number 

of Vio-

lations 

Max 

Value of 

Violation 
Sxx Syy Szz 

CHARMM27 State 1 M1 
3.1×10-4 4.7×10-4 -7.8×10-4 

81 3.24 Hz 

M2 
-3.7×10-4 -5.7×10-4 9.4×10-4 

118 10.7 Hz 

State 2 M1 
3.1×10-4 4.7×10-4 -7.8×10-4 

101 5.1 Hz 

M2 
-3.8×10-4 -5.6×10-4 9.4×10-4 

104 5.8 Hz 

AMBER99 State 1 M1 
3.0×10-4 5.0×10-4 -8.0×10-4 

91 8.5 Hz 

M2 
-3.8×10-4 -5.7×10-4 9.6×10-4 

122 15.9 Hz 

State 2 M1 
3.2×10-4 4.8×10-4 -7.9×10-4 

83 16.4 Hz 

M2 
-3.6×10-4 -6.0×10-4 9.6×10-4 

108 10.5 Hz 
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Figure 5.1: Flowchart of the MD simulation evaluation phases. 
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Chapter 6                                                                                                 

Results of the Simultaneous Characterization of Structure and 

Dynamics Approach 

In the following sections, we provide results supporting our approach in the 

treatment of structure and dynamics of proteins discussed in Chapter 4. Our results 

first focus on the ability of REDCRAFT to accurately identify the onset of dynamics 

and allude to the structural mode of the dynamic. Next, we present our results in the 

reconstruction of conformations from two, three, and four state dynamics. We 

conclude our results with a discussion of the limitations of the presented work and 

anomalies related to the study of dynamics from RDC data. 

6.1 Discovery of Onset of Dynamics and Structural Modes of Dynamic by 

Dynamic-Profile from REDCRAFT 

As the first example in the utility of the dynamic-profile, we present the case 

of 2-state dynamics. We utilized the dynamical model shown in section 4.3.1 (two 

states generated through perturbation of φ71) and utilized the averaged RDCs to 

perform a forward and reverse structure calculation of the protein 1A1Z. An example 

of the dynamic-profile of a 2-state dynamic can be seen in Figure 6.1. In this figure, 

the blue and red profiles correspond to the forward and reverse structure calculations, 

respectively. In contrast to the typical profile shown in Figure 4.1, an anomalous 

increase has manifested in the vicinity of residue 71 on both forward and reverse 

sessions of REDCRAFT. This result is consistent with the model of dynamics that 

was used during this exercise. While both forward and      
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reverse analyses exhibit an increase in the RDC score of the dynamic-profile; this 

phenomenon is more prominently observed in the case of the reverse structure 

determination than the forward. This inequality arises because in the case of forward 

run, the anomalous region is discovered after 73 residues and RDC data from only 11 

residues are inconsistent with respect to the remainder of the protein. This small 

portion will have a relatively more minor effect in perturbation of the RDC score 

reported by REDCRAFT.  

In contrast, a much larger discrepancy is observed in the case of reverse 

folding of the protein because a much larger portion of the data can contribute to any 

observed inconsistencies. A similar exercise was conducted for the 3-state dynamics 

described in section 4.3.1. In this model geometry of the 58th residue was altered to 

simulate dynamics. Figure 6.2 illustrates the dynamic-profile of this 3- state model of 

dynamics. Consistent with the model of dynamics, the dynamic-profile identifies the 

onset of the dynamics at around residue 57-58. However, unlike the previous exercise, 

and since a larger portion of the protein is undergoing dynamics, an approximately 

equal increase is observed in the dynamic-profiles of forward and reverse structure 

calculation by REDCRAFT. 

The above two examples demonstrated the ability of REDCRAFT in 

identifying the onset of internal dynamics via the use of dynamic-profile analysis. The 

structural mode of dynamics (Rigid-body versus Uncorrelated) can be established by 

using the fragmented study of a protein structure in REDCRAFT as described in 

section 4.1.2.  

6.2 2-State Rigid Body Dynamics  

We begin discussion of our results with the case of 60˚ arc motion (shown in 

Table 6.1). As can be seen in each table, the relative occupancies of each exercise are 
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listed on the left-hand most column of the table. The “Minimum” value corresponds 

to the lowest value (in units of Hz scaled to N-H vectors) obtained from minimizing 

the objective function shown in Equation 4.5. This value helps to establish the success 

of the general approach; minimum values in the vicinity of the experimental noise 

indicate successful reconstruction of the states. The “Conformation #” denotes the 

conformation number, the BB-rmsd, and relative occupancies correspond to each 

state's structural/orientational similarity and relative occupancy, respectively. 

In general, all states of the dynamics were reconstructed very accurately, 

including orientation of the states and relative occupancies. In some instances (such as 

50/50), the relative occupancies were in error by as much as 13%. The only exercise 

that exhibited an anomalous outcome was the case of 90/10. Here the first 

conformation was reconstructed with a high degree of accuracy (0.37Å with respect to 

the target protein), while the second state was created with bb-rmsd of 9.4Å with 

respect to its corresponding state. Our explanation for this behavior is the low relative 

occupancy of this particular scenario marginalizes the perturbation of RDCs due to 

dynamics. The small perturbation of RDCs (compared to the noise) has rendered its 

effect moot. This phenomenon is observed in other instances discussed in the future 

sections. Since the effect of the second state is negligible, it was reconstructed in 

nearly an irrelevant orientation giving rise to its high bb-rmsd to the target 

conformation. 

Next, to further investigate the sensitivity of our method with respect to the 

magnitude of motion, we reduced the change of φ71 to 30°. The results of these 

experiments are shown in Table 6.2 and are very similar to that of the 60° dynamics 

except for the case of 80/20. In this case, the second state could not be reconstructed 

with much accuracy. We suspect the reason for this inconsistency is the combination 
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of a smaller angle of rotation and lower relative occupancy. It appears that at only 30° 

rotation, a state with less than 20% occupancy gets subsumed into the original state, 

as occurred in the case of 90/10 of the previous example. 

To further investigate the effect and behavior of our approach on small and 

negligible motions, we investigated the case of 15˚ arc motion. Although internal 

variation exists in the second domain, the REDCRAFT dynamic profile does not 

identify internal dynamics indicating the absence of any anomalous behavior. Despite 

this finding, we proceeded to reconstruct the two orientations, and the results are 

shown in Table 6.3. The overarching observation that can be concluded from the 

results in this table consists of accurate reconstruction of the first state and nearly 

complete failure to reconstruct the second state (both orientation and relative 

occupancy) despite achieving a low value for the objective function. This behavior is 

consistent with the results for 60˚ arc motion and 90/10 occupancy exercise. Both of 

these exercises help establish the boundaries of the information content of the RDC 

data. In summary, the particular instance of 15° motion did not provide sufficient 

alteration of RDCs (and therefore order tensors) to indicate the existence of internal 

dynamics at any relative occupancies. 

The results from the complex 2-state model are shown in Table 6.4 and 

portray an outcome consistent with the case of arc motion. Both conformations were 

reconstructed with a high degree of accuracy despite the complexity of the dynamics. 

However, it can be seen that as the relative occupancy of the second state (the ending 

state) decreases, the predicted orientation's bb-rmsd to the target structure increases as 

well. This deterioration in performance is observable in the case of 80/20 and clearly 

so in the case of 90/10. In both cases, the first state was reconstructed with reasonable 

accuracy, while the reconstructed second state deteriorated as a function of 
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occupancies. A relative occupancy of 10% can be seen as almost negligible in the 

course of a dynamic movement when using RDCs with ±1Hz of error. 

6.3 3-State Rigid Body Dynamics 

Results of the 3-state complex dynamics are shown in Table 6.5 for several 

different relative state occupancies. Similar to the case of 2-state, the relative 

occupancies of each exercise are listed on the left-hand most column of this table. The 

“Minimum” value corresponds to the lowest value (in units of Hz scaled to N-H 

vectors) obtained from minimizing the objective function shown in Equation 4.5. This 

value helps to establish the success of the general approach; minimum values in the 

vicinity of the experimental noise indicate successful reconstruction of the states. The 

“Conformation #” denotes the conformation number, the BB-rmsd, and Relative 

Occupancies correspond to the structural/orientational similarity and relative 

occupancy of each state, respectively. 

As seen in Table 6.5, our presented method has successfully reconstructed the 

conformational states and rates of occupancies with less than 2Å in structural 

resolution. We note a higher variability in the recovered measure of relative 

occupancies, variations as much as 0.19%. 

6.4 Extended-State Rigid-Body Dynamics 

To create an extended-state model of dynamics, large-size proteins are needed 

to develop a biologically plausible model that does not violate basic geometry or 

result in disallowed collisions. However, large proteins exhibit complicated structures 

of sub-domains. In addition, as mentioned in section 6.2 and discussed in detail in 

section 6.6, our system failed to detect dynamics with a small magnitude of rotation 

or/and occupancy rate less than 20%. Hence, it becomes increasingly difficult to find 

four independent states that satisfy our method conditions and basic geometry while 
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still staying with occupancy rates larger than 20% to represent a 4-state model. 

