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Abstract 

 

The annotation of the human genome has been a daunting task requiring 

the creation of innovative methods to characterize its diverse elements.  Given 

that previous studies have successfully used human polymorphism data to 

characterize functional elements within coding regions, the objective of this thesis 

is to use human polymorphism data to improve the identification of functional 

elements in both coding and non-coding regions.  This study relies on using the 

combination of genetic variation from ethnically diverse human populations and 

several bioinformatics approaches to discriminate and identify several elements of 

functional importance within genomic regions. 

Human polymorphism data within genes was acquired from three different 

publicly available datasets.  We then demonstrated that positions within introns 

that correspond to known functional elements involved in pre-mRNA splicing, 

including the branch site, splice sites, and polypyrimidine tract showed reduced 

levels of genetic variation.  These precise sites of reduced polymorphism levels 

also coincide with the positions known for base pairing and interacting with their 

corresponding ligand.  Furthermore, we observed regions of reduced genetic 

variation that were candidates for distance dependent localization sites of 
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functional elements.  Using several computational approaches, we provided 

additional evidence that suggests these regions correspond to intronic splicing 

enhancers in both the 5’ and 3’ splice site regions. 

We conclude that studies of genetic variation can successfully 

discriminate and identify functional elements in non-coding regions.  Although 

current polymorphism data is only available for small gene subsets, as more non-

coding sequence data becomes available, the methods employed here can be 

utilized to identify additional functional elements in the human genome and 

provide possible explanations for phenotypic associations.
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1 Introduction 
 

With recent advances in sequencing technology, the genomes of 5,334 

species1, including humans2, have been sequenced.  While this provides a wealth 

of data for the scientific community, these sequences must be annotated to 

provide usable information for research purposes.  Even with current technology, 

characterizing the functional elements within genomes across different species 

remains a difficult task.  Given our knowledge that the gene is the genome’s basic 

functional unit, a lot of research and effort has been placed on developing 

computational methods to facilitate the recognition of these coding regions.  

While these coding regions are relatively straight forward to identify,  we lack an 

understanding as well as a tool set to identify similarly important non-coding 

regions.  Therefore, the purpose of this thesis is to improve upon and develop 

techniques for the recognition of functional non-coding regions through the use of 

computational methods. 

Experimental methods used for gene identification rely on the sequencing 

of mRNAs and ESTs, which provide the sequences of concatenated exons from 

genes.  These sequences are then mapped and aligned onto genomic sequence 

through computational methods.  While these powerful techniques can 

characterize gene positions and structures by resolving intron-exon boundaries, 

the alignment of known ESTs to a well annotated genome, such as Arabidopsis, 

was shown to overlap of up to 70% of its known genes (personal work, 
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unpublished).  Therefore, computational methods must be implemented to 

complement experimental genome annotation methods. 

There are a number of different computational methods designed for gene 

prediction, which differ by the type of input data they require and the type of 

algorithm that they implement.  The input data can be in the form of sequence 

signals such as splicing motifs, content statistics such as codon and nucleotide 

usage, and similarity to known genes in public databases3.  While there are a 

diverse number of algorithms, most gene finding programs are focused on 

classifying protein-coding regions as opposed to noncoding RNA or regulatory 

regions4.  The best current methods are known to have high sensitivity and 

specificity measures above 90% when predicting if a given nucleotide is part of 

the coding part of a gene; however, when more stringent criterion are applied, 

such as predicting exon boundaries or complete gene structures, sensitivity and 

specificity measures generally drop below 40%5.  This drop in performance 

suggests a lack of a complete understanding of the characteristics that define the 

exact gene boundaries and our ability to properly model genes. 

Other computational methods include comparative genome algorithms 

where genomes from closely related species, such as human and mouse, are 

compared and characterized for synteny6.  When these comparisons are performed 

within recently diverged species, several conserved regions are often highlighted 

which are indicative of functional coding and noncoding elements.  Such 

alignments have successfully recognized protein-coding genes, non-coding RNA 

genes, regulatory regions, and DNA replication sites7,8; however, some studies 
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using the same multi-species methods have identified conserved non-genic 

sequences of unknown function that are assumed to be preserved because of their 

functional importance9,10.  To address the importance of these potentially 

functional non-coding segments, an experiment was performed where four such 

ultraconserved elements were removed from the mouse genome11.  Surprisingly, 

this resulted in viable mice that had no observable phenotypic effects.  This is just 

one potential downfall of using comparative genomics, in addition to the fact that 

results from this technique are highly dependent on the similarity between the 

organisms being compared.  Additionally, these methods have the potential to 

overlook motifs specific to one of the species being compared. 

