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         The repeating Gly-X-Y sequences and uniform rod-like structure makes 

collagen-like peptides a unique system for NMR studies. In this dissertation, a 

number of triple helical peptides modeling biologically important regions in 

collagen, such as mutation sites, interruption sites and collagenase cleavage sites, 

are investigated by a variety of NMR techniques. Structure determination strategy 

combining molecular modeling and NMR spectroscopy have been developed on a 

classic triple helical peptide. Novel approaches capable of obtaining long-range 

order restraints, such as residual dipolar coupling and 15N relaxation 

measurements, are applied to obtain detailed information about the orientation of 

the N-H bonds, which are crucial in defining collagen structure.  

 

          Triple helical peptides modeling Gly mutations involved in Osteogenesis 

imperfecta (OI), a connective tissue disorder, are investigated to elucidate the 

structural bases of various OI phenotypes. The level of structural disruption by 

different Gly substitutions is found to correlate well with the lethality of OI, while 
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Arg/Asp causes larger disruption and is more likely to result in lethal OI. Triple 

helical peptides modeling natural interruptions in a heterotrimeric rather than 

homotrimeric environment have been successfully obtained and special features 

of stability, conformation, dynamics and folding at the interruption sites are 

detected by NMR. 

 

          Triple helical peptides, which model natural cleavage sites and potential but 

noncleavable sites in collagen, are explored to understand the specific recognition 

of collagen by matrix metalloproteinases (MMP). A single Ile at the cleavage site 

shows a distinct chemical shift, an unusual J-coupling value, dramatically 

increased dynamics and decreased local stability, suggesting that the Ile may be 

released from the restricted triple helical conformation and recognized by MMPs. 

The distribution of neighboring imino acids is also shown to be able to affect the 

local conformation and dynamics at the cleavage sites. This thesis correlates 

collagen sequence variations to the changes in structural and dynamic features of 

collagen-like peptides, furthering our understanding of the molecular bases for 

collagen-involved diseases and recognitions. 
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1.1 Collagen: Structure, Function and Diseases 

         Collagen is the most abundant protein in mammals, making up about one 

quarter of the total weight of proteins (Miller & Gay 1987; Shoulders & Raines 

2009). As the major structural protein, collagen is found in all connective tissues, 

such as skin, bone, tendon, ligament, cartilage and blood vessels (van der Rest & 

Garrone 1991; Myllyharju & Kivirikko 2004). Collagen forms a molecular scaffold 

that provides mechanical strength and structural integrity to the human body, 

supporting and protecting the softer tissues and internal organs. There are 28 

different types of collagens that have so far been identified (Kielty & Grant 2002; 

Thiagarajan et al. 2008). Types I, II and III collagens, also called interstitial 

collagens, are most abundant (Fields 1991). Type I collagen, a heterotrimer of two 

Ŭ1 and one Ŭ2 chains, represents over 90% of all collagens and provides tensile 

strength to skin, bone, tendon and ligament (Di Lullo et al. 2002). Types II collagen, 

a homotrimer of three Ŭ1 chains, is found predominantly in cartilage and together 

with proteoglycans provides compressive properties to joints (Eyre 2002). Type III 

collagen, another homotrimer, however, often occurs in elastic tissues including 

skin, blood vessels and various internal organs, and is more prevalent in newborns 

than in adults (Kuivaniemi et al. 1997).  

 

          Collagen contains a characteristic triple-helical conformation, consisting of 

three left-handed polyproline II-like helices which are right-handed supercoiled 

around a common axis (Figure 1.1) (Rich & Crick 1961; Ramachandran 1967; 

Bella et al. 1994). The three monomer chains can be distinguished structurally as a 
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leading chain, a middle chain and a lagging chain, as there is one residue 

staggering between the chains. The close packing of the three chains can only 

accommodate Gly as every third residue, generating the repetitive (Gly-X-Y)n 

sequence pattern. The X and Y positions can be almost any amino acid, but they 

are frequently Pro and Hydroxyproline (Hyp or O), respectively. It is found that both 

Pro and Hyp are important for triple helix stability and Gly-Pro-Hyp is the strongest 

nucleating sequence to force the triple helix formation (Persikov et al. 2000; Hyde 

et al. 2006). All Gly are deeply buried inside the triple helix and their amide protons 

are pointed toward the center, while X and Y residues are located outside and their 

amide protons are exposed to solvent. The amide protons of Gly form hydrogen 

bonds with the carbonyl oxygen of the X residues in the neighboring chain, which 

are crucial in defining collagen structure (Bella et al. 1994; Kramer et al. 1999). 

          

          Interstitial collagens maintain a perfect Gly-X-Y repeating pattern 

throughout their ~1000 residue long triple helix domains (van der Rest et al. 1991; 

Kielty & Grant 2002). Numerous studies have shown that even a single Gly 

substitution in the triple helix results in diseases (Myllyharju & Kivirikko 2001; 

Byers & Cole 2002; Di Lullo et al. 2002; Marini et al. 2007). For instance, more than 

600 different Gly to X mutations in type I collagen have been found to be 

associated with a connective tissue disorder osteogenesis imperfecta (OI), which 

is distinguished by fragile bones and easy susceptibility to fracture (Marini et al. 

2007). Studies show that Gly to X mutations in type II collagen are associated with 

chondrodysplasias, a disease that is characterized by abnormal growth or 
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development of cartilage (Tiller et al. 1995). Gly substitutions in type III collagen 

leading to Ehlers Danlos Syndrome type IV, which may cause sudden death when 

aortic ruptures occur, have also been identified (Prockop & Kivirikko 1995; 

Kuivaniemi et al. 1997). However, the molecular mechanism of how Gly to X 

mutations lead to various clinical phenotypes remains poorly understood.   

 

          Despite the strict requirement of Gly as every third residue in the triple helix 

domain of fibrillar collagens, non-fibrillar collagens, such as type IV collagen in 

basement membranes, can tolerate interruptions in the Gly-X-Y pattern (Kielty & 

Grant 2002; Mohs et al. 2006; Thiagarajan et al. 2008). More than 20 interruptions 

are found in type IV collagen, while studies suggest that those interruptions may 

play important functions such as serving as binding sites (Brazel et al. 1987; Mohs 

et al. 2006). However, one extra Gly to X mutation other than the natural 

interruptions, results in pathological conditions (Hudson et al. 2003; Kalluri 2003). 

In the Ŭ5 chain of type IV collagen, more than 150 Gly substitutions have been 

identified to be associated with Alport Syndrome, a genetic disorder characterized 

by gradual kidney failure (Lemmink et al. 1997; Hudson et al. 2003). Both 

interruptions and mutations disrupt the repeating Gly-X-Y sequences, however, 

they have totally contrary functional consequences. It is not know if they share any 

similarities in structural or dynamic features. 

  

          As the major structural protein in extracellular matrix, collagen also plays a 

critical role in many aspects of cellular processes, including cell development, cell 
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adhesion and cell migration, through interactions with other matrix molecules and 

cellular receptors (van der Rest et al. 1991; Di Lullo et al. 2002; Myllyharju & 

Kivirikko 2004). Despite the relative uniform rod-like conformation and the 

repeating Gly-X-Y sequence, collagen can bind specifically to a plethora of 

molecules such as integrins, fibronectin, proteoglycans, glycoprotein VI, 

phospholipid vesicles, discoidin domain receptor, the mannose receptor family, 

and matrix metalloproteinases (Fields 1991; Kadler 1994; Knight et al. 2000; 

Lauer-Fields et al. 2002; Myllyharju & Kivirikko 2004). For instance, a critical 

GXOGER hexapeptide motif has been identified within the collagen sequence for 

binding to integrin Ŭ2ɓ1, which is involved in numerous cellular processes such as 

platelet activation and aggregation (Siljander et al. 2004). The comparison of X-ray 

crystal structures of free triple helical peptide (GPO)2GFOGER(GPO)3 and the 

peptide complexed with the I-domain of integrin Ŭ2ɓ1 indicates that the peptide 

undergoes conformational changes during the binding process (Emsley et al. 

