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CHAPTER 1 

INTRODUCTION 

 

 Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful 

tools in molecular structure determination. One of the first steps in analysis of protein 

structure by NMR is the assignment of resonances in the NMR spectra of proteins to 

specific amino acid residues. This is the most time consuming and frustrating step in 

determining the structure of a protein. It may take as long as several weeks to gather all 

the appropriate spectra for a sample and it can take weeks more to make the assignments. 

Therefore, it is easy to understand the pressure to find ways to simplify and accelerate the 

assignment process. This thesis will describe a new methodology to assign resonances of 

a short connected set of amino acid residues (of arbitrary length) given only their 13Cα 

chemical shifts (δCα) and data restricting backbone torsion angles (ϕ,ψ) of the amino 

acids (Figure 1.1). It meshes well with new residual dipolar coupling (RDC) approaches 

to structure determination (Tian et al., 2001) and facilitates use of NMR data in the drug 

design process (Stockman and Dalvit, 2002). 

 

1.1 Assignment of Protein NMR Spectra 

 In the 1980’s protein NMR spectroscopy was just being developed and most 

experiments were based on the excitation of hydrogen. At this time the most powerful 

experiment an NMR spectroscopist had was the two dimensional (2D) nuclear 
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Overhauser experiment (NOESY; Wagner et al., 1981; Wűthrich, 1986). This experiment 

provides a means of determining the distance between any two hydrogens typically no 

more than ~5 Å apart. Since the intensity of a cross-peak for short mixing times is 

inversely proportional to the sixth power of the distance between the hydrogens one may 

determine an approximate distance between the two hydrogens. The presumption is that 

one knows the chemical shifts of each pair of protons. Also, because of the steep distance 

dependence and consequent short range of interaction, the most important data for 

constraining the fold of the protein comes most often from side chain to side chain 

contact. Therefore one is required to fully assign the protein spectra to make use of an 

NOE approach. Despite this high barrier, the NOE experiment has been the basis for 

structure determination for many years. 

 In the 1990’s isotopic labeling became commonplace thanks to the widespread 

availability of isotopically enriched starting materials and advancements in 

instrumentation. Usually 15N enriched ammonium salts and/or 13C enriched glucose are 

used during protein expression to incorporate these NMR active nuclei into the protein. 

This labeling allows experiments that utilize these nuclei to be performed; thereby 

expanding the capabilities of the spectroscopist. Typically proteins are both 15N and 13C 

labeled. This doubly labeled protein may then be used in an entire suite of two and three 

dimensional (3D) experiments which transfer magnetization along a portion of the 

backbone of a protein, allowing connectivities to be made between atoms and hence 

between amino acids in the protein. Such innovations have substantially facilitated the 

assignment of backbone atoms, in comparison with previous methodologies. Making side 

chain assignments is often a subsequent time consuming step.  
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 All the advancements so far have come with a cost. Labeling the protein allows 

the spectroscopist to run many more experiments than before and obtain a more reliable 

and complete structures but it increases the expenses of protein production and requires 

more time to collect and process the data. This leads to a deluge of data with lists of 

peaks from spectra that can easily lead to thousands of numbers to process.  

 

1.2  Current Methodologies to Assist Assignment of Protein NMR Spectra 

 There are several programs that have been written to assist in the assignment of 

backbone resonances in protein NMR spectra. AutoAssign (Zimmerman et al., 1997), by 

Montelione’s group, is the most developed and well known among these. Under ideal 

circumstances the program requires five 3D experiments: HNCO, HNCACB, 

HN(CO)CACB, HNCA and HN(CO)CA. In more complex cases other experiments may 

be necessary to confirm assignments. For reference, Table 1.1 lists these experiments 

along with the correlations observed, magnetization transferred, couplings and references. 

In order to make assignments the program relies heavily on connectivities between amino 

acids. Amino acid type identification is mostly dependant upon 13Cβ chemical shifts 

(δCβ). Although the authors claim an assignment rate as high as 96% on the 11 proteins 

they have tested, they have all been fairly small proteins, ranging in size from 6 to 18.7 

kDa (Mosley and Montelione, 1999). Since many other programs (e.g., TATAPRO II 

(Atreya et al., 2002), PACES (Coggins and Zhou, 2003)) utilize the same basic approach 

and have the similar data requirements they will not be discussed further. For further 

information the interested reader is directed to a review article by Moseley (Moseley and 
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Montelione, 1999). The most notable fact is that the assignment procedure requires 13C 

and 15N labels and a large number of experiments to be run.  

Other programs emphasize the comparison of calculated to experimental shifts. 

Although a more manual than automated approach, these do have benefits. The greatest 

variety and simplicity can be seen in the collection of programs developed by the Wishart 

lab (Wishart et al., 1997; Neal et al., 2003). Chemical shifts from 1H, 13C, and 15N may be 

calculated quickly and easily from the Wishart web site using his web based interfaces 

(http://redpoll.pharmacy.ualberta.ca). And although he has made chemical shift 

prediction easy to perform, assignment is not always straightforward, and in many cases 

relies on having δCβ data. 

 There are many applications which could benefit by enhancing the speed or 

accuracy of making assignments. Reducing the quantity of data required would also be 

welcome. Traditional manual assignment methods involving tedious assignment of 

hundreds or thousands of peaks could be streamlined with better graphical interfaces. 