Given the lack of a complete understanding about the structural 

boundaries between functional and non functional genomic regions, the shortage 

of non protein-coding functional annotation programs, and the poor results from 

current gene prediction algorithms, this thesis will present the implementation of a 

generalized method for predicting functional elements within noncoding regions.  

The main idea behind this thesis comes from studies done in protein coding 

regions in the Giacomini lab where sequence variants in positions that led to 

nonsynonymous substitutions were found to have lower allele frequencies 

compared to other sequence changes12.  Follow up work by the same group 

measured the in vitro activity of polymorphic transmembrane transporters and 

showed that the transporters with high frequency variants retained function while 

those with low frequency variants more often lost activity or displayed reduced 

function13.  This suggests that alleles that are functionally deleterious will be 
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selected against and thus underrepresented among high frequency variants and 

over-represented among low frequency variants.  Sites with decreased 

polymorphic levels, that is, having a low variant frequency, have been suggested 

to be under purifying selection and therefore likely indicate functionally important 

regions within the genome.  Given that these previous studies have successfully 

used human polymorphism data to characterize functional elements within human 

coding regions, the objective of this thesis is to show that biologically active sites 

within non-coding regions show the same reduced genetic variation 

characteristics that are seen within coding regions. 

Chapter 2 presents the initial study on the genetic variation levels found in 

introns - these noncoding regions are known to contain functionally important 

motifs critical for gene expression and RNA splicing.  This study shows that the 

functional motifs within introns that are important for cell function have reduced 

levels of genetic variation.  In addition, three regions within introns also have 

reduced polymorphism levels but do not match the common functional intronic 

elements.  Evidence from the literature suggests that one region downstream of 

the 5’ splice site corresponds to a distance dependent localization site for intronic 

splicing enhancers.  Based on knowledge about the location for branch site motifs, 

we hypothesize the remaining two regions in the 3’ splice site are two preferential 

locations for branch sites.  This study concludes that functional elements within 

coding and noncoding regions show similar signatures of reduced polymorphism 

levels. 
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Chapter 3 investigates the properties and nature of the three regions of 

reduced genetic variation found previously in chapter 2.  As described briefly, we 

hypothesized that the two regions upstream of the 3’ splice site were preferential 

locations for branch sites.  Given the branch sites' variable positions and the 

degeneracy of their motif, several computational methods were implemented to 

predict their location.  Through the measurement of the polymorphism levels of 

the predicted branch sites' positions, we concluded that two sites are critical for 

splicing, which agrees with known evidence in the literature.  Additionally, the 

distribution of predicted branch site locations overlaps only one of the two 

predicted functional regions.  To further characterize the properties of these two 

regions, a genetic variation based motif finder was developed and indicated that 

one region is the preferred location of branch sites while the other region is a 

distance dependent localization site for intronic spicing enhancers.  The same 

motif finder was applied to the predicted functional region in the 5’ splice site 

region and reinforced the original prediction that this region is a distance 

dependent localization site for intronic splicing enhancers.  This study confirms 

that the original predictions made in chapter two are functional non-coding 

elements and further exemplifies how genetic variation can be a powerful tool for 

characterizing novel motifs. 

Given the successful use of genetic variation to identify functional motifs 

in non-coding regions, chapter 4 presents the study done to improve the 

characterization of functional elements in coding regions.  In this section, we 

show how reduced levels of genetic variation in synonymous positions or 
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increased levels in nonsynonymous sites can be indicators of functionally 

important sites.  We conclude that the measurement of genetic variation in non-

coding and coding regions can be a useful tool to aid in the characterization of 

functional regions across the human genome. 
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2 Measuring Genetic Variation in Non-Coding 
Regions 

 
 At first glance, the measurement of the genetic variation within functional 

non-coding regions of the human genome might appear to be rudimentary; 

however, there are limitations that prevent a full scale analysis of the entire 

genome.  First, the measurement of intra-human variation requires sequenced 

genomes from at least 50 individuals due to the fact that sequencing more 

individuals yield better coverage of existing SNPs.  For this reason, along with the 

current monetary limitations required for full scale sequencing, only the genes of 

interest from different institutions have been sequenced for more than one 

individual thereby limiting the available data for this type of analysis. 