2000; Emsley et al. 2004). Studies on the binding of discoidin domain receptor to 

collagen suggest that the binding sequences on collagen span only two or three 

triplets including some charged residues (Konitsiotis et al. 2008). 

 

          Though the interactions of collagen and other proteins have been 

extensively investigated, the structural basis for their recognition remains poorly 

understood. One typical example is the binding and cleaving of collagen by matrix 

metalloproteinases (MMP), which are critical in the process of collagen 

degradation (Cawston et al. 1999; Brinckerhoff & Matrisian 2002). The 
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degradation of collagen is an integral part in many biological processes such as 

wound healing, cell migration, tissue remodeling and organ morphogenesis 

(Baragi et al. 1997; Visse & Nagase 2003). However, accelerated breakdown of 

collagen may result in many diseases such as arthritis, tumor cell invasion, 

glomerulonephritis and metastasis (Riley et al. 1995; Chung et al. 2004). The 

stability and geometry of triple helix makes collagen resistant to most proteases. It 

can be degraded by only a few proteinases including a group of matrix 

metalloproteinases (MMPs). These MMPs can bind and cleave interstitial 

collagens at a unique locus approximately three-fourths away from the N-terminus 

of the collagens. The cleavage site is after one Gly residue in the sequence of 

Gly-[Ile/Leu]-[Ala/leu] (Miller et al. 1976). Interestingly, there are dozens of other 

sites in the collagens that contain the cleavage scissile bond Gly-Ile/Leu but are 

not hydrolyzed (Fields 1991). It has been proposed that the distribution of óweak 

helixô triplets, imino acids, hydroxyproline and charged residues as well as the 

side-chain volume concentration could provide recognition information for MMPs 

(Fields 1991). The variations in the triple helical conformation is also suggested to 

play a key role in the high specificity of the collagen cleavage, however, the details 

are largely unknown (Ryhanen et al. 1983).  
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Figure 1.1 Triple helical structure of collagen. 

A. The stick model of the left-handed polyproline II conformation of a monomer 

chain of collagen. Collagen has a repetitive Gly-X-Y sequence pattern (Gly colored 

in blue, X colored in green, Y colored in red), in which X and Y residues are 

frequently Proline and Hydroxyproline. 

B. Vertical view of the sphere model of collagen triple helical structure. Three 

monomer chains are right-handed supercoiled about a central axis, with 

one-residue staggering between different chains (leading chain colored in yellow, 

middle chain colored in green and lagging chain colored in pink). 

C. Cross-section view of the cartoon model of collagen triple helical structure. Gly 

are closely buried inside the triple helix (Gly colored in blue, X colored in green, Y 

colored in red). All the models are generated on the X-ray structure of peptide 

(POG)4EKG(POG)5 (PDB # 1QSU) by PyMol. 
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1.2 NMR: Structural and dynamic characterizations of proteins 

          NMR has emerged as a powerful tool for the study of protein structure and 

dynamics (Sutcliffe & Dobson 1991; Cavanagh et al. 1996; Tjandra et al. 1997; 

Palmer 2001; Wuthrich 2001; Kay 2005). NMR and X-ray crystallography are two 

major techniques for protein structure determination at the atomic level. X-ray 

crystallography relies on the availability of crystallized protein samples, while NMR 

investigates small to medium-size proteins in solution. Advances in solution NMR 

techniques in the past decade extend the capacity of NMR structure determination 

to proteins with molecular weights on the order of 100 kDa (Palmer 2004). 

Compared with X-ray crystallography, NMR has the unique ability to elucidate 

dynamic properties of biomolecules over a wide range of timescales from 

picosecond to second, which is crucial to understanding the molecular basis of 

biological processes (Kay 2005). 

 

          NMR structure determination for normal globular proteins has become a 

standard multistep process (Wuthrich 2003). Starting from the resonance 

assignments by pairs of triple-resonance experiments, conformational constraints 

such as proton-proton distances from NOEs and the torsion angle constraints from 

coupling constants will be derived.  With a starting structure generated from the 

known amino acid sequence, a group of structures can be calculated with the 

inputs of experimentally determined NMR restraints. This traditional approach of 

NMR structure determination, however, is severely limited for multidomain proteins 

and linear nucleic acids where there are not enough NOEs to define the global 
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conformation (Hennig et al. 2001; Ryabov & Fushman 2007). Therefore, the 

restraints which contain long range order information are crucial for accurate NMR 

structure determination for those biomolecules. Novel techniques such as residual 

dipolar coupling and paramagnetic enhancement have been fast developing to 

obtain the long range restraints and are widely utilized in structure refinement, 

structure validation and determination of interdomain orientations (Prestegard et al. 

2004; Bax & Grishaev 2005; Clore & Iwahara 2009). 

 

          As a probe of internal mobility and dynamic features of proteins, NMR 

spectroscopy can give insights into the relation of motion and function (Kern et al. 

2005; Valentine & Palmer 2005). NMR studies have shown that conformational 

fluctuations in enzymes are relevant to the catalytic process (Cole & Loria 2002). It 

is particularly useful that dynamics of proteins spanning a wide range of timescales 

can be evaluated by various NMR methods (Palmer 2004). 15N relaxation 

measurements and the derived order parameter S2 provide useful information on 

the fast, picosecond-nanosecond timescale motion such as bond libration, 

vibration and sidechain rotation (Palmer 2001). The hydrogen exchange 

experiments, on the other hand, probe the slow, second timescale events such as 

local unfolding and the breathing of a helix (Englander et al. 1997). The exchange 

rates of the amide protons depend on their flexibility and capacity to be exposed to 

the solvents. Therefore, alterations in the exchange rates obtained from hydrogen 

exchange measurements can be used to identify residues with significant dynamic 

fluctuations, which could be involved in the interactions with other proteins. 
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1.3 Collagen peptides and NMR 

          Due to its large size and rod-like shape, collagen is too difficult to be directly 

investigated by solution state NMR. Instead, Triple helical peptides modeling 

various biologically important regions in collagen have been designed for NMR 

studies (Baum & Brodsky 1997; Buevich & Baum 2001). Peptides that not only 

satisfy the strict Gly-X-Y sequence requirement but also contain a high content of 

imino acids have been shown to be capable of forming a stable triple helix 

(Persikov et al. 2000; Hyde et al. 2006; Brodsky et al. 2008). The most stabilizing 

Gly-Pro-Hyp tripeptide sequences are frequently added at one or two ends to force 

the homotrimer formation. Alternative strategies, such as covalent linkage to force 

the selection of three chains and electrostatic interactions within the (Gly-X-Y)n 

sequences to direct desired self-assembly, have been created for heterotrimer 

peptides (Fields et al. 1993; Ottl et al. 1996; Fiori et al. 2002; Sacca & Moroder 

2002; Gauba & Hartgerink 2008; Madhan et al. 2008). These triple helical model 

peptides provide valuable opportunities to investigate the effects of sequence 

variations on stability, structure, dynamics, folding, binding, aggregation and 

collagenolytic protease activity (Baum & Brodsky 1999; Kramer et al. 1999; 

Lauer-Fields & Fields 2002; Renner et al. 2004; Brodsky & Baum 2008; Brodsky et 

al. 2008). 