Moreover, it is impossible to develop a 5-state or 6-state model with an occupancy 

rate larger than 20%.  Also, note that while an extended-state model of dynamics 

could exist in theory, in actuality, the highest model of dynamics that has been 

described in the literature is a 4-state model of dynamics. For these reasons, the 

extended-state models are left for future work. 

6.5 Modeling of 2-State Dynamics as 3-State Dynamics or a 3-State as 2-State 

All the dynamic models discussed previously assume a priori knowledge in 

the number of dynamical states. It is reasonable to consider the cases where the 

number of stable conformations is unknown prior to analysis. In this case, a 

parsimonious approach can be employed to assist in the discovery of the appropriate 

jump states. More specifically, 2-state dynamics can serve as a starting point of any 

investigation. The total number of conformational states can be explored 

incrementally until a satisfactory result is achieved. A satisfactory result is quantified 

by the fitness of experimental data to the computed ones to within the data acquisition 

error.   

To demonstrate this approach, analysis of 3-state dynamics described in 

Section 4.3.1 was utilized. Based on this parsimonious approach, the reconstruction of 

conformations will proceed based on the assumption of 2-state dynamics. Results of 

the 2-state recovery of the 3-state dynamics are shown in Table 6.6. In principle, and 

in agreement with the results shown in this table, the incomplete modeling should be 

problematic and manifest itself in an unacceptably high objective function value. In 

Table 6.6, the left-most column indicates the true relative occupancies of each state 

during the simulation of dynamics. The information marked as “Minimum” denotes 

fitness of the objective function (Equation 4.5) scaled to the units of Hz for N-H 
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vectors. Increasing the number of states to 3, produces the results shown in Table 6.5 

with minimum values of the objective function that indicate successful recovery of 

states. The cases of 60/30/10 and 50/30/20 exhibited potentially acceptable objective 

functions because they can be treated as a two-state dynamics by disregarding the 

state with relatively low occupancies (10% or 20%). This serves as another 

affirmation that relative occupancies of less than 20% are potentially negligible within 

the framework of ±1Hz of experimental error.   

Conversely, 2-state dynamics can be forced to be modeled as 3-state. In 

theory, a 2-state dynamics should be classified as a 3-state dynamic where two of the 

recovered states correspond to the two conformations and a third phantom state with a 

relative occupancy of 0%. To illustrate this point, two experiments in which 2-state 

models of dynamics were forced into a 3-state recovery. Recovery of 3-state 

dynamics requires RDC data from at least three alignment media. The three alignment 

media shown in Table 4.4, along with the two-state arc motion and two-state complex 

motion described in Sections 4.3.2, 4.3.1 was utilized in this exercise. In both cases, 

equal 50% relative occupancies were used to simulate the RDC data. 

As shown in Table 6.7, Conformation 3 in both the arc and the complex 

motions have occupancy rates of 0.03 and 0.01, respectively. These conformations 

correspond to neither state 1 nor state 2 of their respective model of dynamics. An 

occupancy rate of 1-3% is, in practice, negligible, making the corresponding state 

clearly inconsequential. Figure 6.3 shows the results from the two-state arc motion 

with the extraneous conformation shown in yellow and the two conformations (1 and 

2 in Table 6.7) that align well with the original model of dynamics. 

The results of these experiments are essential because they reveal exciting 

insights into the presented method. They show that the inclusion of more data 
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improves the preciseness in the reconstruction of domains, as evidenced by the low 

bb-rmsd of the reconstructed states in Table 6.7. In addition, it can be reasonably 

argued that in application to natural examples of dynamics where the actual number 

of discrete states are not known, our method appears to successfully identify the 

correct number of states that describe a model of dynamics.   

6.6 Limitations in Recovery of Discrete State Dynamics 

In section 6.2, we demonstrated the inability of the present work to reconstruct 

conformations with relative occupancies less than 10% in the cyclical life of a 

dynamical event. In addition, we also demonstrated the limitation in reconstructing 

conformational changes imposed by as small as 15 ° of arc motion. These limitations 

are due to the overall contribution of dynamics (either relative occupancy or small 

motion) relative to the experimental precision of data acquisition. Therefore, in the 

absence of any other information, these types of limitations are universal, and no 

approach will be able to recover useful information related to the internal dynamics.  

Another category of limitations can be described as inherent to any approach 

that relies on an analysis of order tensors to recover conformational information. 

More specifically, these limitations arise from the fact that order tensors span a five-

dimensional space (degrees of freedom of an order tensor). Therefore, regardless of 

the number of alignment media explored, no more than five independent alignment 

tensors can be obtained. Considering the relationship shown in Equation 4.6, this 

imposes a limitation on our approach of recovering a maximum of six conformations. 
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Table 6.1: Results for 60º arc motion. 

50/50 

Minimum 9.13×10-11 (0.23 Hz) 

Conformation 1 2 

BB-RMSD 0.93Å 1.02Å 

Relative Occupancy 0.63 0.37 

60/40 

Minimum 1.25×10-10 (0.27 Hz) 

Conformation 1 2 

BB-RMSD 0.38Å 0.42Å 

Relative Occupancy 0.61 0.39 

70/30 

Minimum 1.31×10-10 (0.28Hz) 

Conformation 1 2 

BB-RMSD 0.44Å 0.45Å 

Relative Occupancy 0.72 0.38 

80/20 

Minimum 2.37×10-10 (0.37 Hz) 

Conformation 1 2 

BB-RMSD 0.59Å 1.52Å 

Relative Occupancy 0.85 0.15 

90/10 

Minimum 2.29×10-10 (0.37 Hz) 

Conformation 1 2 

BB-RMSD 0.37Å 9.4Å 

Relative Occupancy 0.896 0.103 
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Table 6.2: Results for 30° arc motion 

50/50 

Minimum 5.12×10-11 (0.17 Hz) 

Conformation 1 2 

BB-RMSD 0.46Å 0.44Å 

Relative Occupancy 0.45 0.55 

60/40 

Minimum 7.27×10-11 (0.2 Hz) 

Conformation 1 2 

BB-RMSD 0.5Å 0.58Å 

Relative Occupancy 0.66 0.34 

70/30 

Minimum 1.12×10-10 (0.26Hz) 

Conformation 1 2 

BB-RMSD 0.65Å 2.00Å 

Relative Occupancy 0.88 0.12 

80/20 

Minimum 9.4×10-11 (0.23 Hz) 

Conformation 1 2 

BB-RMSD 0.66Å 5.2Å 

Relative Occupancy 0.95 0.05 

90/10 

Minimum 4.49×10-11 (0.16 Hz) 

Conformation 1 2 

BB-RMSD 0.5Å 6.9Å 

Relative Occupancy 0.98 0.02 
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Table 6.3:  Results for 15º arc motion. 

50/50 

Minimum 7.×10-10 (0.65 Hz) 

Conformation 1 2 

BB-RMSD 0.78Å 7.8Å 

Rate of Occupancy 0.96 0.04 

60/40 

Minimum 1.9×10-10 (0.34 Hz) 

Conformation 1 2 

BB-RMSD 0.73Å 9.6Å 

Rate of Occupancy 0.85 0.15 

70/30 

Minimum 3.48×10-10 (0.46Hz) 

Conformation 1 2 

BB-RMSD 0.68Å 9.3Å 

Rate of Occupancy 0.88 0.12 

80/20 

Minimum 7.13×10-10 (0.65 Hz) 

Conformation 1 2 

BB-RMSD 0.66Å 9.1Å 

Rate of Occupancy 0.88 0.12 

90/10 

Minimum 1.14×10-9 (0.82Hz) 

Conformation 1 2 

BB-RMSD 0.58Å 5.2Å 

Rate of Occupancy 0.95 0.05 
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Table 6.4: Results for 2-state complex dynamics experiments. 

50/50 

Minimum 2.27×10-10 (0.36 Hz) 

Conformation 1 2 

BB-RMSD 0.76Å 0.83Å 

Rate of Occupancy 0.42 0.58 

60/40 

Minimum 1.6×10-10 (0.31 Hz) 

Conformation 1 2 

BB-RMSD 1.1Å 1.4Å 

Rate of Occupancy 0.47 0.53 

70/30 

Minimum 1.4×10-10 (0.29 Hz) 

Conformation 1 2 

BB-RMSD 1.2Å 1.6Å 

Rate of Occupancy 0.53 0.47 

80/20 

Minimum 6.04×10-11 (0.19 Hz) 

Conformation 1 2 

BB-RMSD 0.69Å 2.3Å 

Rate of Occupancy 0.66 0.34 

90/10 

Minimum 1.7×10-10 (0.32 Hz) 

Conformation 1 2 

BB-RMSD 0.83Å 6.33Å 

Rate of Occupancy 0.95 0.05 
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Table 6.5: Results for 3-state dynamics experiments. 