While the broader goal is to analyze intergenic non-coding regions to 

improve sequence annotation methods, having only gene data available restricts 

the non-coding regions we can characterize.  Therefore, this analysis will be 

limited to introns, which contain non-coding motifs that are required for 

recognition and binding to multiple spliceosome elements during intron splicing.  

This chapter will therefore present information on the sequence and position of 

the functional elements within the intron and the basis of their interaction with the 

spliceosome.  There will also be descriptions of the different databases that were 

used for analysis, the population genetic parameters used for quantifying the 

genetic variation, the results of the analysis as well as the results for different 

ethnic groups within each population, and finally the method for classifying the 

statistical significance of the results. 
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2.1 Abstract 
 Non-coding DNA, particularly intronic DNA, harbors important 

functional elements that affect gene expression and RNA splicing.  Yet, it is 

unclear which specific non-coding sites are essential for gene function and 

regulation.  To identify functional elements in non-coding DNA, we characterized 

genetic variation within introns using ethnically diverse human polymorphism 

data from three public databases, PMT, NIEHS, and Seattle SNPs.  We 

demonstrate that positions within introns corresponding to known functional 

elements involved in pre-mRNA splicing, including the branch site, splice sites, 

and polypyrimidine tract show reduced levels of genetic variation.  Additionally, 

we observed regions of reduced genetic variation that are candidates for distance 

dependent localization sites of functional elements, possibly intronic splicing 

enhancers (ISEs).  While ISEs have previously been characterized in a select few 

genes, our findings suggest that they are found within most introns of genes.  We 

conclude that studies of genetic variation can successfully discriminate and 

identify functional elements in non-coding regions.  As more non-coding 

sequence data becomes available, the methods employed here can be utilized to 

identify additional functional elements in the human genome and provide possible 

explanations for phenotypic associations. 
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2.2 Introduction 
Genome-wide association studies have begun to identify large numbers of 

genetic variants that influence the risk of human diseases and variability in human 

traits.  A striking feature of the newly associated variants is that the top signals 

often occur at DNA sites that do not encode amino acids.  Because the function of 

non-coding DNA is less well understood than that of coding DNA, researches are 

left to speculate about the functional effect of these variants.  Methods that 

elucidate the function of non-coding DNA can complement the knowledge gained 

from association studies and in so doing lead to a more complete understanding of 

gene function and disease etiology.  Here, we examine the distribution of genetic 

variation that exists within the human species to identify functional elements in 

the human genome. 

The most common differences in DNA sequence between individuals are 

single nucleotide polymorphisms (SNPs), that is, changes to a single DNA 

basepair.  A polymorphism is defined as a DNA variant whose minor (less 

common) allele has a frequency of at least 1%.  SNPs with a minor allele 

frequency of 1% or greater occur on average once every 250 to 2000 

nucleotides14,15.  Sites with low genetic diversity have been suggested to be under 

purifying selection and therefore indicate functionally important regions within 

the genome.  Consequently, calculation of nucleotide diversity, which provides a 

measure of genetic variation, is commonly employed to recognize functional sites 

and to characterize genetic variation12,13,16,17,18. 

To this end, surveys of DNA variation in humans have been undertaken to 

better understand the characteristics of functional sites in the genome.  To date, 
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most of these surveys have focused on genes.  A survey of variation in 106 genes 

associated with cardiovascular disease, endocrinology, and neuropsychiatry, and 

another of 75 genes involved in blood pressure homeostasis and hypertension, 

showed that there was reduced variation at nonsynonymous (change in amino 

acid) sites within coding regions, particularly when the changes led to non-

conservative (change in amino acid whose biochemical properties differ from the 

native amino acid) mutations17,18.  Additional work on 24 human membrane 

transporter genes showed that sequence variants in positions that lead to 

nonsynonymous substitutions have lower allele frequencies when compared with 

other sequence changes12.  Follow up work by the same group measured the in 

vitro activity of polymorphic transmembrane transporters, revealing that the 

transporters with high frequency variants retained function while those with low 

frequency variants more often lost activity or displayed reduced function13.  In 

general, alleles that are functionally deleterious will be selected against and thus 

underrepresented among high frequency variants, and over-represented among 

low frequency variants. 