 

          Though much simpler than collagen, triple helical peptides are still a 

challenging system for NMR studies as a result of their repetitive Gly-X-Y 

sequences, rod-like shapes and identical chains. The rod-like shape of collagen 
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peptides causes a high molecular tumbling rate, which results in broadened peaks 

with decreased intensity (Li et al. 1993; Long et al. 1993). The linear shape also 

means very few long-range contacts to be expected. The repetitive sequences and 

identical chains give rise to serious problems of degeneracy in chemical shifts. The 

overlapping resonances and insufficient data make the NMR structure 

determination of a full peptide unfeasible. Instead, the peptides are 15N and/or 13C 

selectively labeled at specific positions and residue-specific information is 

obtained by NMR measurements (Buevich & Baum 2001; Buevich et al. 2004; Li et 

al. 2009).  

 

          Triple helical peptides in the native state, in the unfolded state and in the 

mutant forms have been extensively investigated by NMR in our lab (Xu et al. 2003; 

Li et al. 2005; Li et al. 2007). Real time NMR folding studies were utilized to explore 

the mechanism of collagen triple helix folding and the influences of Gly 

substitutions and neighboring imino acids on folding (Baum & Brodsky 1998; 

Buevich & Baum 2001; Hyde et al. 2006). The effects of sequence variations on 

dynamics were also examined and model structures of triple helical peptides 

containing breaks or mutations in the Gly-X-Y sequences were recently solved 

(Long et al. 1993; Liu et al. 1998; Li et al. 2007; Li et al. 2009). These studies 

advanced our understandings of the relation between structure, dynamics, 

function and sequence variations in triple helix. 
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1.4 Scope of this dissertation 

          The repeating Gly-X-Y sequences and uniform rod-like structure makes 

collagen-like peptides a unique system for NMR studies. In this dissertation, a 

number of triple helical peptides modeling biologically important regions in 

collagen, such as mutation sites, interruption sites and collagenase cleavage sites, 

are investigated by a variety of NMR techniques. The global objective is to 

correlate collagen sequence variations to the changes in structural and dynamic 

features of collagen-like peptides, furthering our understanding of the molecular 

bases for collagen-involved diseases and recognitions. Chapter 2 describes the 

development of NMR structure determination strategies on a classic triple helical 

peptide T3-785 and novel approaches to obtain additional orientational restraints 

from 15N relaxation and residual dipolar coupling measurements. Chapter 3 

focuses on the characterization of the consequences of a Gly residue substituted 

by different bulkier residues. Chapter 4 extends our NMR studies to triple helical 

peptides modeling natural interruptions in the Gly-X-Y sequences in a 

heterotrimeric rather than a homotrimeric environment. Chapter 5 describes the 

application of NMR spectroscopy to identify altered conformation and dynamics at 

the native collagenase cleavage sites, giving insights into the mechanism of 

collagen triple helix cleaved by matrix metalloproteinases. All the studies focus on 

the structural and dynamic consequences of sequence variations in collagen and 

ultimately the mechanism of collagen diseases and recognition. 
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2.1 Introduction 

          Collagen, the major structural protein in connective tissues, possesses a 

unique triple helical conformation, which consists of three supercoiled polyproline 

II-like helices with repetitive sequences of Gly-X-Y (Miller & Gay 1987; Shoulders 

& Raines 2009). Collagen is also crucial for multiple interactions with cells and 

other matrix molecules, and is involved in various diseases such as arthritis, 

cancer and metastasis (Chung et al. 2004; Myllyharju & Kivirikko 2004; Heino 

2007). The mechanism by which enzymes and proteins recognize, bind to or 

cleave a particular site in the uniform triple helix, however, is not understood. Small 

variations of structure and flexibility in collagen are crucial to understanding the 

specificity of its recognition (Stultz 2002; Emsley et al. 2004). 

 

          NMR has been developed as a powerful tool for the study of protein 

structure and dynamics in the past decades (Palmer 2001; Wuthrich 2001; Kay 

2005). As a huge molecule with rod-like shape, collagen, however, is too difficult to 

be directly investigated by NMR. Therefore, triple helical peptides modeling 

various biologically important regions in collagen have been designed for NMR 

studies (Buevich & Baum 2001; Fiori & Moroder 2001). Peptides that include 

several Gly-X-Y triplets from the site of interest and three or more Gly-Pro-Hyp 

triplets at either or both ends have been shown to be able to form a stable triple 

helix (Persikov et al. 2000; Brodsky et al. 2008). These triple helical model 

peptides provide valuable opportunities to investigate the effects of sequence 

variations on stability, structure, dynamics, folding, binding, aggregation and 
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collagenolytic protease activity (Baum & Brodsky 1999; Kramer et al. 1999; 

Renner et al. 2004; Brodsky et al. 2008; Li et al. 2009). 

 

          NMR structure determination of peptide models of the triple helix, however, 

is still very challenging due to its linear rod-like shape and repeating sequence. 

The anisotropic tumbling of collagen peptides results in broader and weaker trimer 

resonances, and the repetitive sequences and homotrimer or heterotrimer chains 

cause seriously overlapped resonances (Li et al. 1993; Long et al. 1993). 

Moreover, standard approaches of using NOEs and J-couplings to obtain 

structures of model triple helical peptides are limited because only a small number 

of distances can be obtained via NOE experiments and they tend to be very short 

range (Li et al. 2007; Li et al. 2009). Therefore, the restraints which contain long 

range order information are crucial for accurate NMR structure determination for 

triple helical peptides.  

 

          NMR structure techniques capable of obtaining long range restraints such 

as residual dipolar coupling have been rapidly developing and are widely utilized in 

structure refinement and validation (Bax et al. 2001; Prestegard et al. 2004; Clore 

& Iwahara 2009). Dipolar couplings contain orientational information of 

internuclear vectors relative to the magnetic field, which could be used to define 

both local and global geometry. However, dipolar interactions are generally 

averaged to zero for biomolecules in isotropic solution as a result of Brownian 

diffusion. Only after the discovery of liquid-crystalline media such as lipid bicelles, 



16 

 

 

filamentous bacteriophage and polyacrylamide gels, successful partial alignment 

for biomolecules could be achieved and meaningful residual dipolar coupling 

measurements became possible (Prestegard et al. 2000; Bax & Grishaev 2005). 

 

         Similar to residual dipolar couplings, NMR relaxation, in principle, also 

provides restraints for the orientations of internuclear vectors relative to the 

external magnetic field for non-spherical molecules (Tjandra et al. 1997; 

Hashimoto et al. 2000; Ryabov & Fushman 2007). This relaxation approach 

doesnôt require any special sample conditions such as liquid-crystalline media; 

instead, it takes advantage of the inherent shape of the molecule itself. The 

dependence of NMR relaxation times on the rotational diffusion anisotropy gives 

rise to the angle information for the internuclear vectors such as N-H bonds. 