50/25/25 

Minimum 2.9×10-11 (0.13 Hz) 

Conformation # 1 2 3 

BB-RMSD 0.95Å 1.9Å 0.67Å 

Rate of Occupancy 0.42 0.32 0.26 

34/33/33 

Minimum 2.6×10-11 (0.12 Hz) 

Conformation # 1 2 3 

BB-RMSD 1.4Å 0.38Å 1.3Å 

Rate of Occupancy 0.25 0.41 0.33 

50/30/20 

Minimum 3.4×10-11 (0.14 Hz) 

Conformation # 1 2 3 

BB-RMSD 1.08Å 1.5Å 0.4Å 

Rate of Occupancy 0.32 0.34 0.34 

60/30/10 

Minimum 7.8×10-11 (0.21 Hz) 

Conformation # 1 2 3 

BB-RMSD 0.64Å 1.3Å 1.3Å 

Rate of Occupancy 0.52 0.35 0.1 

 

Table 6.6: Results for modeling of a 3-state dynamic as a 2-state. 

True Occupancies Minimum 

34/33/33 2.99×10-8 (4.21 Hz) 

50/25/25 4.097×10-7 (15.56 Hz) 

50/30/20 5.8×10-9 (1.85 Hz) 

60/30/10 6.9×10-9 (2.02 Hz) 

 

Table 6.7: Results for simulating 2-state dynamics in our 3-state dynamic equation. 

Arc Motion 

(50/50/0) 

Minimum 3.15×10-13 (0.013 Hz) 

Conformation 1 2 3 

BB-RMSD 0.7Å 0.63Å 4-7Å 

Rate of Occupancy 0.47 0.50 0.03 

Complex 

Motion 

(50/50/0) 

Minimum 1.6×10-10 (0.31 Hz) 

Conformation 1 2 3 

BB-RMSD 0.66Å 0.6Å 9-10Å 

Rate of Occupancy 0.44 0.55 0.01 
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Figure 6.1: An example of the dynamic profile for a 2-state model of dynamics. The 

blue line represents the RDC-RMSD score from REDCRAFT in forward configuration 

and the red line denotes REDCRAFT in reverse configuration. In this particular 

model of dynamics, the phi angle of the 71st residue of the protein was rotated 60 

degrees. The dynamic profile indicates an anomaly around that same area. 

 

 

Figure 6.2: An example of the dynamic profile for a 3-state model of dynamics. The 

blue line represents the RDC-RMSD score from REDCRAFT in forward configuration 

and the red line denotes REDCRAFT in reverse configuration. In this particular 

model of dynamics, the 58th was mutated to simulate dynamics. The dynamic profile 

indicates an anomaly around that same area. 
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Figure 6.3: The resulting conformations from forced modeling of a 2-state dynamic as 

a 3-state are shown here. Fragments shown in red and green correspond to the two 

actual conformational states while yellow depicting the phantom irrelevant 

conformation with 1% relative occupancy. 

 

 



 

73 

Chapter 7                                                                                          

Concurrent Identification and Characterization of Protein Structure 

and Continuous Internal Dynamics with REDCRAFT1 

Hanin Omar, Aaron Hein, Casey A. Cole, Homayoun Valafar* 

Department of Computer Science and Engineering 

University of South Carolina 

Columbia, SC 29201 

*Corresponding author: homayoun@cse.sc.edu 

 

 

 

 

 

 

 

 

 

                                                 

1 Concurrent Identification and Characterization of Protein Structure and Continuous Internal 

Dynamics with REDCRAFT, Hanin Omar, Aaron Hein, Casey A. Cole, and Homayoun Valafar, 2020. 

Frontiers in Molecular Bioscience.  10.3389/fmolb.2022.806584. Reprinted here with permission of the 

publisher. 



 

74 

7.1 Abstract 

Internal dynamics of proteins can play a critical role in the biological function 

of some proteins. Several well documented instances have been reported, such as 

MBP, DHFR, hTS, DGCR8, and NSP1 of the SARS-CoV family of viruses. Despite 

the importance of internal dynamics of proteins, there currently are very few 

approaches that allow for meaningful separation of internal dynamics from structural 

aspects using experimental data. Here we present a computational approach named 

REDCRAFT that allows for concurrent characterization of protein structure and 

dynamics. Here, we have subjected DHFR (PDB-ID 1RX2), a 159- residue protein, to 

a fictitious, mixed mode model of internal dynamics. In this simulation, DHFR was 

segmented into 7 regions where 4 of the fragments were fixed with respect to each 

other, two regions underwent rigid-body dynamics, and one region experienced 

uncorrelated and melting event. The two dynamical and rigid-body segments 

experienced an average orientational modification of 7° and 12°, respectively. 

Observable RDC data for backbone C′-N, N-HN, and C′-HN were generated from 102 

uniformly sampled frames that described the molecular trajectory. The structure 

calculation of DHFR with REDCRAFT by using traditional Ramachandran restraint 

produced a structure with 29 Å of structural difference measured over the backbone 

atoms (bb-rmsd) over the entire length of the protein and an average bb-rmsd of more 

than 4.7 Å over each of the dynamical fragments. The same exercise repeated with 

context-specific dihedral restraints generated by PDBMine produced a structure with 

bb-rmsd of 21 Å over the entire length of the protein but with bb-rmsd of less than 3 

Å over each of the fragments. Finally, utilization of the Dynamic Profile generated by 

REDCRAFT allowed for the identification of different dynamical regions of the 

protein and the recovery of individual fragments with bb-rmsd of less than 1 Å. 
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Following the recovery of the fragments, our assembly procedure of domains (larger 

segments consisting of multiple fragments with a common dynamical profile) 

correctly assembled the four fragments that are rigid with respect to each other, 

categorized the two domains that underwent rigid-body dynamics, and identified one 

dynamical region for which no conserved structure could be defined. In conclusion, 

our approach was successful in identifying the dynamical domains, recovery of 

structure where it is meaningful, and relative assembly of the domains when possible. 

Keywords 

REDCRAFT, RDC, protein, dynamics, computational, REDCAT, order 

tensor, PDBMine 

7.2 Introduction 

Mounting evidence demonstrates the importance of internal dynamics of 

biomolecules, including proteins, in their enzymatic and biological functions. A 

number of biologically important proteins have been the subjects of dynamic 

investigations, confirming the importance of internal dynamics in their function. The 

breathing motion of myoglobin153–156 can be cited as a historical instance of this 

property. Studies of other biologically important proteins such as lipases and 

hydrolases157, dihydrofolate reductase (DHFR)158,159, maltose binding protein 

(MBP)160–163, and others164–167 have revealed the importance of internal dynamics in 

their function. 

 Computational approaches such as CHARMM67,70, AMBER73,74, 

GROMACS72, or NAMD71 provide simulations of molecular dynamics (MD) from 

first principles. These platforms incorporate nearly all of the understood biophysical 

forces at the atomic level, and while the accuracy of the underlying potentials is not 

perfect, MD methods have the potential to generate reliable models of protein 
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dynamics if given reasonably accurate starting points. X-ray crystallography is also 

used to study conformational sampling of some proteins (e.g., DHFR 159, MBP168,169). 

Although studies of dynamics by X-ray crystallography can provide high-resolution 

descriptions of the multiple conformational states of proteins, these structures and/or 

their temporal occupancies may be perturbed by the crystal lattice. In fact, it is 

entirely plausible that functionally unimportant transient states are selected by a 

crystal lattice. In addition, the timescales of the dynamical events and occupancy of 

the conformational states are not recoverable by crystallography. Nuclear Magnetic 

Resonance (NMR) spectroscopy, including measurements of T1 and T2 relaxation 

rates57,59,170, and relaxation-dispersion experiments60, also provide powerful methods 

for investigating internal dynamics of macromolecules. However, there are few robust 

NMR studies of the equilibrium distributions of conformations that define the 

conformational landscape of the “native” protein structure.  

Conceptually, from the experimental perspective it is difficult to separate the 

contribution of structure from dynamics since the two are intimately related. The 

existing approaches for characterization of protein dynamics from NMR 

measurements are typically performed in two separate steps—with the protein’s 

structure determined first, followed by an assessment of its motion using the 

calculated structure. Our recent work131,171 has demonstrated the potential for 

obtaining erroneous structures when dynamically-averaged NMR data is best-fit to a 

single static structure. Subsequent mapping of dynamic information onto such an 

erroneous structure will likely lead to compromised models of motion. Therefore any 

attempt in structure elucidation that disregards the dynamics of a protein (or vice 

versa) can produce erroneous results172,173. In this work, we demonstrate a more 

practical and rigorous approach to characterize a protein’s structure and its dynamics 
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simultaneously through the use of Residual Dipolar Couplings 

(RDCs)123,124,131,137,171,174, which are sensitive reporters of both structure and 

dynamics63. The reported results will constitute the first instance of studying structure 

and dynamics of a protein from RDCs under a continuous and mixed-mode dynamics. 