Also, making an automated or semi-automated approach more practical by lowering data 

requirements would be advantageous. The latter would be especially helpful in cases 

where the protein has a short life span and multiple samples have to be made in order to 

obtain all the data traditionally required. The ability to provide a confidence level in 

examining a potential assignment would also give researchers another means by which to 

judge the progress and reliability of their results. In cases where there are only sections of 

data available a tool to help determine the position of a fragment in the protein could 

provide a valuable aid to interpretation of related data such as ligand binding.   
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1.3 The Use of Dipolar Couplings to Determine Structure 

While assignment is a prerequisite for NOE based structure determination, a new 

structure determination methodology has emerged in which the assignment process may 

not need to precede the structure determination process (Tian et al., 2001). This approach 

is based on residual dipolar couplings (RDCs) and amino acid connectivities. Briefly, 

RDCs are additions (either positive or negative) to existing scalar couplings between 

pairs of magnetic nuclei which occur due to partial alignment of a protein in a liquid 

crystalline solution. Since RDCs provide information on the orientation of internuclear 

vectors with respect to a magnetic field they are suited for structure determination, but do 

not impose the requirement of close contact that NOEs do. Hence focus can remain on 

backbones and reduced sets of data can be used. Combining adequate numbers of RDC 

data with amino acid connectivities for short peptide fragments allow the calculation of 

both backbone torsion angles (Figure 1.1). In cases where a nearly complete set of 

fragment structures and a preferred orientation of the fragment is obtained it is possible to 

assemble fragments into a complete protein. The data acquired are based on a small 

number of experiments (phase-modulated HSQC, soft HNCA-E.COSY, 2D IP-HSQC, 

Table 1.2) and only partial 13C labeling is necessary. This usually means that no Cβ or 

other side chain connectivities are established. Still, it is advantageous to assign the 

fragments to sequential positions when assembling the structure. However if we are to do 

this with no additional experiments then it is imperative to extract as much assignment 

information from the existing data as possible, for example Cα chemical shifts. 
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1.4 The Use of δCα, ϕ and ψ in Assignment of Protein NMR Spectra 

Currently δCα data are used mainly to predict secondary structure once residue 

type assignments are made (Wishart and Case, 2001) and are not considered to be as 

definitive as δCβ in making residue specific assignments. In principle, type assignments 

might be facilitated if secondary structure dependence could be removed first. Although 

Wishart has grouped the δCαs for a particular amino acid into helix, β strand and coil, the 

utility of these shifts in making type assignments could be increased by developing a 

function which fully describes their dependence upon backbone torsion angles (ϕ, ψ). 

This torsion angle information is available from the RDC based fragment structure 

approach and could be used in a new assignment protocol. This thesis will describe the 

development of a proper description of the angular dependence of Cα chemical shift data 

and its use in a new assignment protocol.  

At the present, there are two databases which, when combined, would provide the 

raw data necessary to create a function which describes the angular dependence of δCα in 

terms of the two backbone torsion angles, ϕ and ψ. From the Protein Data Bank (PDB 

URL: http://www.rcsb.org/pdb; Berman et al., 2000), a repository for 3D biomolecular 

structures, it will be possible to obtain backbone torsion angles for proteins whose 

structure has been determined by either x-ray or NMR. A younger database, the 

BioMagResBank (BMRB URL: http://www.bmrb.wisc.edu; Doreleijers, 2003) contains 

δCα data for many proteins, most of which have a corresponding structure in the PDB.  

After obtaining this data it will be necessary to transform it into a form which will 

describe the probability (P) that an entity is a particular amino acid given the δCα and a 

particular set of torsion angles. To avoid problems associated with discrete points it is 
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necessary to develop a description of the four dimensional space (δCα, ϕ, ψ, P) such that 

each possible data point in the range of interest has a definite non-zero value. Non-zero 

values would allow the computation of probabilities for a string of several data points. An 

easy solution would be to create a histogram. However, if a histogram were used, the 

appropriate bin size and placement would have to be determined. In addition, if some 

regions were completely devoid of data the value would need to be artificially adjusted to 

some arbitrary non-zero value. Also, the presence of definite bin beginning and end 

points could possibly lead to inaccuracies due to normal variations (experimental errors) 

in the data. Ideally it would be desirable to have an analytical function which describes 

the dependence of δCα on ϕ and ψ and can take normal variations into account.  

 

1.5 Density Estimation used to create a Probability Density Function 

A probability density function (PDF), or probability distribution, is a function 

(f(x)) which describes the distribution of the independent variable (x). In cases where this 

function is unknown it is estimated using a process called density estimation. In cases 

where a general knowledge of the distribution is known (e.g. a normal distribution), only 

parameters constituting that distribution (µ and σ2 in this example) need be determined. 

This is the parametric approach. However in our case no assumptions have been made 

regarding the distribution of the data sets, therefore we will use a more generalized 

nonparametric approach, in which the data is not assumed to belong to any particular 

parametric family of functions. 

Once the PDF for each amino acid has been determined it can be used to assist in 

the assignment of chemical shifts in spectra in several related ways. A program named 
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SEASCAPE (SEquential Assignment by Structure and Chemical shift Assisted 

Probability Estimation) was written to use the PDFs created for the amino acids to assist 

in the assignment of spectra based on known connectivities between any number of 

resonances using their δCα and backbone torsion angles. The program has been modified 

to fit a set of different analyses problems. These modifications will be introduced in the 

following paragraphs and discussed further during the course of the thesis.  

The program calculates the probability that a fragment is correctly placed at a 

particular location in the sequence. The amino acid type for each residue in the fragment 

is determined by a trial placement of the fragment along the sequence, and a probability 

for this amino acid type with a given δCα, ϕ, ψ is extracted . The overall probability for a 

particular fragment placement is the product of the probabilities for each residue 

(Equation 1.1) in the fragment. The most probable position  

 
1

( , , )
n

i i i
i

P Cδ α ϕ ψ
=

∏  (1.1) 

is determined by exhaustively matching the fragment at each possible position in the 

protein. The development of SEASCAPE will be described in chapter 2 of this thesis. 

 

1.6 Modifications and Additions to SEASCAPE 

While the initial impetus for the program was as an addition to the work done in 

this lab (Tian et al., 2001) on de novo protein structure determination, it is also possible 

to obtain backbone torsion angles using other experiments or deposited data. For 

instance, ϕ angles are often determined based on the 1HN-1Hα homonuclear three bond 

coupling constants (3JHNHA ) obtained from the HNHA experiment (Vűister and Bax, 

1993), and cross-correlation experiments (Schwalbe et al., 2001) can be used to 
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determine ψ angles. But since the HNHA type experiments are more common and easier 

to perform, a modification to the program in which 3JHNHA values are used instead of ϕ 

and ψ values has been made. The PDFs for this data were created in a manner analogous 

to the ϕ, ψ data with the only difference being that the 3JHNHA values were derived from ϕ 

angles in the original data set. 