However, to derive structural information from relaxation data, it requires 

anisotropic molecules with DƐ/Dƍ (the ratio of diffusion tensor constants parallel 

and perpendicular) greater than ~1.5, and the absence of large amplitude internal 

motions and conformational exchange in the molecules (Tjandra et al. 1997). Up 

till now, there have been only a few examples of the use of 15N relaxation rates for 

global structure refinement and for determination of inter-domain orientations for 

globular proteins with intermediate anisotropy (Fushman et al. 1999; de Alba & 

Tjandra 2000; Wu et al. 2003). The molecules with large anisotropy, such as 

collagen peptides, which could be particularly suitable for this approach, have not 

been explored yet. 
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         Aiming to develop NMR structural characterization strategies for the triple 

helix, we will start from a classic peptide T3-785 (with sequence 

(POG)3ITGARGLAG(POG)4Y where O stands for Hydroxyproline), which models 

an imino acid poor region occurring one triplet C-terminal to the unique 

collagenase cleavage site in type III collagen. The crystal structure of T3-785 has 

been solved and it shows that the peptide is a long straight rod (Kramer et al. 1999). 

Here, we will combine molecular modeling and NMR spectroscopy to obtain a 

model structure of this peptide and utilize residual dipolar couplings to probe the 

triple helix for the first time. Particularly, we will also demonstrate that 15N 

relaxation measurements, and their dependence on rotational diffusion anisotropy, 

can be used to determine the orientation of the N-H bonds relative to the protein 

backbone in the very anisotropic triple helical peptide model of collagen.  

 

 2.2 Materials and Methods 

2.2.1 Sample preparation 

         Peptide Ac-(POG)3ITGARGLAG(POG)4Y-CONH2, designated as T3-785, 

was synthesized by Tufts University Core Facility (Boston, MA). The peptide was 

selectively 15N/13C doubly labeled at positions G15, L16, A17, G18 and G24. The 

NMR sample of the peptide was prepared in 10% D2O/90% H2O at pH 3.1 with a 

concentration of 5.9 mM.  
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2.2.2 NMR spectroscopy 

          NMR experiments were performed on a Varian Inova 500MHz 

spectrometer, a Varian Inova 600MHz spectrometer equipped with a cryoprobe or 

a Varian VNMRS 800MHz spectrometer. All data were processed using the Felix 

2004 software package (MSI, San Diego, CA) or NMRPipe (Delaglio et al. 1995), 

and then were analyzed by Felix or NMRView (Johnson & Blevins 1994). A solvent 

suppression filter, apodization with a 90° sine-bell window function and zero filling 

to double complex points were utilized. Backward linear prediction was used to 

extend the indirect dimensions to 1.5 times.  

 

2.2.3 Triple resonance experiments 

          To accomplish sequential assignments, 1H-15N heteronuclear single 

quantum coherence (HSQC) (Kay et al. 1992) and a couple of triple resonance 

experiments including HNCA (Ikura et al. 1990) and HA(CA)NH/HA(CACO)NH 

(Kay et al. 1991) were carried out at 10°C. The 2D 1H-15N HSQC spectrum 

composed of 128(t1) x 1024(t2) complex points was recorded using the gradient 

sensitivity enhanced approach. The spectral widths were 1500 and 5000 Hz in the 

15N and 1H dimensions, respectively. 3D HNCA experiment consisted of 80(t1) x 

32(t2) x 1024(t3) complex points, and was recorded with spectral widths of 

4000(F1), 1500(F2) and 5000(F3) Hz. 3D HA(CA)NH and HA(CACO)NH 

experiments comprised 80(t1) x 28(t2) x 1024(t3) and 80(t1) x 32(t2) x 1024(t3) 

complex points, respectively; and both were recorded with spectral widths of 

2200(F1), 1600(F2) and 6000(F3) Hz.  



19 

 

 

 

2.2.4 NOESY and TOCSY experiments 

          3D 15N edited NOESY-HSQC (Fesik & Zuiderweg 1988; Marion et al. 1989) 

experiments were performed with a mixing time of 30ms at 20°C and another 

mixing time of 50ms at 10°C. A short mixing time of 30ms was employed to wipe 

out spin diffusion, while different temperatures were utilized to reduce overlapped 

resonances. The NOESY-HSQC experiments consisted of 120(t1) x 32(t2) x 512(t3) 

or 112(t1) x 32(t2) x 512(t3) complex points, and were recorded with spectral widths 

of 5000(F1), 1500(F2) and 5000(F3) Hz. 3D 15N edited TOCSY-HSQC (Fesik & 

Zuiderweg 1988; Messerle et al. 1989) experiments were carried out with a mixing 

time of 50ms at 20°C at 10°C. The TOCSY-HSQC experiments comprised 120(t1) 

x 32(t2) x 512(t3) or 128(t1) x 32(t2) x 512(t3) complex points, and were recorded 

with spectral widths of 5000(F1), 1500(F2) and 5000(F3) Hz. 

 

2.2.5 Amide proton temperature gradients 

          To obtain hydrogen bonding information, amide proton temperature 

gradients were measured by taking a series of 1H-15N HSQC spectra at a range of 

temperatures from 0°C to 25°C with an interval of 5°C. The sample was 

equilibrated for >3 hours before the spectrum was taken at each temperature. 

Chemical shifts of the amide protons were measured at each temperature and the 

temperature gradient was obtained for each residue by linear regression of its 

chemical shifts versus temperature. 

 



20 

 

 

2.2.6 HNHA experiments 

          3D HNHA experiment (Vuister & Bax 1993) was carried out with an H-H 

coupling period of 25ms at 20°C to measure 3JHNHŬ coupling constants, which 

provided information about phi angles. The time domain data sets consisted of 512 

complex points in the t3 dimension, and 100 and 28 increments in the t1 and t2 

dimensions, respectively. The spectral widths were 1600 and 6000 Hz in the 15N 

and 1H dimensions, respectively. A correction factor for calculating 3JHNHŬ coupling 

constants was utilized as previously described (Li et al. 2007). 

 

2.2.7 Residual dipolar coupling experiments 

          1DNH, one-bond 15N-1H residual dipolar coupling, was derived by calculating 

the difference in the corresponding J couplings (1JNH) measured in both aligned 

and isotropic states (Andrec et al. 2001; Bax et al. 2001). The 1JNH couplings were 

extracted from 2D IPAP-[1H, 15N]-HSQC spectra, recorded as two interleaved data 

matrices (Skrynnikov & Kay 2000). The differences of the chemical shifts for each 

residue in the two matrices were determined as the values for 1JNH couplings. The 

sample in the isotropic state was prepared as described above. The samples in the 

aligned state were prepared using polyacrylamide gels.  

 

           A 10 % polyacrylamide gel was prepared following protocols previously 

described (Sass et al. 2000). Immediately after the addition of 30 ɛL 5 % APS 

(ammonium persulfate) and 30 ɛL 5 % TEMED (tetramethylethylenediamine) to 

the solution of 333 ɛL 30 % Bis-Acrylamide and 607 ɛL water, the mixture was 
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carefully pipetted into a 3" Tygon tube (with an inner diameter of 5/32"), which had 

been capped by parafilm on one end. After ~2 minutes for polymerization, the gel 

was pushed out from the tube, washed for >15 hours in deionized water, and cut to 

a length of 23 mm. After incubation in the peptide solution (350 ɛL) >24 hours at 

room temperature, the cut gel was gently inserted into a Shigemi tube and 

compressed with the tube insert. 