7.3 Theoretical Background 

7.3.1 Residual Dipolar Couplings Data  

Numerous reviews101,113,174–178  highlight the utility of RDC data in a broad 

spectrum of applications to biological macromolecules. RDCs have been used in 

studies of carbohydrates143,179–181, nucleic acids103,125,177,182,183 and proteins143,156,184–

188. Until recently, the role of RDCs in structure determination has generally been to 

provide supplemental restraints to a large number of distance-based NOE restraints. 

Recent developments123,189–192 have demonstrated the success of structure 

determination of macromolecules by using primarily or exclusively RDC data. The 

use of RDCs can lead to a significant reduction in data collection and 

analysis131,137,193–195 while providing simultaneous resonance assignment, structure 

determination, and identification of dynamical regions126,143,191,192,196,197.  

RDCs arise from the interaction of two magnetically active nuclei in the 

presence of the external magnetic field of an NMR instrument82,175,198,199. This 

interaction is normally reduced to zero, due to the isotropic tumbling of molecules in 

their aqueous environment. The introduction of partial order to the molecular 

alignment reintroduces dipolar interactions by minutely limiting isotropic tumbling. 

This partial order can be introduced in numerous ways200, including inherent magnetic 

anisotropy susceptibility of molecules101, incorporation of artificial tags (such as 

lanthanides) that exhibit magnetic anisotropy201, or in a liquid crystal aqueous 

solution200. The RDC interaction phenomenon can be formulated in different 
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ways82,90. In our work we utilize the matrix formulation of this interaction as shown in 

Eq. 7.1. The entity S shown in Eqs 7.1, 7.2 represents the Saupe order tensor 

matrix101,106,142 (the ‘order tensor’) that can be described as a 3 × 3 symmetric and 

traceless matrix. Dmax in Eq. 7.1 is a nucleus-specific collection of constants, rij is the 

separation distance between the two interacting nuclei (in units of Å), and vij is the 

corresponding normalized internuclear vector. The order tensor formulation of the 

RDC interaction provides a convenient mechanism of probing internal dynamics of 

proteins. Decomposition of the alignment tensor106,202 can reveal information 

regarding the level of order106,198,203 and the preferred direction of alignment106,203 . A 

careful comparison of order tensors obtained from different regions of a 

macromolecule can provide a diagnostic tool in identifying relative orientations 

between structural elements and/ or the presence of internal dynamics106,124,203. 

𝐷𝑖𝑗 = (
𝐷𝑚𝑎𝑥

𝑟𝑖𝑗
3 )𝑣𝑖𝑗 ∗ 𝑆 ∗ 𝑣𝑖𝑗

𝑇                                                                                                   (7.1) 

𝑆 = [

Sxx Sxy Sxz
Sxy Syy Syz
Sxz Syz Szz

] , vij = (

cos (θx)
cos (θy)

cos (θz)

)                                                                       (7.2) 

The collection of RDC data imposes additional steps in sample preparation 

and data acquisition when compared to the requisites of the traditional data 

acquisition by NMR spectroscopy. Despite the additional requirements, the use of 

RDCs may be justified based on several of their unique features. Our most recent 

work204 illustrated the sensitivity of NOEs and RDCs as reporters of protein 

structures. Based on this work, NOEs tend to lose sensitivity as the search approaches 

the native structure, while RDCs become more sensitive. Therefore, the addition of 

RDCs has the potential of improving the structural resolution of proteins studies by 

NMR spectroscopy. RDCs can also report molecular motions on time-scales ranging 
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from picoseconds to microseconds63,204,205, during which many functionally important 

events occur. Indeed, in the 10 ns–1 s timescale window, RDCs are the most sensitive 

of NMR parameters203. Therefore, in instances of investigating internal dynamics of 

macromolecules, the use of RDCs can be very beneficial if not necessary. In 

summary, RDCs have the unique property of simultaneously reporting structural and 

dynamics information, which has not been fully explored. In this work, we extend our 

previous work by presenting the first instance of simultaneous characterization of 

structure and dynamics that include continuous and mixed-mode internal dynamics. 

7.3.2 The Effect of Motion on Saupe Order Tensor 

Previous works have described the theoretical aspects of the Suape Order 

Tensors (OTM)63,196. Here we provide a more applied summary of this topic as it 

pertains to this report. Under purely theoretical and hypothetical conditions, a 

molecule that is absolutely devoid of any motion (internal or external tumbling) will 

achieve the highest level of order that is represented by the order tensor described in 

Eq. 7.3. Under realistic and unperturbed conditions, the isotropic tumbling of a 

macromolecule results in an order tensor that has been averaged to zero due to a 

uniform sampling of all possible molecular orientations. After inducing a tumbling 

anisotropy, a nonzero order tensor will be reintroduced based on the preferred 

orientation of the molecular tumbling, which is the origin of observing finite RDC 

data. In the absence of internal dynamics, the tumbling anisotropy is equally 

experienced by all portions of the molecule, and therefore OTMs reported by any 

portion of the molecule are equal to within the experimental error. The presence of 

internal dynamics will result in an OTM that is different than an OTM obtained from 

any other portion of the macromolecule. This is due to the fact that OTM from the 

dynamical region will consist of the effect of anisotropic molecular tumbling 
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combined with the perturbation of internal dynamics. This is the primary principle 

that we employ in the development of our analysis. A systematic departure in OTMs 

reported from different portions of the protein are due to internal dynamics and can be 

used to identify dynamical regions, internally orchestrated motions, and be used in 

some instances to reconstruct the trajectory of motion197. 

𝑆 = [
−1/2 0 0
0 −1/2 0
0 0 1

]                                                                                                     (7.3) 

7.4 Materials and Methods 

7.4.1 Target Proteins 

In this study we utilized dihydrofolate reductase enzyme (DHFR) that has 

been selected based on the substantial existing literature in support of major 

conformational changes when performing their enzymatic function158,159,168,169.  

Dihydrofolate reductase enzyme (DHFR)136 is a 159-residue long protein that 

has long been recognized for its central role in regulating tetrahydrofolate level in the 

cell, which directly aids in the synthesis of nucleic acid precursors. DHFR has been 

extensively studied and paramount evidence has confirmed its conformational 

changes as it binds to different intermediates160,206–208. DHFR is a single-domain, 

monomeric molecule; the structure of which is divided into two subdomains: the 

adenosine binding subdomain and the loop subdomain. The gap separating the two 

subdomains is occupied by a nicotinamide ring, and the pteridine ring is located in the 

cleft between helices B and C. Four known states have been identified for this protein: 

open, closed, and occluded states depending on whether the active site is open, closed, 

or occluded by the loop. Due to internal dynamic, sometimes it becomes 

crystallographically unclear or invisible, hence the last state, known as the disordered 

state158. Although there exists ample evidence of the existence of internal dynamics, 
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little is known regarding the exact nature of the structural rearrangement of this 

protein. 

 In this study we use DHFR to test the ability of our approach in concurrent 

characterization of structure and dynamics of proteins. To that end, we perform a 

fictitious, mixed-mode molecular dynamics simulation on DHFR (PDB-ID: 1RX2) in 

order to simulate RDC data and explore the possibility of identifying different 

dynamical regions of this protein by REDCRAFT, while providing atomic resolution 

structures for each dynamical domain. It is important to note that the imposed MDS is 

for illustration purposes only and it servers no useful information in recovering the 

actual dynamics of this protein in its native form. 

7.4.2 Molecular Dynamic Simulation 

A fictitious, molecular dynamics simulation was implemented for DHFR 

based on some of the information available in the literature. More specifically, the 

structure PDB-ID 1RX2 was fractionated and subjected to various models of internal 

dynamics to better test our approach. The overall model of dynamics consisted of four 

fixed regions, two segments that underwent rigid-body dynamics, and one 

unstructured region. These segments were connected by hinge regions as shown in 

Figure 7.1 and Figure 7.2. As the first step in our MD simulation, the protein 

structure was minimized in order to arrive at a more equilibrated state. In the next 

step, A mixed-mode constrained molecular dynamics simulation was performed in 

XPLOR-NIH75,76 (version 3.3) by keeping segments 1 (residue 1–11), 3 (residue42-

60), 5 (residue 92–115), and 7 (residue 137–159) fixed in space. Segment 2 (residue 

15–28) and segment 4 (residue 64–88) were constrained to experience rigid body 

dynamics by permitting the hinge regions (regions connecting each segment) to 

fluctuate freely in space. Segment 6 (residue 116–136) was allowed to freely move in 
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space without any additional constraints and therefore experienced a melting of that 

domain. The simulation was conducted for 100,000 steps with step size of 0.0001 

psec in a 2,000 K bath temperature. A total of 102 uniformly sampled frames were 

produced during the course of the molecular trajectory to be used during the 

calculation of ensemble RDC data. 