Another case arises when a structure has previously been determined and the 

spectroscopist wishes to assign the NMR spectra of the protein for purposes such as 

binding site studies. In this case the researcher only needs to obtain lists of connected 

residues (fragments) from an experiment such as an HNCA experiment which provides 

connectivities between two or more δCα. The torsion angles can be easily obtained from 

the existing crystal structure and combined with the protein’s sequence to enable 

calculation of the most probable location of the various fragments. In this case the only 

change in the program was in the pairing of the data. The backbone torsion angles are 

already paired with the correct amino acid and position in the protein. So the only 

variable is the δCα as the connected δCαs are positioned at each possible position along 

the sequence. All of these related applications of SEASCAPE will be described in chapter 

2 of the thesis. 

 

1.7 Combination of SEASCAPE with RDC Data 

Cα chemical shifts are not the only possible source of assignment information 

when structures are known from other sources. RDC data can also be used directly in the 

assignment process. Since the orientation of a molecule in a liquid crystalline 

environment can be calculated based on a few (theoretically 5 but more realistically 8) 
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RDCs it is possible to back-calculate the remaining RDCs based on the calculated 

orientation of the protein using the program REDCAT (Residual Dipolar Coupling 

Analysis Software Tool; Valafar and Prestegard, 2003). This assumes that a structure 

already exists and that there are enough RDCs from assigned portions of the molecule to 

obtain the order parameters. These back-calculated RDCs are used as a means of 

comparison to experimentally obtained RDCs. Analysis of N-H RDCs measured for a 

fragment may be combined with any of the three variations of SEASCAPE described 

above. In the analysis, the experimental N-H RDC is compared to the back-calculated 

RDC for each RDC in the fragment. The position with the lowest product of root mean 

square deviations (rmsds) for the fragment is considered to be the most probable. This 

data is combined with the calculated probabilities from chemical shift and angular data to 

determine an overall most probable position. This application will be described in chapter 

2 of the thesis. 
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Table 1.2. Residual dipolar coupling experiments for protein structure determination.  
 
(Taken from Tian et al., 2001) 
 

Experiment Correlations and Couplings* Measured 
for Structure Determination Reference 

phase-modulated 
HSQC 

1
N

i iN H
D  Tolman et al., 1996 

   
   

soft HNCA-
E.COSY 1

13 13
1

1 3 4

, ,

, ,N N
i i i i

i i

C H H H H H

C C C

D D Dα α α α

α αδ α

−

−−
 

 

Weisemann et al., 
1994 

   
   

2D IP-HSQC 
 

' '
1

2 2,N
i i i iC H N C

D D
−

 Wang et al., 1998 

   
 

* D – dipolar couplings. Subscripts and superscripts are used to designate atoms in the 

protein backbone. See Figure 1.1 for details. 
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CHAPTER 2 
 

DEVELOPMENT OF SEASCAPE 
 
 

 
It is well known that 13Cα chemical shifts (δCα) are sensitive to both amino acid 

type and local backbone (secondary) structure. Normally 13Cα resonances are assigned to 

amino acid types and the deviation of chemical shifts from random coil values for the 

amino acid is used to deduce secondary structure (Spera, 1991; Wishart and Case, 2001). 

The objective of this thesis is to do the opposite, assign secondary structure, or ϕ, ψ 

angles, and use deviations in chemical shift at a given ϕ, ψ combination to identify amino 

acid type. Since the BioMagResBank’s (BMRB’s) database of chemical shifts and other 

NMR data contains thousands of entries, it seemed possible to combine shift data from 

the BMRB with structural data available from the Protein Data Bank (PDB) to provide a 

statistic that can predict amino acid type from 13Cα shift and local structure 

characteristics.  

 

2.1 Data Correlation 

 The first step in correlating the data from the BMRB and PDB is to determine 

which proteins are common to both databases. At the time this work was started, there 

were 1966 files for proteins in the BMRB database. Of these, 1433 contained five or 

more 13Cα chemical shifts per file. Each of these files was searched for the text string 

“PDB” and the resulting list of BMRB and corresponding PDB file names was output to 
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a file. At the time this was done there was no percent homology information given in the 

BMRB file so it was impossible to know a priori if the “matched” BMRB and PDB 

names were indeed complete matches (to an NMR derived structure) or if the PDB listed 

was just a reference to a crystal structure someone had done of the same, although 

perhaps mutated, protein. There are cases in which the protein in the BMRB entry and the 

referenced PDB entry were the same (eg., Clostridium pasteurianum Rubredoxin C42S 

Mutant). In these cases another problem arose quite often, one in which the two files did 

not contain the same starting point, numbering scheme, or end point. There were often 

missing residues in one or both of the files as well. Most missing data was from BMRB 

files which rarely contain chemical shift data for all Cα’s in the protein. In rarer 

instances, a PDB file from an x-ray structure would not contain data for an amino acid 

residue in the protein. This is most likely due to insufficient density to accurately 

determine the placement of the atoms.  

Before attempting to correlate the two databases, all of the torsion angles from the 

protein structures in the list of PDB files created earlier were extracted using the program 

dang (URL: http://kinemage.biochem.duke.edu; Word, 2000). Only the ϕ and ψ torsion 

angles for each residue were needed so those values were extracted and placed in a 

separate file. But because the dihedral angle extraction program, dang, calculates torsion 

using the heavy atom convention ( ' '
1

H
i i i iC N C Cαϕ −= − − −  , '

1
H H
i i i iN C C Nαψ += − − −  ; 

Figure 2-1) it was adopted rather than using the 1H – aX – bY – 1H torsion frequently seen 

in NMR applications. Then, to address the correlation issues listed above, a Perl program 

(Appendix A) was used to align the sequence in the respective BMRB and PDB files. 

Using a recursive algorithm, the first five residues in the BMRB file were compared to 
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the first five amino acids in the PDB sequence. If a complete match was not found the 

BMRB data was moved down the PDB sequence by one residue and the match was 

attempted again. This was repeated until a match was found or the BMRB data fragment 

could not be moved any further down the PDB sequence. When a match was found the 

BMRB and PDB file names as well as the correct alignment for the match was output to 

an intermediate file given the name of the BMRB file and “.align” appended to the file 

name. The alignment procedure was able to skip over missing sections of data in each 

file. If no match was found that information was printer to a file. As a result, 728 BMRB 

files were ultimately used to obtain the data employed in later analysis. 