 

2.2.8 15N relaxation experiments 

2.2.8.1 Experimental procedures 

          15N R1, R2 and heteronuclear NOE experiments (Fan et al. 1993; Palmer 

1993; Farrow et al. 1994) were performed at least two times at magnetic fields 500 

and 600 MHz and one time at 800 MHz. For 500 MHz NMR, the spectral widths 

were 1500 and 5000 Hz in the 15N and 1H dimensions, respectively. Nine 

relaxation delays (50, 150, 250, 400, 500, 600, 700, 800, 900 ms) were used in the 

R1 measurement. Seven relaxation delays (4.8, 14.4, 24, 33.6, 43.2, 52.8 and 62.4 

ms) were used in the R2 measurement. For the NOE measurements, spectra were 

recorded in the presence and absence of 1H saturation. A recycle decay of 1.5s, 3s 

and 2s were used in the R1, R2 and NOE experiments, respectively. The R1 spectra 

composed of 128 or 100 (t1) x 512(t2) complex points; the R2 spectra composed of 

128 or 100 (t1) x 1024(t2) complex points; the NOE spectra consisted of 128 or 88 

(t1) x 512(t2) complex points, while 128 or 96 scans per t1 increment were used. 

The parameters were setup similarly for the R1, R2 and NOE experiments at 600 

and 800 MHz magnetic fields. The R1, R2 and NOE values were obtained as the 
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average of all data sets at each magnetic field and the error was determined as the 

larger value of the experimental error or the fitting error. The error of R2/R1 ratio 

was calculated as follows: 

R2

R1

error =
R2

R1

ᶻ
R1, error

R1

2+
R2, error

R2

2              (1) 

 

2.2.8.2 Relaxation data analysis 

          The relaxation parameters R1, R2 and NOE are defined by the spectral 

density function as follows (Lipari & Szabo 1982; Fan et al. 1993):  

R1 = d2 JʖH ʖN + 3JʖN + 6JʖH + ʖN + c2JʖN              (2) 

R2 =
d2

2
4J 0 + JʖH ʖN + 3JʖN + 6JʖH + 6JʖH + ʖN +

c2

3
4J 0 + 3JʖN + Rex    (3) 

NOE= 1 +
ɾH

ɾN
d2

6JʖH+ʖN JʖH ʖN

R1
             (4)                

where  

d2 =
ᴐ

2
ɔN

2
ɔH

2

4r NH
6            and             c2 =

ɤN
2
ŭƐ ŭƍ

2

3
    ; 

in which ᴐ is Planckôs constant divided by 2ʌ; ‎N and ‎H are the gyromagnetic 

ratios for the 15N nuclei and amide proton, respectively; rNH is the NH bond length; 

ɤH and ɤN are the angular resonance frequencies for the 1H and 15N nuclei, 

respectively.; ɿƐ and ɿƍ are the parallel and perpendicular components of the 

chemical shift tensor; Rex represents the contribution of conformational exchange 

to the R2 relaxation; J(ɤi) is the spectral density function. Two factors contributing 

to R1 and R2 are dipolar interaction between 15N-1H (the d2 part in equations 1 and 

2) and 15N chemical shift anisotropy (the c2 part in equations 1 and 2). 
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          The spectral density function depends on the type of molecular motion. 

Protein dynamics at fast picosecond-to-nanosecond timescale can be described 

by overall motion (the global reorientation for the whole molecule) and internal 

motion (local orientation of a bond within its own molecular frame). Using Lipari 

and Szaboôs model-free formalism (Lipari & Szabo 1982), which assumes 

independent overall motion versus internal motion, the spectral density function for 

globular proteins with isotropic motion can be expressed as follows: 

J(ʖ) =
2

5

S2ʐc

1 + (ʖʐc)2
+

(1 S2)ʐ

1 + (ʖʐ)2
          (5)  

where 

1

ʐ
=

1

ʐc

+
1

ʐe
 ; 

in which †c and †e are the overall correlation time and effective correlation time for 

the internal motion, respectively; S2 is the generalized order parameter. 

 

For axially symmetric molecules such as triple helical peptides, assuming much 

faster internal motion than overall motion (†e Ḻ †1, †2 and †3) and the internal 

motion within the extreme limit ((ʖ†e)
2Ḻ 1) , the spectral density function can be 

approximated as follows (Farrow et al. 1994; Tjandra et al. 1995): 

J(ʖ) =
2

5
S2

Aʐ1

1+ (ʖʐ1)2
+

Bʐ2

1+ (ʖʐ2)2
+

Cʐ3

1+ (ʖʐ3)2
+ 1 S2 ʐe           (6)                         

where 

1/†1 =6DƐ, 1/†2 =6DƐ + Dƍ and 1/†3 =2DƐ + 4Dƍ; 
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(†1, †2 and †3 are the three correlation times; DƐ and Dƍ are the parallel and 

perpendicular components of the diffusion tensor.) 

and 

A =
1

4
1 3 cos2ʃ2 ,  

B = 3 sin 2ʃcos2ʃ, 

C=
3

4
sin 4ʃ; 

(A, B and C are coefficients dependent on the ɗ angle, which is the angle between 

the N-H vector and the principal axis of diffusion tensor as illustrated in Figure 

2.1b.) 

 

         As shown above, dynamic parameters can be derived from the R1, R2 and 

NOE measurements to evaluate protein motions, including †c (or †1, †2 and †3 for 

anisotropic molecules) for overall motion as well as †e and S2 for internal motion. 

For anisotropic molecules, those measurements also contain structural 

information, the ɗ angle between the N-H vector and the principal axis of diffusion 

tensor. In the absence of significant amplitude internal motion (†e =0 ) and 

conformational exchange (Rex =0 ), the R1, R2 and NOE values depend on the 

diffusion tensor, the ɗ angle, and S2, while the R2/R1 ratio depends only on the 

diffusion tensor (specifically the parallel and perpendicular components DƐ and Dƍ) 

and the ɗ angle, as S2 is proportionally included in both R1 and R2, and thus can be 

crossed out in the R2/R1 ratio. Based on the experimental R2/R1 values and the 
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known structure, the diffusion tensor could be derived using a fitting program 

R2R1_diffusion (Tjandra et al. 1995). 

 

2.3 Results and discussions 

2.3.1 Sequential assignments 

          The HSQC spectrum of peptide T3-785 was well resolved (Figure 2.1a).  All 

labeled residues in the central region had three trimer resonances due to the 

non-equivalent environments among the three chains, while G24 in the repeating 

GPO environment showed a single trimer resonance. One monomer resonance 

was also observed for each residue, supporting a trimer form of the peptide in 

equilibrium with monomer. Residues with the same superscripted number (eg. 

1TG15, 1TL16) in the HSQC spectrum were assigned to the same chain. These 

chain-specific sequential assignments were based on the triple resonance 

experiments HNCA, HA(CA)NH and HA(CACO)NH. 

 

          As the HNCA spectrum correlates the N and amide proton NH in residue i 

(Ni and NHi) to the alpha carbons CA in residue i and i-1 (CAi-1 and CAi-1), two 

peaks for residue i, one originated from CAi and the other from CAi-1, can be 

observed in one HNCA strip if residue i-1 exists and is doubly labeled (Figure 2.2). 