7.4.3 Calculation of RDC Data 

Using the trajectory produced from the MD simulation, 102 frames were 

generated uniformly to span the entire course of the dynamics. Auxiliary tools were 

used to separate each of these frames in a PDB format and to generate a 

corresponding REDCAT file. The software package REDCAT106 was used to 

calculate the RDCs values for backbone C′-N, N-HN, and C′-HN for each frame of the 

trajectory using the order tensors shown in Table 7.1 in two alignment media. 

REDCAT’s internal utility functions were used to create the observable RDCs by 

averaging the individual RDCs (for the three vectors) across the entire course of the 

dynamics (defined by 102 frames). To simulate a more realistic set of data, uniformly 

distributed noise in the range of ±0.5 Hz was added to all RDC data. These averaged 

RDCs were used for reconstruction of structure and study of the internal dynamics by 

REDCRAFT in a procedure highlighted in the following sections. It is important to 

comment on our choice of RDC data. Although a variety of highly informative RDC 

data (e.g., Cα-Hα, Hα-HN, etc.) can be collected from smaller proteins, we have not 

used them in our studies since they may not be available in larger systems. To extend 

the applicable range of NMR spectroscopy to larger proteins, protons are exchanged 

with deuterons to improve spectral quality. Therefore, in our study, we have confined 

the use of RDC data to what can be obtained from small or large and perdeuterated 

proteins. Finally, due to the existence of prolines, in general, the average number of 
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RDCs is usually less than three per residue since only backbone N-HN RDCs can be 

acquired. In the case of DHFR, the effective and average number of RDCs pre residue 

was reduced to 2.5 in each alignment medium. 

7.4.4 Context Specific Dihedral Constraints with PDBMine 

PDBMine209  is a newly developed tool (https:// ifestos.cse.sc.edu/PDBMine/) 

that performs an exhaustive search of the dihedral angles for a protein in the Protein 

Data Bank21. As the first step, PDBMine creates a number of subsequences from the 

primary sequence of the query protein using a rolling window of size W. Therefore, 

for a protein of size N and a rolling window of size W, PDBMine creates N-W+1 

subsequences. In the case of DHFR (159 residue protein) and a window size of 7, a 

total of 153 subsequences (residues 1–7, 2–8, 3–9 ... 153–159) are created. As a 

second step, PDBMine gathers and aggregates an exhaustive list of all the observed 

dihedral angles for every residue in every subsequence present in the PDB. During the 

final step of its analysis, all the returned dihedral angles for all the subsequences are 

assembled into a final dihedral restraints for each residue of the query protein. In 

theory, a window size of one will reproduce the known Ramachandran dihedral space. 

Selection of a larger window size can be viewed as a context-sensitive Ramachandran 

space. Previous work210 has illustrated the differences between the dihedral spaces for 

a proline that precedes a glycine, versus a proline that succeeds a glycine. Therefore, 

having context specific estimations of dihedrals can be very useful in accelerating the 

task of structure determination. Another unique feature of PDBMine is its 

responsiveness; an exhaustive search of the PDB for a 159-residue protein will be 

completed in less than 10 min.  

Under pragmatic conditions, use of the largest window size that produces a set 

of dihedrals is recommended. However, under testing conditions, it is important to 

https://ifestos.cse.sc.edu/PDBMine/
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exercise the necessary precautions to remove biases in the creation of the dihedral 

restraints. To that end, the primary objective is to avoid creation of the dihedral sets 

that are heavily populated with instance of 1RX2 or other homologous proteins. 

Therefore, any process that ensure diverse representation of dihedral angles will test 

the ability of REDCRAFT in identifying the correct dihedral angles among a large list 

of decoys. In this exercise, we explored window sizes of 3, 5, 7, and 9 after removing 

all instances of 1RX2 dihedrals. The window sizes of 3 and 5 produced an intractable 

number of hits, while the window size of 9 produced results that converged to the 

dihedrals of 1RX2 for some residues. The window size of 7 produced manageable 

results with at least 100 dihedrals that were separated from the actual dihedral of 

1RX2 by more than 10° (some examples shown in the results section). REDCRAFT 

incorporates the results of PDBMine to improve its computation time by using the 

confined dihedral search space of the protein under investigation (in this case 1RX2). 

It is important to note that REDCRAFT can proceed in successful determination of 

protein structures in the absence of any dihedral constraints as demonstrated 

previously123,211. 

7.4.5 Concurrent Study of Structure and Dynamics with REDCRAFT 

During the past decade, several approaches and programs for structure 

determination from RDC data have been described61,126,142,184,187,188,196,201. Each of 

these programs has different advantages and disadvantages. REDCRAFT61,62,131,191,192, 

sets itself apart from other existing software packages by deploying a more efficient 

and effective search mechanism. As a result, REDCRAFT can achieve the same 

structure determination outcome as other methods with less data211. REDCRAFT also 

allows simultaneous study of structure and dynamics of proteins123,124,197. 

Applications of REDCRAFT in structure calculation have been demonstrated using 
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aqueous123,124,212 and membrane131  proteins with as little as two RDCs per 

residue131,213,214 (in two alignment media).  

REDCRAFT has introduced a novel approach to structure determination of 

proteins from RDC data211. Aside from an unorthodox search method that is robust 

and fast211, REDCRAFT employs an incremental strategy to structure determination 

in contrast to the all-at-once approach that is adopted by other existing methods. 

REDCRAFT’s incremental structure determination strategy has certain advantages 

and starts with a search for the optimal torsion angles that join two neighboring 

peptide planes. This seed dipeptide plane is recursively extended by one residue at a 

time by exploring a directed and extensive combinatorial search of the dihedral angles 

that extend the seed structure by one peptide plane (or amino acid) that optimally 

satisfies the RDC constraints. This process can start from the N-terminus of the 

protein and continue until the C-terminal end or traverse the structure of the protein in 

the reverse order (C to N-terminus). 

The structural fitness that is produced by REDCRAFT during the course of 

fragment extension (from dipeptide to the entire protein) is termed the “Dynamic-

Profile” (or DP), which plays an instrumental role in a number of analyses including 

assessing the quality of the final structure or elucidation of internal dynamics. Using 

the Dynamic-Profile, we have defined a process that allows for simultaneous 

identification and characterization of structure and internal dynamics. This process 

consists of three functional steps: standard structure determination, identification of 

internal dynamics (hinge regions), a grouping of the structural domains (coordinated 

dynamics), followed by reconstruction of the atomic resolution dynamics when 

possible. While the last step in the reconstruction of atomic-resolution of dynamics 

has been discussed in our previous work124,131,211,212, the former steps have not been 
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fully described in the literature. In addition, our previous work has been applied to the 

cases of finite and discrete state dynamics. In this work, we will define and test a 

more rigorous method of studying continuous and mixed mode dynamics. The four 

comprehensive steps are as follows:  

Standard Structure Determination 

Structure calculation of static proteins with REDCRAFT using RDC data has 

been well described211. The DP of a static protein (or a static segment of a protein) 

generally starts with a low RDC fitness value due to the lack of experimental 

constraints. The underdetermined system generally produces a RDC fitness value of 0 

and gradually increases during the elongation of the dipeptide seed. As the system 

becomes overdetermined, the RDC fitness reported by DP will increase to 

approximately the value of experimental error in data acquisition. Structural error 

defined by the actual deviation of peptide geometries from an ideal geometry (e.g., 

perfect planarity of the peptide planes, bond lengths, bond angles, etc.) is another 

source of error. Previous work has empirically determined this error to consist of 20% 

of the experimental data acquisition error (± 0.2 Hz in this case)211. Supplementary 

Figure A.1 presents an example of a typical DP for a static protein with the 

experimental error of ±1.0 Hz.  

Identification of Hinge Regions and the Mode of Dynamics 

 The order tensor obtained from a dynamical portion of a protein will 

incorporate the effect of overall molecular tumbling and the effect of internal 

dynamics of that region. Therefore, order tensors reported from two domains of the 

same protein that undergo different regiments of dynamics will be incongruent. This 

difference in order tensors will be manifested as a sudden increase in the DP as 

REDCRAFT will be unable to identify a single order tensor and a static structure that 
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will satisfy all the RDC constraints. Therefore, a sudden rise in the DP (as illustrated 

in the Supplementary Figure A.2) that clearly exceed the expected error should be 

interpreted as the hinge region and signifies a transitional region between two 

distinctly different domains of the same protein. In such instances, the structure of the 

protein up to the onset of dynamics can be considered as an acceptable structure 

produced by REDCRAFT.  