After the starting point and alignment list was compiled, another Perl program 

(Appendix B) was used to extract the data points. Each data point was checked to insure 

that the amino acid listed in the BMRB file was a match to the one listed in the PDB file. 

If a mismatch was found, the program was terminated for that particular pair of files. 

Each data triplet (δCα, ϕ, ψ) was written to a file for that amino acid (eg., 

alaCAphipsi.txt). The number of data points for each amino acid is listed in Table 2.1 

along with the total number of possible points from the BMRB files containing five or 

more 13Cα chemical shifts. Approximately half of the possible data points were 

correlated for each amino acid. For each (δCα, ϕ, ψ) point collected the ϕ value was used 

to calculate the corresponding 3JHNHA coupling constant using a standard Karplus equation 

(Equation 2.1; Pardi et al., 1984).  

 3 26.4cos ( 60) 1.4cos( 60) 1.9HNHAJ ϕ ϕ= − − − +  (2.1) 
 
A second set of parameters, A = 6.51 B = -1.76 C = 1.6 (Vuister and Bax, 1993), was also 

used to calculate a slightly different set of coupling constants in order to determine if they 
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would result in a different assignment. Since none was found, the original parameter set 

was used in all subsequent analyses.  

2.2 Probability Density Function Calculations 

 To accurately predict the probability of obtaining a particular measurement, one 

must know the probability density function (PDF) for that variable. This PDF may have 

any number of variables and can be described by a well known analytical function, such 

as a normal (Gaussian) distribution, or it can be completely unknown. For known, or 

parametric, PDFs, such as the normal distribution, the parameters can be estimated with 

an increase in accuracy concomitant with an increase in the number of measurements. In 

cases where the function is unknown, or when it is preferable to avoid unjustifiable 

assumptions, one may use the method of nonparametric density estimation as a means of 

determining the PDF.  

 Histograms may be thought of as a crude, nevertheless often effective, method of 

nonparametric density estimation. The main problems inherent in the use of histograms 

are bin size and origin placement. Bin size is used as a means to smooth the data but in 

each case the size of the bin must be chosen. This could lead to artificial features, or 

blurring of features, in the distribution. An example of this is seen in Figure 2.2. Graphs 

(a) through (d) illustrate how the apparent distribution of a set of data can change based 

on the size of the bin. Data in the example are the number of δCα’s obtained from 

BMRB files. For purposes of illustration only those within the range 5 to 50 δCα’s per 

file are shown. The effects of origin placement (where the bins start) can be seen in 

Figure 2.3. The same data are used as in Figure 2.2, only the starting point for the bins is 

changed. These examples are very simple in part because they represent univariate data. 
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Issues of bin size and placement become much more important in multivariate cases, 

especially in fourth and higher dimensional data. 

 Kernel density estimation (KDE; Silverman, 1986) is a more generalized 

approach to nonparametric density estimation. The kernel (K) is a function which 

satisfies the condition 

 ( ) 1K x dx
∞

−∞
=∫  (2.2) 

 
Often the kernel is a symmetric PDF such as the normal distribution shown in Equation 

2.3. Here µ is the mean of x and σ is the standard deviation. This appears to be a logical 

choice for the kernel since one goal is to allow for normal variations in the data. In the 

univariate case, when a normal distribution is used as the kernel, the error inherent in the 

 2 21( ) { ( ) (2 )}
2

f x exp x µ σ
πσ

= − −  (2.3) 

 
data may be taken into account by using that value in place of the standard deviation (σer 

replacing σ in Equation 2.3). Then, an estimate of the probability density at any position 

(x) is merely a summation (Equation 2.4) of the contribution of each data point (xi). The 

entire PDF may also be estimated by summing the individual kernels over the range of 

interest (e.g., 40 70Cδ α≤ ≤  ppm). 

 2 2

1

1( ) { ( ) (2 )}
2i

n

i er
x er

PDF x exp x x σ
πσ=

= − −∑  (2.4) 

 
 

 In this research, KDE was used to calculate the probability density function for 

each amino acid over δCα, ϕ and ψ space. A multidimensional normal distribution 

function (Equation 2.5) was used as the kernel. It provided a means of compensating for 
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error in measurements and for regions containing sparse data. In Equation 2.5, xr is the 

point at which the PDF is being calculated ( [δCα, ϕ, ψ] or [δCα, 3JHNHA] ), p is the 

dimensionality of the problem (2 or 3 in this study), Σ is the covariance matrix which 

contains errors and their correlations, and ix
ur

 represents a point in the experimental data 

set ( [δCα(i), ϕ(i), ψ(i)] or [δCα(i), 3JHNHA(i)] ). This kernel was then used to generate a 

PDF from the experimental data for each amino acid. The resulting PDF for each amino 

acid covers 13Cα chemical shifts ranging from 40  

 
1 122 1( ) (2 ) exp{ ( ) ' ( )}2

p

i iPDF x x x x xπ
− − −−= ∑ − ∑ −

r r ur r ur
 (2.5) 

 
to 70 ppm and all of ϕ, ψ space (using the convention -180 to 180) for the first data set 

and the same chemical shift range and 3JHNHA values from 1.5 to 10 Hz for the second 

data set. Each PDF was normalized over this range for each amino acid. An experimental 

data point ( [δCα(i), ϕ(i), ψ(i)] or [δCα(i), 3JHNHA(i)] ) can only belong to one amino acid 

at a time (i.e., there are no joint probabilities) and it must belong to one of the 20 amino 

acids. Therefore the probability densities for each point were normalized such that the 

probability that a point was one of the 20 amino acids was one (Equation 2.6). 

 
20

1
( ( ), ( ), ( )) 1

i
P C i i iδ α ϕ ψ

=

=∑  (2.6) 

 
 
 A problem encountered in the calculation of the probability densities is that of 

applying a continuous function such as a normal distribution to a cyclical variable such as 

a torsion angle. While it is obvious to a human that 179° is only 2° away from -179°, it is 

not obvious to the function and it will treat the two values as if they are 358° apart with a 

corresponding reduction in probability density. Any probability densities calculated near 
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this point would be incorrectly lower than their true value. In order to minimize this error, 

each point calculated was transformed into the exact middle of the range of possible 

torsion angles. For example, if the δCα, ϕ, ψ point to be calculated was (45.7, -179, 130) 

then all experimental data points in the ϕ and ψ dimensions would be recentered around -

179° and 130° respectively for the calculation. This would result in ϕ values with the 

range (1°, -359°) while the range for ψ values would be (-50°, 310°).  