Gly has distinct chemical shifts in the 15N dimension and Gly15 doesnôt have any 

preceding labeled residue, therefore, Gly15 was easily determined by its 

characteristic single peak in each strip. By matching the alpha carbon chemical 

shifts, three groups of sequentially connected residues were identified, as 
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indicated by different colors for the corresponding peaks (red vs black vs green). A 

pair of HA(CA)NH/HA(CACO)NH experiments, correlating NH in residue i to HA in 

residue i and/or  HA in residue i-1, were performed to remove any ambiguity in the 

assignments from HNCA spectra. Similarly, sequential connections in the three 

individual chains were traced out as shown in colored lines (Figure 2.3). These 

results lead to the sequential assignments of the resonances in the HSQC 

spectrum (Figure 2.1). 
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Figure 2.1 (a) 1H-15N HSQC spectra of T3-785 at 20 C̄. 15N/13C doubly labeled 

residues are colored red in the sequence. The monomer and trimer peaks are 

denoted with a superscript M or T, respectively. The trimer resonances are further 

assigned to individual chains indicated by a 1, 2 or 3 referring to the leading, 

middle or lagging chain. (b) The structure of T3-785 positioned in the diffusion 

frame (in green). The ɗ angle between a representative N-H vector and the 

principal axis of the diffusion tensor is illustrated. 
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Figure 2.2 Strips from the HNCA spectra of T3-785. Sequential connections in 

individual chains are traced out as shown in colored lines. 

 

 

Figure 2.3 Strips from the HN(CA)NH (black) and HN(CACO)NH (green) spectra of 

T3-785. Sequential connections in individual chains are traced out as shown in 

colored lines. 
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2.3.2 Chain assignments and inter-chain NOEs 

          From triple resonance experiments, the trimer resonances were assigned to 

specific residues in different chains numbered 1, 2 and 3. However, the three 

chains in triple helix were not the same because of one-residue staggering, and 

they could be distinguished as the leading chain, the middle chain and the lagging 

chain. As a result, residues in different chains (e.g. leading chain vs lagging chain) 

would have different patterns of interactions with neighboring chains and 

inter-chain NOEs could be utilized to accomplish the chain assignments. 

 

           All NOEs observed from the NOESY-HSQC experiments were summarized 

in the experimental contact map as described previously (Figure 2.4b) (Li et al. 

2007). The colored circles were utilized to represent experimentally observed 

NOEs. The shaded squares in the background denote NOEs expected from the 

X-ray structure of T3-785 (yellow for inter-chain NOEs and gray for intra-chain 

NOEs) (Kramer et al. 1999). A predicted contact map was made to summarize the 

information of those expected NOEs or contacts within 5Å (Figure 2.4a). Those 

contacts within 5Å were categorized into NH-NH (O), NH-HA (O) and NH-side 

chain proton (O) contacts. The squares were shaded gray if the predicted contact 

was intra-chain and yellow if it was inter-chain. Comparing the predicted contact 

map with the experimental contact map, it was noted that much less NOEs were 

observed than predicted. Particularly, only a few inter-chain NOEs including 1G15 

NH- 2G15 NH, 2G15NH- 3G15 NH, 1G18 NH- 2G18 NH, 2G18 NH- 3G18 NH,  1L16 

NH-3R14 aH, 2L16 NH-1A17 aH and 3L16 NH-2A17 aH could be observed. The 
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inter-chain NOEs between Gly15 in the 2nd chain with the Gly in the other two 

chains, suggested that the 2nd chain was the middle chain. The inter-chain NOE 

between 1L16 NH-3R14 aH indicated that the 1st chain was the leading chain, while 

the third chain was the lagging chain. All other inter-chain NOEs supported these 

chain assignments. The inter-chain NOEs played a key role in the chain 

assignment, and it also provided crucial distance restraints for obtaining model 

structures. 
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Figure 2.4 Comparison of predicted NOEs from the X-ray structure and 

experimental NOEs from the NOESY-HSQC experiment for T3-785. (a) Predicted 

contact map from the X-ray structure of T3-785. Contacts within 5Å are shaded in 

gray if the contact is intra-chain and in yellow if it is inter-chain. Those contacts 

within 5Å are further categorized into NH-NH (O), NH-HA (O) and NH-side chain 

proton (O) contacts. The colored circles are overlaid on the shading. (b) 

Experimental contact map based on observed NOEs for T3-785. The colored full 

circles indicate observed NOEs for NH-NH (O), NH-HA (O) and NH-side chain 

proton (O), while the half circles (c) represent overlapped NOEs consistent with 

prediction. The experimental contacts are overlaid on the shaded contacts for easy 

comparison. 
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2.3.3 Hydrogen bonding and backbone conformation 

          Amide proton temperature gradients (NH æŭ/æT) were measured for peptide 

T3-785 to obtain hydrogen bonding information (Figure 2.5). Early studies 

suggested that amide protons showing the temperature gradients with a more 

positive value than -4.6 supported the existence of hydrogen bonds (Baxter & 

Williamson 1997; Cierpicki & Otlewski 2001).  From the experiments, Gly15, Gly18 

and Gly24, showed their NH æŭ/æT to be in the range of -4 to -1, indicating the 

formation of hydrogen bonds (Figure 2.5). These results were consistent with the 

X-ray structure and early hydrogen exchange studies of the peptide, which both 

suggest the formation of hydrogen bonds for Gly. Residues Leu16 and Ala17 in the 

triple helix, as well as the residues in the monomer state, all had temperature 

gradients more negative than -4.6, indicating the absence of hydrogen bonds. In 

all, the hydrogen bonding information of the Glycines obtained from temperature 

gradient measurements provided useful restraints for obtaining model structures 

of the peptide. 

 

         The dihedral angle ū is a critical parameter for defining the backbone 

conformation and it can be calculated from 3JHNHŬ coupling constants by the 

parameterized Karplus equation: 3JHNHa = 6.51cos2 (f-60°) - 1.76 cos (f-60°) + 1.6 

(Vuister & Bax 1993).  3JHNHŬ coupling constant is usually obtained using the 3D 

HNHA experiment, in which the volume ratio of the cross peak to diagonal peak is 

measured. Due to the different relaxation rates of cross peak and diagonal peak in 

the HNHA experiment, the cross peak intensity is artificially reduced relative to the 
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diagonal peak intensity (Wang & Bax 1996). Therefore, a correction factor of 1.16 

was utilized to calculate the final coupling constants (Li et al. 2007). From the 

measurements, all residues contain a J coupling value around 4 or 5, which is 

normal for a triple helix polyproline II conformation. Gly showed two measured J 

coupling values, as it had two alpha protons.  

 

 

 

Figure 2.5 Amide proton temperature gradients (æŭ/æT) of T3-785. The black 

horizontal line corresponds to a value of -4.6, a cut-off for hydrogen bonding, with 

less negative values indicative of hydrogen bonding.   
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Figure 2.6 3JHNHŬ coupling constants of T3-785. All the residues show a J coupling 

value between 4-5 Hz, which is typical for triple helix. 

 

2.3.4 Model structure from NMR restraints and molecular modeling 

        Compared with globular proteins, the triple helical peptide T3-785 showed 

much fewer NOEs, which were insufficient for NMR structure determination. 

Alternatively, a model structure was built by molecular modeling strategy 

incorporating NMR restraints using Molecular Operating Environment (MOE) 

(Chemical Computing Group Inc., Montreal, Canada) following previously 

described protocols (Li et al. 2007). First, the X-ray structure of another triple 

helical peptide (POG)3-POGEKGPOG-(POG)4 was chosen as the starting 

structure (Kramer et al. 2000), trying to see if a model structure similar to the X-ray 
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structure of T3-785 can be obtained by this method. The middle residues 

POGEKGPOG were mutated to ITGARGLAG, making the sequence for peptide 

T3-785: (POG)3-ITGARGLAG-(POG)4. Then energy minimization was performed 

on the 9 central residues with NMR restraints. The repeating POG ends were not 

expected to deviate from the idealized triple helix, so they were fixed in all the 

simulations.  