To investigate the structure of the proceeding portion of the protein, a new 

structural fragment can be initiated a few residues past the hinge region. In our 

experiments, we use a skip region of 5 residues and repeat the step 1 above. If the new 

fragment exhibits a well-behaved DP, then the structure will be accepted as a rigid-

body, otherwise, repeat the skip-ahead-region until a rigid-body is discovered. In this 

process any contiguous region that does not produce a well-behaved DP can be 

considered undergoing dynamics without any preserved structure, which we term 

uncorrelated dynamics. Our choice of the term “uncorrelated” is to denote any 

existing correction between the individual peptide planes of a fragment. Although in 

practice a gap size of one residue can be used to more accurately establish the hinge 

regions, a larger gap size is recommended in order to reduce the number of iterations 

that are needed to pass the hinge region. A more precise exploration of the hinge 

regions can be conducted at the later stages once the fragments are fully identified. At 

that point, each fragment can be extended on the C and N termini to more accurately 

identify the hinge regions. 

Grouping of the Structural Domains  

The next step in the process consists of assembling the individual fragments 

into larger domains based on their orchestrated internal dynamics. This process will 

allow the integration of fragments that are separated in the primary sequence but 
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undergo a coordinated motion. The process of identifying the fragments that exhibit 

no relative internal motion with respect to each other will also complete the proper 

spatial orientation of the fragments with respect to each other. This process will also 

identify different regions of the protein that are experiencing different internal 

dynamics regiments. The assembly of fragments in space is previously described103 

and consists of first expressing all the fragments in a common frame (referred to as 

the Principal Alignment Frame, PAF) of the first alignment medium. RDC data are 

insensitive to inversion about each of the PAF and therefore four orientations of 

fragments with respect to each other are indistinguishable from each other. To 

eliminate the inversion degeneracy of structure assembly in one alignment medium103, 

four alternative orientations of each fragment need to be explored from the 

perspective of the second alignment medium. The four orientations consist of each 

fragment as it appears and rotated by the 180° about each of the principal axes of the 

PAF (x, y, and z) for medium one. These four alternative orientations will be 

evaluated for fitness to the RDCs in the second alignment medium and the correct 

structure should exhibit the lowest score. In this exercise we use Q-factor107 as the 

measure of fitness that normalizes for the strength of alignment. After the completion 

of this step, all the fragments that belong to the same regiment of internal dynamics 

will be assembled with a low Q-score. The remaining fragments with clearly defined 

structure can be considered domains that undergo their unique rigid-body dynamics. 

Finally, any fragment with an incoherent structure is a domain that undergoes 

uncorrelated dynamics. 

Reconstruction of Atomic-Resolution Trajectory of Dynamics  

Presence of any form of internal dynamics will perturb the order tensor 

reported by that region of a molecule. In principle, perturbation of the order tensor can 
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be used to recover an atomic-resolution trajectory of dynamics in some instances such 

as the case of discrete state dynamics. Our strategy in reconstruction of atomic 

resolution trajectory of dynamics has been previously discussed and therefore not 

presented in this report197. 

7.5 Results and Discussion 

7.5.1 Dihedral Constraints for DHFR Using PDBMine 

PDBMine was used as the first step to structure determination of DHFR by 

performing a search with a window size of 7. Figure 7.3 illustrates the number of hits 

that were identified by PDBMine with window size of 7 for each residue of DHFR. In 

average each residue received 5,923 possible dihedral angles with residues 37 and 57 

receiving the least and the most (525 and 6,813 respectively) number of dihedral 

angles. 

 Figure 7.4 illustrates the aggregated dihedral angles for residues G14 (panel 

A) and G85 (panel B). In this figure all the dihedral angles reported by PDBMine are 

illustrated in blue and the corresponding dihedral angles obtained from the PDB 

(1RX2) is illustrated in red. Several noteworthy observations can be stated. First, the 

results of PDBMine in principle converge to a Ramachandran space as a reducing 

window size. However, due to the context-specific nature of the search, a more 

restricted dihedral space is reported by PDBMine. The second notable observation 

further expands on the context specific nature of the PDBMine search and is 

illustrated in Figure 7.4. Both of the results correspond to a glycine, but they differ 

substantially due to the context in which the two glycine’s appear in the primary 

sequence. The third important point is to confirm the proper precautions that we have 

deployed to remove any unintended biases in our evaluations. It is clear from these 
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figures that there are significant number of decoy dihedrals among which, 

REDCRAFT successfully selects the correct dihedral angle. 

7.5.2 Summary of MD Simulation 

It is important to quantify two aspects of internal dynamics. The first relates to 

capturing the magnitude of dynamics, and the second relates to the duration of time 

that was spent in different states. We first report the magnitude of dynamics for the 

rigid-body domains as an orientational departure from frame0 as the point of 

reference. Figure 7.5 illustrates the descriptive statistics regarding the movement of 

two Rigid-Body domains. Panel (A) of this figure displays the angular departure of 

each domain (F2 and F4) with respect to the fixed domains (F1, F3, F5, F7) measured 

between frame i and frame0. Based on this information, Fragment 4 undergoes 

orientational rearrangement of as high as 32°, while Fragment 2 exhibits a much 

smaller motion of less than 15°. In addition to the magnitude of motion, it is important 

to assess the amount of time (or the number of frames) that each fragment spends in 

each orientational state during its trajectory. The frequency (or likelihood) of existing 

in a continuum of the orientational repositioning is illustrated in panel (B) of 

Figure 7.5. Based on this information, Fragment 2 spends a very small portion of its 

trajectory away from frame0, while spending most of the trajectory in the vicinity of 

the original state (less than 5°). Fragment 4 on the other hand, spends more than 50% 

of the time in an orientation more than 10° away from the original state. The general 

summary is that Fragment 2 undergoes small amount of structural rearrangement, 

while Fragment 4 exhibits a larger motion with respect to the fixed domains of the 

protein. It is important to state that the MD simulation of DHFR is purely engineered 

with the primary intention of exploring the sensitivity of our approach in detection of 

motion. 
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7.5.3 Structure Determination of DHFR 

As the first logical step, the structure of DHFR was determined in its entirety 

using REDCRAFT using Ramachandran dihedral restraints. As expected, this attempt 

at structure determination produced unsatisfactory results as indicated by the 

unacceptable fitness to the RDC data (1.14 Hz), and therefore are succinctly 

summarized here. The additional details are provided in Supplementary material in 

Supplementary Table A.1 and Supplementary Figure A.3. In summary, the overall 

structure exhibited 29 Å of bb-rmsd with respect to 1RX2 over the entire length of the 

protein with a fitness score of 1.14 Hz to the RDC data. The bb-rmsd computed over 

each of the fragments exhibited an average of 4.8 Å with localized similarities ranging 

from 0.8 to 9.7 Å. 

As a more interesting case, the structure of DHFR was computed by 

REDCRAFT using the context specific dihedral restraints produced by PDBMine. 

The examination of the REDCRAFT’s DP will be crucial in assessing its success in 

the structure determination of this protein. The DP generated by REDCRAFT (shown 

in Figure 7.6) exhibits two indicators of the internal dynamics and therefore, a poor 

structure determination session. First, the final value of the fitness to the RDC data 

(1.2 Hz) compared to the expected value of 0.6 Hz (corresponding to the simulated 

error) indicates a failed attempt at structure determination. Second, the existence of 

sudden and anomalous increases in the DP in various places (e.g., at residues 12–14) 

is a potential indicator of internal dynamics that requires further examination. It is 

important to note the close correlation between the sudden increases in the DP and the 

location of hinge regions of our simulation (denoted by red markers in Figure 7.6).  
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Figure 7.7 illustrates the superimposed structure of DHFR (1RX2 shown in 

red) and the REDCRAFT recovered structure (shown in blue) by disregarding the 

existence of internal dynamics.  

Table 7.2 highlights the detailed results of comparing the structure of 

REDCRAFT to 1RX2. As a summary, the two structures exhibit a bb-rmsd of 21 Å 

and the comparison of fragments exhibit structural similarity in the range of 0.7 to 3 

Å. Based on this information, in addition to the divergence in the overall structure, the 

structural error is also manifested in local fragments. It is important to note that the 

improved localized structural similarity is due to the effective restraining of the 

dihedrals accomplished by PDBMine. It is also important to note while the inclusion 

of PDBMine constraints improved the structural quality of our analysis, there is still 

substantial room for improvement. 