 

2.3 Calculation of Probabilities Using (δCα, ϕ, ψ) or (δCα, 3JHNHA) 

 Because, for a given xr , the probability for assignment to the best amino acid may 

be only marginally higher than the probability for assignment to the next best amino acid, 

it is necessary to improve discrimination by using the fact that data can be connected for 

several residues.  This allows combined probabilities to be calculated for sequentially 

connected amino acid types appearing in the protein primary sequence. The program 

SEASCAPE (SEquential Assignment by Structure and Chemical shift Assisted 

Probability Estimation) was therefore written to make assignments based on known 

connectivities between any number of resonances, for which δCα, ϕ and ψ or δCα and 

3JHNHA are available. Given data from the fragment to be assigned, the program takes the 

protein sequence and PDFs for each amino acid and calculates the combined probability 

for the fragment to be placed at each possible position in the sequence by multiplying the 

likelihood of assignment for each individual amino acid as in Equation 2.7.  

 
1

( , , )
n

i i i
i

P Cδ α ϕ ψ
=

∏  (2.7) 

An illustration of this procedure can be seen in Figure 2.4. A section of contiguous 

residues for which the connectivities and each residue’s δCα, ϕ, and ψ, or δCα, 3JHNHA 
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are known (hereafter called a fragment) is aligned along the beginning of the sequence, 

and the probability that the fragment is correctly positioned is calculated. The fragment is 

then repositioned by sliding it over one residue and the probability at that position is 

calculated. This procedure is repeated until all of the positional probabilities have been 

calculated. The most probable alignment is the position with the highest calculated 

probability. Although this program was originally written in Perl, later versions will be 

written in a combination of Tcl/Tk and C++ to add a graphical interface, combine 

functionalities, and ease additions and incorporation into other NMR analysis packages. 

The program along with example input files may be seen in Appendix C. 

 

2.4  Calculation of Probabilities with Known Structure 

 A modification of SEASCAPE was made to utilize data from a previously 

determined structure. In this instance the fragment experimental data consists only of 

13Cα chemical shifts and connectivities. Torsion angles are taken directly from the 

structure and kept with the amino acid sequence. As before, the program takes the protein 

sequence and PDFs for each amino acid and calculates the combined probability for the 

fragment to be placed at each possible position in the sequence. The only difference now 

is that the torsion angles are no longer paired with a particular δCα but with the correct 

amino acid in the sequence. 

 

2.5 Use of Residual Dipolar Couplings 

 In most high resolution NMR experiments, contributions to spin-spin couplings 

other than scalar couplings are ignored. This simplification is justified since molecules 
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tumble and sample orientations in space isotropically. Therefore the effects of through-

space magnetic dipoles generated by each nucleus on other nuclei are averaged to zero. In 

more recent applications, departures from isotropic orientation distributions have been 

induced using anisotropic liquid crystal media. In these systems, the effects of the 

magnetic dipoles upon other nuclei do not average to zero. This introduces an additional 

coupling term. This additional coupling, residual dipolar coupling (RDC), adds to the 

preexisting scalar coupling. The magnitude (Dij) of this additional coupling between two 

atoms, i and j, shown in Equation 2.8, varies with types of coupled nuclei 

 
2

0
3

3cos ( ) 1
(2 ) 2

i j
ij

ij

h tD
r

µ γ γ θ
π

− −
=  (2.8) 

 
(i.e., 15N-1H versus 13C-1H) due to the difference in gyromagnetic ratios (γ) for various 

nuclei, but for a given set of vectors connected directly such as an 15N-1H pair, the 

differences in magnitude are inversely proportional to the distance (rij) cubed between the 

two coupled nuclei and the function in brackets dependent on the angle between their 

internuclear vector and the magnetic field (θ(t)). In the above equation, µ0 is the 

permittivity of free space and h is Planck’s constant. Since the internuclear distance is 

known for directly bonded nuclei, the difference in RDCs among a set of data are due to 

differing orientations of the vectors. As a result, relative orientations for portions of a 

protein may be determined, thereby aiding structure determination. 

 In order to measure RDCs one only needs to collect coupling data in a traditional 

way without partial alignment (isotropic media) and then collect a second data set using 

the exact same experiment but with the sample in an alignment medium (anisotropic 

media) such as bacteriophage or bicelles (Prestegard and Kishore, 2001). The RDC is 
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simply the difference between the experimental coupling constants in isotropic and 

anisotropic media and, depending upon the orientation of the vector, can be either 

positive or negative.  

 

2.6 Calculation of Probabilities with Residual Dipolar Couplings 

 A second modification of SEASCAPE makes use of available residual dipolar 

couplings. If a protein structure is already known, and any type of RDCs are collected, 

this additional data may be used to assist in the assignment of fragments. If a small 

portion, theoretically five but realistically at least eight, of the RDCs are already assigned 

it might be possible to obtain the preferred orientation of the molecule using a program 

such as REDCAT. REDCAT will then calculate theoretical RDCs for the remainder of 

the protein using the previously calculated alignment tensor. From the “back calculated” 

RDCs, it will be possible to make use of this additional data to assist sequential 

placement of any connected fragment. 