 

          The NMR restraints include distance restraints from NOEs, hydrogen 

bonding restraints and ū angles. The distance limits from 1.8 to 4.2 Å were set for 

inter-chain NOEs shown in the experimental contact map (Figure 2.4b). The 

hydrogen bonding restraints for Gly15 and Gly18 include hydrogen bonding 

distance limits of 1.8-2.2 Å and hydrogen bonding N-H-O angle limits of 145-180 

degrees. The ū angle restraints were more complicated, as one J coupling value 

of ~4.5 gave rise to four possible ū angles: roughly -180, -60, 20, 100 degrees. As 

positive ū angles were generally unfavorable for any amino acid except Gly, a 

range of -180 to -60 degrees was set as ū angle limits for Leu and Ala, while a 

larger range of -180 to 100 degrees was set as ū angle limits for Gly. Exact ū 

angle limits were determined by precisely calculating the four solutions of the J 

couplings of each residue. The ū angle limits could be further narrowed to around 

-180 degree or around -60 degree, if the energy minimized structure didnôt produce 

proper ū angle consistent with the experimental J-coupling value. 
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          After energy minimization, the model structures were then validated using 

the program Molprobity, which evaluates clashes, rotamer and ramachandran plot 

(Lovell et al. 2003). A validated model structure of T3-785 was compared with the 

X-ray structure of T3-785.  The backbone RMSD of 1.21 Å indicated that the model 

structure was similar to the X-ray structure (Figure 2.7a). The Ramachandran plot 

for central residues in T3-785 indicated that all the residues were in the nice triple 

helical polyproline II conformation (Figure 2.7b). In all, molecular modeling 

incorporating NMR restraints was demonstrated to be a useful approach to obtain 

model structures for triple helical peptide T3-785. 
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Figure 2.7 (a) Model structure of T3-785 (cyan) aligned with its X-ray structure 

(green). Triplets ITG, ARG and LAG are colored in yellow, red and blue, 

respectively. (b) Ramachandran plot for central residues in T3-785. Favorable 

regions for Ŭ-helix, ɓ-sheet and polyproline II are indicated, while favorable regions 

for Pro are circled. 

 

2.3.5 Residual dipolar couplings 

          Residual dipolar couplings (RDCs) have been widely utilized to obtain local 

as well as global structural information in biomolecules (Lipsitz & Tjandra 2004; 

Prestegard et al. 2004). It has been demonstrated that RDCs provide particularly 

useful information for the biomolecules which lack enough NOEs to define the 

overall structure, such as DNA and multi-domain proteins (Zhou et al. 1999; 
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Tolman 2001; MacDonald & Lu 2002). Triple helical model peptides, containing 

linear shapes like DNA, also suffer from lack of long-range NOEs. Thus, the RDC 

measurements were first developed on T3-785, and then applied to another triple 

helical peptide (POG)10GlyŸAla, to investigate how RDCs could help to define 

normal triple helical conformation as well as mutations in the triple helix. 

 

         X-ray crystallography studies have shown that some triple helical model 

peptides do not display idealized triple helix structure (Bella et al. 1994; Kramer et 

al. 1998; Kramer et al. 1999; Bella et al. 2006). For peptide T3-785, it shows 

different helical symmetry among different zones: a 75 symmetry for the repeating 

POG terminal, while a 107 symmetry for the imino acid poor central region (Kramer 

et al. 1999). The two ends also appear to be bent relative to the straight central 

region (Table 2.1). For peptide (POG)10GlyŸAla, it displays a single helical 

symmetry of 107 for the whole peptide, but a local bulge and untwisting is also 

observed at the Gly to Ala mutation site (Bella et al. 1994). These variations in 

triple helical structures, either locally or globally, might be able to be detected by 

RDCs. A program PALES was used to predict the RDCs of the two peptides 

indicating that the RDCs were sensitive to these differences (Zweckstetter & Bax 

2000).  

 

         Experimental RDCs of the two peptides were also obtained using neutral 

compressed polyacrylamide gels (Table 2.1).  For both peptides, Gly24 in the POG 

ends showed similar RDC values of ~-3. For peptide T3-785, residues in the 
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central region showed pretty variable RDC values. For Leu16 and Gly18, they 

even showed positive values in one chain whereas negative values in the other 

two chains, indicating that the residues at different positions or in different chains 

in the imino acid poor region have dissimilar orientations to the alignment tensor 

(Table 2.1). For peptide (POG)10Gly­Ala, Ala15 at the mutation site showed 

different RDC values from Gly24, indicating the orientations of amide protons 

affected by mutations (Table 2.1).  

 

         Here, the RDC measurements were demonstrated to be able to probe the 

variations in triple helix structure. In the future, these RDCs will be incorporated 

with other NMR restrains for structure determination. The RDC measurements will 

also be performed in other media in order to non-ambiguously define the 

orientations in the alignment tensor. RDCs of other inter-nuclear vectors, such as 

1DHA-CA, 1DC-CA and 2DC'-HN, will also be measured to obtain more restraints for 

NMR structure determination (Prestegard et al. 2000; Bax et al. 2001). 
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Table 2.1 X-ray structure and RDCs 

T3-785 

(POG)3-ITG-ARG-LAG-(POG)4 

(POG)10Gly­Ala 

(POG)4-POA-(POG)5 

 

 
 

 

 

RDC 1 2 3 

G15 n/a n/a -3.6 

L16 1.7 -2.8 -0.4 

A17 -2.1 -0.9 -1.0 

G18 -4.1 0.8 -3.2 

G24 -3.1 

 
 

RDC 1 2 3 

A15 -1.5 -1.4 -2.1 

G24 -2.8 
 

Upper panel shows the ribbon models of two peptides. 15N labeled residues are 

underlined in the sequence. Principle axis is colored in green. Lower panel 

shows the experimental RDC values for labeled residues in all three chains 

within the peptides.  
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2.3.6 Structural insights from 15N relaxation data 

2.3.6.1 Derivation of diffusion tensor from 15N relaxation data  

          The relative ratio of the principal components of the inertia tensor calculated 

from the x-ray structure of T3-785 is 1:1:0.03, indicating that the peptide can be 

modeled as an axially symmetric rotor (Tjandra et al. 1995). Using a simple prolate 

ellipsoid model, the ratio of the principal values of the diffusion tensor DƐ/ Dƍ is 

calculated as 11.9, indicating that the peptide has an extremely large anisotropy 

(Copie et al. 1998). The ratio of the 15N transverse and longitudinal relaxation 

rates, R1 and R2, of a protein with axially symmetric diffusion, in the absence of 

large amplitude motion and conformational exchange, depends on the ɗ angle 

between the N-H bond vector and the unique axis of the diffusion tensor, and on 

the diffusion tensor constants DƐ and Dƍ.  These can be fit to the observed R2/R1 

values using the program R2R1_diffusion, assuming values for the ɗ angles from 

the crystal structure (Tjandra et al. 1995). 