7.5.4 Fragmented Structure Characterization 

Fragment 1: Residue 1–11—In consideration of the results shown in the 

previous section, fragmented study of the protein was conducted. The results of 

REDCRAFT for the region consisting of residues 1–11 exhibits an acceptable fitness 

score (around 0.5 Hz) and is devoid of any sudden increase. Therefore, the structure is 

deemed acceptable as the first fragment of this protein. Implementing steps 1 and 2 

listed in the Methods section, the fragmented study continues from residue 16 (after 

skipping ahead 5 residues). 

Fragment 2: Residue 17–38—Structure calculation of DHFR can proceed by 

investigating a new fragment. The start of the new fragment is based on skipping a 

fixed number of residues (i.e., 5 residues) from the onset of dynamics to pass the 

hinge region. The start of a new fragment essentially resets the calculation of an order 

tensor and therefore removes any inconsistency in the reported order tensors from two 
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dynamically distinct domains of the protein. Therefore, structure calculation can 

proceed if a well-behaved DP is exhibited. Figure 7.8 illustrates the DP of the 

REDCRAFT for the new fragments starting at residue 17 and as expected, the 

REDCRAFT score increases at the beginning of the run due to lack of RDC data. 

Once stabilized, the general pattern is conserved until residue 38, at which point, the 

DP exhibits a distinct and anomalous increase in the REDCRAFT score. Indeed, 

residue 39 marks the beginning of the hinge regions and adjoins fragments 2 and 3 of 

this protein. Hence, we group residues 17–38 as the second Fragment in our 

investigation. 

Fragments 3, 4, 5, 6, and 7— After completion of Fragment 2, a new structure 

calculation session was started from residue 44. As it can be observed in the DP for 

this segment (shown in Figure 7.8), the same general pattern as the previous two 

fragments is observed with an anomalous and notable increase in the REDCRAFT 

score at residue 61. This concluded the analysis of the third fragment that consisted of 

residues 44–60. The process of fragmented analysis was continued with the 

corresponding DP illustrated in Figure 7.8. The final completion of this process 

yielded four additional fragments F3 (44–60), F4 (65–88), F5 (97–116), and F7 (138–

159). The range of the recovered fragments remarkably agree with the simulated MD. 

The DP of the only aberrant fragment, Fragment 6, is shown in Figure 7.8 as multiple 

attempts in structure recovery. Our first attempt at structure determination of this 

fragments started from residue 120 after skipping 5 residues from the end of the 

previous fragment. This attempt at structure determination was unsuccessful since the 

DP exhibited monotonically increasing score that exceeded the acceptable threshold 

of 0.6 Hz. The process of skipping forward by 5 residues was repeated with the 

objective of arriving at a well-behaved region of the protein. Each attempt at structure 
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determination after skipping 5 residues is shown in Figure 7.8. This portion of the 

protein, unlike all other portions, never resulted in a well behaving DP due to the 

nature of its internal dynamics. Since the structure of this fragment was consistently 

modified in each frame, there is no conserved structure to recover, explaining the 

failure of structure calculation by REDCRAFT. This example also serves as a 

demonstration of cases where a gap region is larger than 5 residues. 

The complete assessment of REDCRAFT’s results should consist of two parts. 

First, to evaluate the success of REDCRAFT in delineating different dynamical 

regions of the protein as described above. The second portion consist of assessing the 

structural accuracy of the recovered regions by REDCRAFT.  

Table 7.3 shows the results of the fragmented structure determination of 

DHFR by REDCRAFT while Figure 7.9 provides an illustration of the fragments 

(shown in blue) superposed on the corresponding regions of DHFR (shown in green). 

In Figure 7.9, we have omitted the REDCRAFT calculated structure of F6 due to the 

absence of a meaningful structure to compare. REDCRAFT was able to accurately 

recover the fragments of DHFR from three RDC data with an accuracy of less than 1 

Å. It is important to note that these results are based on unrefined structures in order 

to expose and exhibit the raw capabilities of REDCRAFT. In practice however, these 

structure will benefit from refinement in platforms such as Xplor-NIH21,210, CNS121, 

or CYANA215 to name a few. 

Fragment Assembly— Following the structure determination of the individual 

fragments, the assembly process can proceed based on the procedure described in the 

Methods section. We start the assembly process by transforming all the fragments into 

their Principal Alignment Frame (denoted at PAF1) of the first medium and perform 

an initial investigation of their order tensor (OTM1). The OTM for each fragment in 
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the second alignment medium is also established using the PAF1 as the common 

frame of comparison. Once the order tensors from all both alignment media have been 

canonicalized properly, a simple comparison of the order tensors will be sufficient to 

establish the relatively large motions between two fragments. In this case, F6 clearly 

was excluded based on the dissimilarity of its order tensors from the OTMs of any 

other fragment (due to one order of magnitude difference). However, since F2 and F4 

were subjected to relatively small magnitudes of motion, the simple comparison of 

OTMs was inconclusive. A more sensitive discrimination of internal dynamics can be 

performed by assembling the fragments after examining all the inversion possibilities 

of each fragment. Table 7.4 provides a summary of the progressive fragment 

assembly using Q-Factor as a metric of fitness computed by REDCAT. The first 

column in this table indicates the progressively growing fragment during the course of 

the assembly. The nomenclature used in this column consists of the fragment number 

followed by subscript indicator of the fragment inversion examined in each 

evaluation. The second column indicates the fitness of the assembly to the combined 

RDC data in the first alignment medium. The following four columns signify the 

fitness of the assembly to the combined RDC data from the second alignment 

medium, after applying the indicated inversion to the last addition to the sequence. In 

these columns, I, Rx, Ry, and Rz indicate no rotation (Identity or as is), rotation about x, 

y, and z axes respectively. The fragment assembly starts with the first fragment and as 

noted in the first row of this table. Note that there is no effect in the rotation of this 

fragment from the perspective of the second alignment medium. Using the first 

fragment in its original orientation, fragment 3 has been appended and Q-Factors have 

been computed for all of 4 possible orientations of F3 (not F1). Since the rotation 

about y yielded an acceptable score, its extension by the fragment 5 will be based on 
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the y-rotated fragment 3. As an empirically accepted practice in the community, Q-

Factor scores with values less than 0.2 reflect a high-quality structure and are deemed 

acceptable107,211. Using this practice of evaluation, it is clear that fragments 1, 3, 5, 

and 7 can successfully be assembled as one unit (the fixed core), while fragments 2 

and 4 cannot be successfully accepted as part of the fixed domain of the protein. 

7.6 Conclusions 

Residual Dipolar Coupling are sensitive reporters of structure and dynamics 

covering a broad range of biologically relevant timescales. However, improper use of 

RDCs can lead to erroneous results, which may manifest as a faulty structure or an 

inaccurate model of dynamics. In fact, disregarding dynamics during the course of 

structure determination can be very detrimental as reported previously137. To fully 

extract the information reported by RDCs, it is imperative to utilize the appropriate 

analytic approach, in the appropriate manner. Here we have demonstrated that the use 

of REDCRAFT allows for clear identification of onset of internal dynamics in a 

protein. In the case of our simulated DHFR, each of the hinge regions was identified 

very accurately to within one or two residues. Proper isolation of fragments that 

exhibit a consistent internal dynamics regiment allows for the recovery of structural 

information after removing the influence of dynamics. In this study we have 

demonstrated the accurate recovery of structural fragments to within 1 Å of accuracy 

using only three RDC data acquired in two alignment media.  

In addition to accurate structure determination, we demonstrated 

REDCRAFT’s ability to decipher between rigid-body and uncorrelated modes of 

dynamics as demonstrated with fragments 2, 4, and 6 of DHFR. Although the three 

domains underwent internal dynamics, REDCRAFT successfully recovered the 

structure of fragments 2 and 4, where structure was conserved during the course of the 
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dynamics. On the other hand, the uncorrelated mode of dynamics does not present the 

conservation of structural coherence throughout the course of dynamics, which 

renders the exercise of structure determination moot. The nature of internal dynamics 

of different fragments was established during the course of the fragment assembly. In 

this step, fragments 1, 3, 5, and 7 were successfully assembled, affirming the fixed 

relationship between these fragments. The inability to assemble fragments 2 and 4 

with the fixed core (fragments 1, 3, 5, and 7) of the protein, when combined with 

confidently computed structures concludes that the two domains undergo internal 

dynamics with respect to the core. In regard to the magnitude of dynamics, our 

previous work211 related to discrete-state dynamics concluded the inability to identify 

dynamics with magnitude of less than 15° of movement. This observation was 

reconfirmed in this study as the distortion of DP in transition from the first fragment 

to the second was not as notable as the distortion of DP due to the larger dynamics of 

Fragment 4.  