 As in the previous version of SEASCAPE, the fragment is placed at each possible 

position in the sequence. This time instead of determining the probability by calculating 

the product of the probability densities, the root mean square deviations (rmsds) between 

the experimental and theoretical RDCs for the fragment is calculated at each position. A 

lower rmsd corresponds to a higher probability of that position being the correct 

placement of the fragment. Given that two or more sections of the protein may have a 

very similar local structural orientation, as in the case of proteins with two or more 

parallel beta strands or alpha helices, it is desirable to combine these results with another 

analysis, such as that provided chemical shift analysis versions of SEASCAPE. 
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 In order to combine the results of chemical shift version of SEASCAPE with 

RDC comparisons, the rmsds calculated need to be modified. By taking the negative 

exponent of the rmsds, the resulting figures would be between zero and one, with higher 

values indicating a better match between experimental and calculated RDCs in the 

fragment. The RDCs which more closely matched experimental values would then have a 

higher score. The product of the scores from the RDC analysis and the SEASCAPE 

analysis would then produce a single probability type number which could be interpreted 

as an overall best fit for the data. As before, a higher score would indicate an increased 

likelihood of correct assignment.  
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Table 2.1. Number of data points used to determine the probability distribution over 
(13Cα, ϕ, ψ) for each amino acid.  
 

amino 
acid 

# data 
points 

%a 
occurrence 

 amino 
acid 

# data 
points 

%a 
occurrence 

ala 1521 7.5  leu 1779 8.8 
arg 919 4.5  lys 1590 7.8 
asn 793 3.9  met 378 1.9 
asp 1312 6.5  phe 757 3.7 
cys 313 1.5  pro 870 4.3 
gln 817 4.0  ser 1206 5.9 
glu 1591 7.8  thr 1138 5.6 
gly 1446 7.1  trp 217 1.1 
his 467 2.3  tyr 601 3.0 
ile 1137 5.6  val 1426 7.0 

 

a The percent occurrence of each amino acid. 
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Figure 2.2 Histograms with different bin sizes. In all cases the x-axis is the same.
(a) Distribution of the number of 13Cα chemical shifts per BMRB file using a bin
size of 2. (b) Same data as in (a) but with a bin size of 4. (c) Same data as in (a)
but with a bin size of 6. (d) Same data as in (a) but with a bin size of 8.

(a) bin size = 2

(b) bin size = 4

(c) bin size = 6

(d) bin size = 8
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Figure 2.3 Histograms with different origins. In all cases the x-axis is the same.
(a) Distribution of the number of 13Cα chemical shifts per BMRB file using an origin
(bin starting point) of 4. (b) Same data as in (a) but with an origin of 3. (c) Same data
as in (a) but with an origin of 2. (d) Same data as in (a) but with an origin of 1.

(a) origin = 4

(b) origin = 3

(c) origin = 2

(d) origin = 1
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Figure 2.4. Example of assignment of a fragment to a position in a protein sequence. (a.) 

Sequence of a rubredoxin mutant (1M2Y) from Pyrococcus furiosus. Four and six 

residue fragments (circles) are moved along the sequence as probabilities are calculated 

for each possible position. Graphs of the normalized probabilities calculated for the 4 

residue (b.) and 6 residue (c.) fragments, ICGY and ICGYIY respectively. The (13Cα, 

ϕ, ψ) data used for the analysis are 4Y = (56.63, -125.1, 135.1), 5V = (58.28, -110.2, 

140.1), 6C = (59.79, -75.1, 64.8), 7K = (59.08, -14.7, -9.9), 8I = (62.43, -115.1, 15.2), 

and 9C = (59.1, -140, -30.2).   
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CHAPTER 3 

APPLICATIONS 

 
 

A primary objective of this chapter is to provide an assessment of the accuracy 

with which SEASCAPE can assign peptide fragments to their proper sequential postions 

in proteins. A mutant of the protein rubredoxin from Pyrococcus furiosus (PDB ID 

1M2Y) was used as the primary test case for all analyses performed. Nine other proteins 

were selected from the BMRB database for subsequent analysis, based on the amount of 

data present for the protein. In order to investigate the performance of SEASCAPE 

(Appendix 3), rubredoxin fragments varying in length from one to six amino acids were 

tested. Data used in these initial analyses were either (δCα, ϕ, ψ) or (δCα, 3JHNHA). Later 

analyses, on the other nine proteins, used four or six residue fragments and (δCα, ϕ, ψ) 

data exclusively. Investigations using residual dipolar coupling (RDC) data were assessed 

using the rubredoxin model.  

 

3.1 Distribution of Data Points 
 

The distribution of the data obtained from correlating the BMRB 13Cα chemical 

shifts (δCα) with ϕ and ψ data obtained from structures in the PDB can be seen in 

Figures 3.1 – 3.20. Graph (a) in each figure is the kernel density estimate of the 

probability density function (PDF) created to examine the distribution of δCα’s obtained
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for that amino acid. A normal distribution was used for the kernel.  A more traditional 

Ramachandran plot of ϕ versus ψ values obtained from the databases can be seen in the 

(b) graphs. Scatter plots of δCα versus ϕ (c) and δCα versus ψ (d) are in the remaining 

graphs. 

From plots of the chemical shift distribution it is easy to get a quick overview of 

the dispersion one is likely to see in the 13C dimension of protein NMR spectra. The δCα 

versus ϕ and ψ graphs allow an informal look at possible correlations between 13Cα 

chemical shift and one or both of the torsion angles. The expected preference for negative 

ϕ values is seen for all amino acids with the exception of glycine (Figure 3.8c). 

Groupings in the δCα versus ψ graphs illustrate the correlation between a protein’s 

secondary structure and the ψ torsion angle. Two amino acids, cystine (Figure 3.5) and 

tryptophan (Figure 3.18), are described by only a few hundred data points each and the  

13Cα chemical shift values are dispersed. Methionine (Figure 3.13), on the other hand, 

has approximately the same number of points yet has a tighter clustering of data. This 

suggests that the conformational populations of cystine and tryptophan may be under 

represented by the data and those of methionine may not. For all amino acids a low 

density section may be seen running all the way through the ψ dimension of the (b) plots 

at approximately zero degrees in the ϕ dimension. The best illustration of this is seen in 

the data for glycine (Figure 3.8b). This region is sterically unfavorable due to the clash 

between the carbonyl oxygens in adjacent residues. A sparsely populated region may also 

be seen in the vicinity of ψ = -120°. In this case the side chains prevent the amino acids 

from adopting ψ values in this region. The obvious exception is glycine, with only a 

single hydrogen in the side chain. 
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3.2  Assignment of Rubredoxin Fragments of Various Lengths 

Known fragments, one to six residues in length, were created from the completely 

assigned protein rubredoxin (PDB ID 1M2Y, Figure 3.21). Two sets of fragments from 

this protein were created. The first contained 13Cα chemical shifts and backbone torsion 

angles (ϕ, ψ) along with connectivity information. The second contained 13Cα chemical 

shifts, 3JHNHA coupling constants and connectivity information. SEASCAPE was used to 

assign the fragments to positions in the protein based on these data. The robustness of the 

method was found to be steeply dependent upon the length of the fragment. Table 3.1 

shows a comparison of how often the highest probability resulted in the correct 

assignment for fragments of different lengths. Column 1 contains the results for (δCα, 

ϕ, ψ) fragments while column 2 contains results for (δCα, 3JHNHA) fragments. In all cases 

the results have been averaged over all possible assignments for 1M2Y. For this protein, 

ϕ and ψ had been directly determined from NMR data prior to this analysis and were 

associated with positions in the connected amino acids of the fragment when the NMR 

structure of the protein was determined.  The utility of attempting assignment using just 

13Cα shifts and 3JHNHA data seems marginal unless very long stretches of connectivities 

can be established. However with (δCα, ϕ, ψ) data, sequential stretches of five or more 

prove to give reliable assignments. 