 

          Relaxation rates R1 and R2 were obtained at 500MHz for labeled residues in 

the central region of T3-785 including Gly15, Leu16, Ala17, and Gly18 and at the 

C-terminal end, Gly24 (Table 2.2). The R2 values were similar for all the labeled 

residues, while the R1 values showed small differences with Gly15 and Gly18 

having the largest R1 values and Ala17 the smallest values. The differences in R1 

resulted in a range of R2/R1 ratios from 5.6 to 6.64. Relaxation rates R1 and R2 

were also obtained at 600MHz and 800MHz (Table 2.3, 2.4). Similar trends for the 

R1 values were observed: Gly15 and Gly18 have the largest values and Ala17 the 
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smallest values, though the differences between Leu16 and Ala17 became 

smaller. It was also observed that Ala17 had a little larger R2 values than Leu16. 

For all the three fields, Ala17 had the largest R2/R1 ratios, while Gly15 and Gly18 

had the smallest values. Relaxation data at multiple fields gave us more 

information to calculate the diffusion tensor and characterize the fast timescale 

motion using Model-free formalism. 
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Table 2.2 The 15N longitudinal and transverse relaxation rates R1 and R2 and 

heteronuclear NOEs for labeled residues in T3-785 at 20°C at 500 MHz. 

Residue R1  Error R2  Error  R2/R1 Error NOE Error 

1G15 1.99 0.03 11.4 0.2 5.7 0.11 0.63 0.01 

2G15 2.02 0.02 11.8 0.1 5.87 0.12 0.68 0.02 

3G15 1.99 0.02 11.8 0.2 5.95 0.12 0.64 0.02 

1L16 1.9 0.02 11.5 0.2 6.06 0.12 0.68 0.03 

2L16 1.96 0.03 11.4 0.2 5.78 0.12 0.72 0.06 

3L16 1.93 0.02 11.5 0.2 5.95 0.12 0.72 0.01 

1A17 1.82 0.03 11.8 0.3 6.49 0.13 0.60 0.05 

2A17 1.79 0.02 11.7 0.2 6.5 0.13 0.65 0.04 

3A17 1.81 0.02 12 0.2 6.64 0.13 0.69 0.02 

1G18 2.02 0.03 11.6 0.3 5.72 0.11 0.67 0.02 

2G18 2.02 0.03 11.3 0.2 5.6 0.11 0.71 0.01 

3G18 2.04 0.03 11.9 0.1 5.86 0.12 0.72 0.02 

G24 2.04 0.03 11.5 0.2 5.68 0.11 0.60 0.01 
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Table 2.3 The 15N longitudinal and transverse relaxation rates R1 and R2 and 

heteronuclear NOEs for labeled residues in T3-785 at 20°C at 600 MHz. 

Residue R1 Error R2 Error R2/R1 Error NOE Error 

1G15 1.64 0.01 13.3 0.5 8.09 0.16 0.70 0.01 

2G15 1.66 0.01 12.9 0.2 7.76 0.16 0.68 0.01 

3G15 1.66 0.01 12.9 0.7 7.79 0.16 0.71 0.02 

1L16 1.53 0.01 12.4 0.2 8.13 0.16 0.72 0.01 

2L16 1.55 0.01 12.2 0.2 7.89 0.16 0.74 0.02 

3L16 1.54 0.01 12.3 0.3 8 0.16 0.73 0.01 

1A17 1.50 0.01 12.5 0.4 8.35 0.17 0.70 0.00 

2A17 1.49 0.01 12.6 0.3 8.48 0.17 0.72 0.01 

3A17 1.48 0.01 13.3 0.2 8.96 0.18 0.72 0.01 

1G18 1.66 0.01 12.3 0.3 7.4 0.15 0.75 0.02 

2G18 1.65 0.01 12.5 0.1 7.58 0.15 0.72 0.03 

3G18 1.66 0.01 12.9 0.2 7.74 0.16 0.76 0.01 

G24 1.68 0.02 12.2 0.2 7.24 0.15 0.67 0.01 
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Table 2.4 The 15N longitudinal and transverse relaxation rates R1 and R2 and 

heteronuclear NOEs for labeled residues in T3-785 at 20°C at 800 MHz.     

  

 

Residue R1  Error R2  Error  R2/R1 Error NOE Error 

1G15 1.32 0.01 14.6 0.1 11.03 0.11 0.74 0.03 

2G15 1.30 0.01 15.2 0.1 11.64 0.12 0.75 0.02 

3G15 1.30 0.01 15.1 0.0 11.66 0.12 0.73 0.03 

1L16 1.17 0.01 14.3 0.1 12.15 0.12 0.76 0.03 

2L16 1.18 0.01 15.0 0.2 12.71 0.13 0.78 0.03 

3L16 1.17 0.01 14.6 0.2 12.55 0.13 0.80 0.03 

1A17 1.16 0.01 15.2 0.1 13.07 0.13 0.78 0.03 

2A17 1.15 0.01 14.9 0.1 12.91 0.13 0.74 0.03 

3A17 1.15 0.01 15.3 0.2 13.33 0.13 0.76 0.03 

1G18 1.28 0.01 15.5 0.1 12.17 0.12 0.84 0.03 

2G18 1.28 0.02 15.3 0.1 11.92 0.12 0.79 0.03 

3G18 1.30 0.02 15.3 0.1 11.77 0.12 0.81 0.02 

G24 1.33 0.04 15.4 0.0 11.61 0.12 0.75 0.01 
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          The derivation of the diffusion tensor from R2/R1 requires using residues for 

which there is the absence of conformational exchange and large amplitude 

internal motion. All labeled residues showed no evidence of conformational 

exchange as determined from R2
Hahn-echo experiments and no evidence of large 

amplitude motions as seen from NOE values that are uniformly greater than 0.6 

(Table 2.2, 2.3, 2.4). All the labeled residues could in principle be included in the 

derivation of the diffusion tensor, but it was not possible to use the relaxation data 

for all four residues and obtain meaningful results at any magnetic field 500MHz, 

600MHz or 800MHz. For example, when the relaxation data for four labeled 

residues Gly15-Leu16-Ala17-Gly18 or for only two glycine residues Gly15 and 

Gly18 at 500 MHz was used, the anisotropic model showed no improvement in the 

fit relative to the isotropic model, as indicated by low F-values (1.8 and 2.5, 

respectively) and by the fact that the unique axis of the diffusion tensor was not 

parallel to the long symmetric axis of the peptide (Figure 2.8A). However, when 

using the six data points for Leu16-Ala17 only, a high F-value of 34.1 indicated that 

the anisotropic model was significantly better than the isotropic model and the 

unique axis of the diffusion tensor was aligned properly with the long axis of the 

peptide (Figure 2.8A). The ratio of the principal values of the diffusion tensor DƐ/ 

Dƍ is 13.1, comparable to the calculated value of 11.9. The overall correlation time 

c̱ is 6.92ns. If the peptide is approximated from the x-ray structure as a cylinder 

with length ~93 Å and width ~ 15 Å, the calculated DƐ/ Dƍ and c̱ are 12.3 and 

6.98ns (Fan et al. 1993; Kramer et al. 1999). Consequently, the diffusion tensor 
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obtained by fitting the relaxation data of Leu16-Ala17 is consistent with theoretical 

calculations.  

 

 

Figure 2.8 (A) The relative position of triple helical peptide in the diffusion tensor 

frame obtained by fitting the relaxation data of Gly15 and Gly18 only, Leu16 and 

Ala17 only, or all the labeled residues GLAG. (B) Plots of R2/R1 vs the ɗ angle. The 

line shows the back-calculated R2/R1 based on the diffusion tensor and the colored 

dots (Gly in green, Leu in red, Ala in blue) show the experimental values; The 

figure assumes that ɗô= ɗ. 

 














































































































































































