Finally, in our interpretation of DP distortions, we disregarded some 

anomalous increases in some instances. Except for Fragment 6, all other fragments 

exhibited such instances with the most notable ones appearing at residue 50 in 

Fragment 3 or residue 74 in Fragment 4. In such instances we have accepted the 

results since the net RDC-fitness remained within the experimental error. The origin 

of these subtle distortions is due to localized departure of peptide geometries from 

ideal geometries such as non-ideal omega angles, slightly modified bond angles, or 

bond lengths. These types of structural noise211 are the basis of expanding the 

threshold of acceptable RDC-fitness by 20% of the experimental error and are easily 

rectified during the refinement process when peptide geometries are relaxed and 

allowed to deviate within an acceptable range211. 
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Table 7.1: Order tensors used for RDC simulations. 

 Sxx Syy Szz 𝜶 𝜷 𝛄 

M1 3x10-4 5x10-4 -8x10-4 0° 0° 0° 

M2 -4x10-4 -6x10-4 10x10-4 40° 50° -60° 

 

Table 7.2: The BBRMSD of the different fragments generated through the complete 

run of REDCRAFT from residue 1 until residue159 of DHFR. 

Fragment number Residue Range BBRMSD with 1RX2  

Whole protein 1 - 159 21 Å 

Fragment 1 1 - 11 0.7 A 

Fragment 2 16 - 38 0.73 A 

Fragment 3 44 - 60 0.9 A 

Fragment 4 64 - 88 2.2 A 

Fragment 5 97 - 115 2.4 A 

Fragment 6 116-137 ?? 

Fragment 7 138 - 159 0.7 A 

 

Table 7.3: The BBRMSD of the different fragments generated through the fragmented 

run of REDCRAFT. 

Fragment # Actual Range REDCRAFT Range BBRMSD with 1RX2  

Fragment 1 1 - 11 1 - 11 0.5 Å 

Fragment 2 15 - 38 16 - 38 0.65 Å  

Fragment 3 42 - 60 44 - 60 0.71 Å  

Fragment 4 64 - 88 64 - 88 1.2 Å 

Fragment 5 92 - 115 97 - 115 .75 Å  

Fragment 6 116 - 137 116 - 137 N/A 

Fragment 7 138 - 159 138 - 159 0.93 Å  
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Table 7.4: Results of progressive fragment assembly as investigation all inversion 

degeneracies. The reported scores are Q-Factors determined by REDCAT. 

Fragment # M1, I I Rx(180˚) Ry(180˚) Rz(180˚) 

1 0.05 0.05 0.05 0.05 0.05 

1i 3 0.07 0.56 0.62 0.11 0.28 

1 3y 5 0.07 0.71 0.94 0.14 0.71 

1 3 y 5 y 7 0.07 0.93 0.72 0.62 0.16 

1 3 y 5 y 7z 2 0.06 0.94 0.88 0.79 0.64 

1 3 y 5 y 7z 4 0.067 0.91 0.77 0.92 0.79 

  

 

Figure 7.1: The regions of DHFR that were subjected to MD simulation. 

 

 

Figure 7.2: Structure of DHFR (PDB-ID 1RX2) that was used in this study with color 

annotation based on the simulated dynamics. The blue sections correspond to the 

fixed region while the green sections correspond to the rigid-body dynamics. The 

section illustrated in red section was subjected to no constraints and was subject to 

free motion (uncorrelated movement). 
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Figure 7.3: The number of dihedral angles returned by PDBMine using a window size 

of 7 for the DHFR protein (PDB-ID 1RX2). 

 

 

Figure 7.4: Dihedral angles produced by PDBMine using a window size of 7 for 

residues (A) G14 and (B) G85 of DHFR protein. 

 



 

101 

 

Figure 7.5 Descriptive statistics describing (A) the angular departure from the initial 

state (Frame0) for both Rigid-Body domains, and (B) the distribution of angular 

departure to assess the amount of time spent in each state. 

 

 

Figure 7.6: Dynamic profile of REDCRAFT for DHFR from residue 1 to 159. Hinge 

regions from the implemented MD simulation and marked in red to illustrate the 

correlation between the anomalous increases in DP and the transition between 

fragments with different internal dynamics. 
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Figure 7.7: Superposition of the structure of 1RX2 (red) over the structure determined 

by REDCRAFT (blue). The two structures exhibit 21Å of bb-rmsd. 

 

 

Figure 7.8: The combined dynamic profile for all REDCRAFT runs. The blue 

segments represent the dynamic profile of the fixed regions in DHFR, the green 

segments represent the dynamic profile for the rigid body dynamic parts of DHFR, 

different runs for the uncorrelated dynamics fragment are represented in orange, 

cyan, purple and pink. Last, the red points indicate the start of increase in scores in 

the specific dynamic profile for that run. 
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Figure 7.9: Superposition of the calculated fragments by REDCRAFT (blue) and the 

X-ray structure of DHFR (green). 
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Future Work 

We conclude our research with a discussion of some limitations of the 

presented work in both Chapter 4 and Chapter 7 and some anomalies that we 

encountered during the process of developing the presented work. All cases discussed 

in this chapter required further analysis and research to explain them hence they are 

recommended for future work. 

Anomaly Case Investigation 

During the process of generating simulated models of dynamic from the 

FADD protein (PDB-ID 1A1Z) to validate our approach in section 4.3.1, we 

encountered an anomalous case where our proposed approach for concurrent 

characterization of structure and dynamics failed at successfully completing the 

fragmented structure calculation. The anomalous model was a 2-state arc motion with 

a rotation of 90 ̊ on the φ angle of the protein at the 71st residue (denoted by φ71). The 

model is segmented into two domains: a static domain that consists of residues 1-69 

and a dynamic domain that consists of residues 73-83. In this case, Redcraft124,210 was 

unable to reconstruct the helical structural elements of the second dynamic domain 

based on the four RDC vectors from two alignment media in Table 4.2. 

For future work, an investigation of the source behind such an anomaly is 

recommended. The foundation of such investigation depends on the assumption that 

there exists a combination of order tensors, a rotation angle, and chosen occupancies 

for the different conformational models that render our proposed method for fragment 
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reconstruction using REDCRAFT useless. We base the hypothesis on two possible 

scenarios: The first one is based on RDC degeneracies, discussed in detail in 

section 3.4. In this scenario, we assume that the combination of the order tensors, 

rotation angle, and specific occupancies causes the RDC data from more than one 

alignment medium to collapse into one, making it impossible to find a single optimal 

solution or structure that satisfies the RDC data since there is an infinite number of 

solutions. The second scenario suggests that the combination of the order tensors, 

rotation angle, and specific occupancies will result in an RDC vectors that are parallel 

to the SZZ  vector, as a result, regardless what rotation you perform on the  Syy and Sxx  

vectors , only one solution can be attained.                                                                                                                                                                                                                                                

Limitation of Presented Methodologies 

The results detailed in Chapter 6 of the proposed approach for concurrent 

characterization of structure and dynamics from RDC data explained in Chapter 4 

indicate that the approach does not produce the expected results with a small 

magnitude of dynamics and/or low occupancy rates of less than 20%. The results in 

Table 6.3 indicate that at just 15˚ degrees of movement, the approach can reconstruct 

one of the states (State 1) with reasonable accuracy but fails to reconstruct the second 

state. However, it can be observed that when the motion is extended to a 60˚ or 30˚ 

movement (results shown in Table 6.1 and Table 6.2 respectively), both states can be 

reconstructed with reasonable accuracy as long as the relative occupancies exceed 

20%. The general explanation for both cases is that the contribution of dynamics is 

less than the experimental noise, and therefore meaningful calculations are moot. 

Furthermore, the computational approach presented in Chapter 7 reconfirmed 

these results as the distortion of DP in transition from the fragments that undergo a 
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small amount of structural rearrangement was not as notable as the distortion of DP in 

the fragment that exhibits a more significant motion with respect to the fixed domain.  
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Appendix A                                                                    

Supplementary Material 

Supplementary Tables 

Table A.1: The structure computed by REDCRAFT using standard Ramachandron 

restraints. As expected, the structure is locally and globally compromised due to the 

influence of dynamics on RDC data. 

Fragment number Residue Range BBRMSD with 1RX2 

Whole protein 1 - 159 29 Å 

Fragment 1 1 - 11 2.0Å 

Fragment 2 16 - 38 0.8Å 

Fragment 3 44 - 60 5.5Å 

Fragment 4 64 - 88 6.0Å 

Fragment 5 93 - 114 9.7Å 

Fragment 6 115-137 8.9Å 

Fragment 7 138 - 159 0.7Å 
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Supplementary Figures 
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Figure A.1: Typical DP in structure with no dynamics (generated from structure). 

Figure A.2: DP of PDB ID 1A1Z with a simulated 2 state motion starting at residue 

58 (shown in red). A uniformly distribute noise of ±1Hz was added to all RDC data. 
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Figure A.3: Structure of DHFR determined by REDCRAFT (shown in blue) using 

typical Ramachandron dihedral restraints superposed on the actual X-ray structure 

(shown in red) with more than 35Å of bb-rmsd. 
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