Also included in Table 3.1 are results from cases in which ϕ and ψ angles are 

associated with the sequence and not the fragments (column 3). In other words, 

assignment problems in which a previous NMR or x-ray structure is available. The 

backbone torsions remain fixed to their proper position in the protein while the remaining 

fragment data, δCα and connectivities, are moved along the sequence. The percentage of 
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correct assignments is slightly less in this case, but largely parallels the initial study in 

which ϕ and ψ angles are associated with a particular δCα in a particular fragment 

(column 1). 

 

3.3  Assignment of Fragments for a Selection of Proteins 

The program was further tested using 9 additional proteins chosen from a set 

having a significant percentage of their 13Cα chemical shifts deposited in the BMRB and 

a structure available from the PDB. Here, angular constraints from either x-ray or NMR 

derived structures and 13Cα data from the BMRB were used (Table 3.2). A detailed 

accounting of which fragments have been correctly positioned for all 10 proteins is given 

in Figures 3.21 – 3.30. Again, these cases represent those in which an x-ray structure is 

available and assignments may be sought for the purpose of ligand screening using 

HSQC data. 

The best performance of the program was on the proteins 1M2Y, 1C0V and 

1CDC (Figures 3.21, 3.22 and 3.27 respectively). These three proteins each gave nearly 

complete (or complete) correct assignments for all fragments 6 residues in length and 

approximately 80% for fragments 4 residues in length. While one might have expected 

these to be predominantly structures derived from x-ray data since it is the predominant 

source of data in the PDB, the structures of two of these proteins, 1M2Y and 1C0V, were 

derived from NMR data. This fact could reflect slight deviations of structures in crystals 

from those in solution, making the NMR structures a better fit, but more likely this 

reflects a more rigorous scrutiny of experimental assignments when they are 

subsequently used to produce a structure.  
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One protein, 1M2Y, has almost no secondary structure listed in the HEADER 

portion of its structure file, while 1CDC contains a significant amount of β-sheet 

structure and 1C0V is almost all α-helix. While this is a small sampling of the possible 

structural elements it is nevertheless encouraging to see successful application over a 

range of classical secondary structures. 

The next best results were obtained on 1SYM (Figure 3.24), with 84% correct 

assignment for 6 residue fragments and 62% correct assignments for 4 residue fragments. 

As with other proteins, increasing the length of the fragment not only increases the 

likelihood of obtaining a correct assignment but the correct assignments are clustered 

together as well. One of the largest proteins attempted, 1AZM (Figure 3.29), gave fairly 

good results with assignment percentages of 80% (6 residue fragments) and 47% (4 

residue fragments). Four of the proteins, 1QJT (Figure 3.23), 1DMO (Figure 3.26), 1EZA 

(Figure 3.28) and 1L6N (Figure 3.30) all had 6 residue fragments assigned correctly 

approximately 70% of the time and 4 residue fragments assigned correctly approximately 

40% of the time.  

Table 3.2 clearly illustrates the aforementioned variability in the level of 

successful assignments, but in all proteins (with one notable exception), a six residue 

connected fragment can be placed in the sequence with greater than 70% certainty using 

just 13Cα shifts, ϕ and ψ data. The one exception is a DNA binding protein, 1IRF (Figure 

3.25), whose binding domain has been categorized as a novel subgroup of the winged 

helix-turn-helix family (Furui, J., et al., 1998). 

In order to understand why assignment of the 1IRF protein proved difficult we 

repeated the analysis with structural data from a corresponding crystal structure (2IRF). 
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The crystal structure is from a DNA bound form of the protein; the structural information 

was nevertheless combined with 13Cα data from solution in the absence of DNA. Four 

and six residue fragments were again examined and the results are reported in Table 3.2. 

When using the crystal structure we obtained double the number of correct identifications 

of fragment position. It is possible that the dynamic nature of the protein in solution when 

not bound to DNA contributed to a set of averaged torsion angles that do not correlate 

well with chemical shift. Indeed, the torsion angles for half of the residues in the protein 

differ substantially (>30°) between the unbound solution structure and the bound crystal 

structure. It is also possible that the NMR structure is a poor quality structure. Structure 

validation programs such as PROCHECK in fact show a significant number of unlikely 

peptide geometries for the deposited NMR structure. This possible ability to identify poor 

structure suggests some structure validation applications of SEASCAPE. 

 

3.4 Correlation of Success with Amino Acid Composition and Secondary 

  Structure  

It is of some interest to examine possible variations in the success of assignment 

with variables such as amino acid content or secondary structure content. The PDFs of 

the individual amino acids give an indication of how distinctive the distributions are for 

each amino acid and how well the program might be expected to perform on a fragment 

of given composition. In order to simplify representation of data in the PDFs and produce 

a more user friendly form, the probability densities were summed across the entire 

(δCα, ϕ, ψ) data set for each amino acid. Since the densities had previously been 

normalized over all amino acids at each point, the resulting sums provide an indication of 
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how well separated the distributions are. In Figure 3.31 the sums have been divided by 

leucine, which has the smallest sum, to produce a single number related to the value of 

δCα, ϕ and ψ information in identifying each amino acid . Not surprisingly, glycine has 

the highest identification value by far (almost 16 × leucine).  Although this could easily 

be predicted by glycine’s unique 13Cα chemical shift, the reason that threonine has the 

second highest value is less obvious. Threonine valine, proline, and isoleucine, all have, 

on average, similar 13Cα shifts.  This suggests that the basis for distinction is more 

complex. 

Surprisingly, regions with regular secondary structure (α helices and β sheets) do 

not result in more accurate assignments than regions that lack regular secondary structure 

(everything not defined as an α helix or β sheet). Of the proteins tested, about half of the 

data are for regions lacking regular secondary structure and the accuracy is no worse or 

better than structured regions. Among the fragments lacking regular secondary structure, 

46% of the four residue fragments are assigned correctly while 76% of the six residue 

fragments are assigned correctly. In the fragments having regular secondary structure, 

47% of the α helices and 48% of the β sheets are assigned correctly in the four residue 

fragments whereas 77% of the α helices and 68% of the β sheets are assigned correctly in 

six residue fragments. We still do not expect the program to perform well on highly 

flexible regions of proteins where chemical shifts may not correlate well with average 

structural parameters.  
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3.5 Raw Scores and Confidence 

An indication of the confidence one should have in a given sequential assignment 

is also an important issue. The raw probability score obtained for a fragment can be used 

to give this indication. Figure 3.32 shows the probability of correct assignment for the top 

score given a fragment of four or six residues. Because individual probability densities in 

the data sets are always between zero and one, it is not unusual to obtain overall raw 

scores on the order of 10-4 for a four residue fragment and 10-6 for a six residue fragment. 

The highest scores obtained so far are 3 × 10-2 and 2 × 10-3, for four and six residue 

fragments respectively. Respective scores for these fragments can be as low as 10-5 and 

10-7. In cases where the raw score is equal to or greater than 2 × 10-3 for a four residue 

fragment the probability of a correct assignment is greater than 80%. For a six residue 

fragment a score equal to or greater than 3 × 10-6 results in a more than 90% probability 

of correct assignment. In addition, scores at or above 10-4 for a six residue fragment lead 

to assignment with near certainty. Thus, we can evaluate the probability of successful 

assignment in the absence of results from more conventional strategies.  

 

3.6 Correct versus Incorrect Connectivities in Fragments 

A problem that requires a program to go a step beyond the proper sequential 

placement of correctly connected fragments is one in which there is some uncertainty in 

the connection, possibly due to degeneracy in 13Cα shifts used to establish connections 

between the residues. Fragments can be generated with all possible connections and 

connectivities correctly representing the fragment may be determined by comparison of 

the probabilities of each of the proposed fragments. Each of the possible fragments is 
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threaded through the sequence taking the torsion angles, φ and ψ, from a proposed 

structure; the probabilities are calculated for each possible assembly and the highest 

score, or probability, is used to identify the correct assembly in addition to the proper 

sequential position. The rightmost column in Table 3.1 compared the results of this 

adaptation, using correctly assembled fragments, with the original program in which the 

13Cα chemical shifts were paired with experimentally determined ϕ and ψ. To test the 

method’s ability to identify fragments that are not correctly connected several pairs of 

sequences 6 or 7 residues in length were threaded through the sequence with one member 

of the pair being correctly connected and the other incorrectly connected. In all cases the 

correctly connected sequence gave the highest score and was properly placed in the 

sequence. The same criteria given above for confidence in assignment, 3 × 10-6 for a six 

residue fragment and 2 × 10-3 for a four residue fragment, resulted in a confirmation of 

correct assignment for the six residue fragments but scores for the four residue fragment 

were below the 80% standard in all cases.   

 

3.7 Combining RDC Analysis with SEASCAPE   

 Combining other data with Cα chemical shifts to aid in assignment makes sense, 

particularly when those data are also acquired in the course of a structure determination. 

Residual dipolar coupling data for rubredoxin (1M2Y) has been used lately (Tian et. al., 

2001) to fully determine the solution structure of the protein. Here the use of RDC data in 

resonance assignment is illustrated. From the RDC data set of this 54 amino acid protein 

eight one bond 15N-1H dipolar couplings were selected at random. These RDCs were used 

to determine the orientation of the protein using the program REDCAT. Then REDCAT 
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was able to “back calculate” the entire set of 15N-1H dipolar couplings for the protein. 

These values were used in comparison to experimental 15N-1H RDCs to improve 

assignments. 

 Fragments of four connected residues which had not successfully been assigned 

previously by SEASCAPE were used in the analysis. Only three of the seven fragments 

in this category did not include a proline. The fragments were those beginning at amino 

acid positions 5, 26 and 27. The experimentally derived RDCs for these three fragments 

were compared to the back calculated RDCs at each possible position in the protein. The 

root mean square deviation (rmsd; Equation 3.1) was used to compute an overall score 

for the fragment at a 
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=

∑
 (3.1) 

particular position. Once these values were tabulated, the negative exponent (Equation 

3.2) was taken of each rmsd to convert the values into a more suitable probability type 

 exp( )i iP rmsd= −  (3.2) 

number for combination with the chemical shift based results from SEASCAPE. In this 

initial application, probability from SEASCAPE chemical shift analysis and pseudo 

probability from RDC analysis were simply multiplied. 

 Application of this method to these fragments resulted in correct assignments in 

all cases. Representative results can be seen in Figure 3.33. The top plot contains the 

results from using the chemical shift version of SEASCAPE. The bottom plot illustrates 

the results from combining RDC analysis with the above data. Both plots have been 

normalized for easier comparison.  
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 Although preliminary, these results suggest that by combining RDC analysis with 

SEASCAPE would result in a higher percentage of correct assignments and a higher 

confidence level. 15N-1H RDCs are normally a part of the data collected in structure 

determination based on RDCs and these would normally be available in the course of 

these studies. 15N-1H RDCs are also among the easiest RDC data acquired and 

acquisition for the purpose of assignment of resonances in proteins with x-ray structure is 

not beyond expectation. 
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Table 3.1. Comparison of assignment results for 1M2Y. 

% correctly assigned # residues 
in fragment 13Cα, ϕ, ψ a 13Cα, 3JHNHA b 13Cα (+ structure)c 

1 8 2 12 
2 36 14 28 
3 61 28 43 
4 84 45 62 
5 95 53 77 
6 100 62 86 

 

a using ϕ, ψ data calculated from dipolar couplings 

b using experimental 3JHNHA values 

c using a modification in which the structure is already known and torsion angles are 
paired with the residues. 
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