Supported by experiments like those described above, many have 

emphasized studying coding as opposed to non-coding variants for phenotypic 

effects since these changes can have a direct effect on the protein sequence, and 

therefore are more likely to alter its function19.  There are, however, also clear 

examples of mutations in non-coding regions, including those within introns, 

being responsible for diseases.  Experiments in yeast have shown that mutations 

at the 3’ and 5’ splice sites as well as the conserved adenosine residue within the 
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branch site, a motif that is required for intron splicing, cause aberrant splicing or 

prevent it altogether20,21.  A more recent experiment in humans showed that a 

G→C mutation in the 3’ splice site can result in one of two outcomes:  either the 

use of a new AG site 15bp downstream from the original splice site, that causes a 

frameshift and a premature stop, or skipping the exon following the 3’ splice 

site22.  Figure 2-1 displays intron structure and the relative location of its known 

sequence elements. 

Functionally important intronic variants such as those described above 

have also been shown to cause disease.  For example, familial 

hypercholesterolemia has been shown to result from the removal of a branch site 

from intron 9 of the low density lipoprotein receptor gene23.  Other mutations 

within the branch site have been shown to cause other human disorders, such as 

fish-eye disease, which is caused by a T→C mutation within the branch site of a 

lecithin-cholesterol acetyltransferase gene preventing intron removal24.  

Additionally, many genome wide association (GWA) studies have now found 

associations between intronic variants and diseases such as breast cancer and 

diabetes25,26,27. 

An important problem in GWA studies is that even after a locus is 

implicated in causing a disease, using linkage disequilibrium to associate a 

specific non-coding variant with the disease can be inconclusive since these non-

coding variants typically don’t offer any information about the functional effect of 

the DNA change, whereas changes in coding DNA have clearer consequences28.  

Given that previous studies have successfully used human polymorphism data to 
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characterize functional elements within human coding regions, the present study 

demonstrates that biologically active sites within non-coding regions, specifically 

introns, show the same reduced genetic variation characteristics that are seen 

within coding regions.  In addition, we use human polymorphism data to identify 

novel location-specific intronic sites that suggest the presence of functional 

elements within non-coding DNA, which may represent intronic splicing 

enhancers. 

 

2.2.1 Intron Structure 
A typical eukaryotic gene is composed of several short coding sequences 

(exons) interspersed with longer non-coding regions (introns) (Figure 2-1).  After 

the cell transcribes a heteronuclear RNA (hnRNA or pre-mRNA) from a gene, the 

intronic regions must be removed by the cell’s splicing machinery before its final 

form (mRNA) can be used for translation – a process commonly known as RNA 

splicing.  The complex responsible for this task is the spliceosome, which is 

composed of five small nuclear RNAs (snRNAs), U1, U2, U4, U5, and U6, and 

more than 60 polypeptides that must precisely recognize the 5’ and 3’ intron 

edges (splice sites) to properly excise the intron from the mRNA29.  The snRNAs 

form a complex with proteins known as small nuclear ribonucleoprotein particles 

(snRNPs).  Any mistakes in this process lead to aberrantly spliced mRNAs which 

are mistranslated. 
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Figure 2-1  Known conserved motifs within the intron.  Numbering system is relative to the 
intron/exon boundary of each splice site and is not to scale with the consensus sequences above.  
SS:  Splice Site.  PPT:  Polypyrimidine Tract. 

 

There are several elements within introns that associate with a number of 

factors from the spliceosome.  Analysis of a large number of pre-mRNAs has 

shown that there are consensus sequences at the 5’ and 3’ splice sites that are 

highly conserved and promote spliceosome assembly: (1) the 5’ splice site, 

characterized by the conserved sequence 5’-GURAGU-3’ where the first 2 

residues are particularly conserved (> 99%) across eukaryotic introns (and R 

denotes purine); (2) the 3’ splice site, with the conserved consensus sequence 5’-

NYAG-3’ (where Y denotes pyrimidine and N denotes all nucleotides); and (3) a 

region upstream of the 3’ splice site known as the polypyrimidine tract (PPT), 

which is a stretch of ten or more nucleotides, the majority of which are 

pyrimidines (uracil and cytosine nucleotides) (Figure 2-1)30. 

Splicing begins when the U1 snRNP binds to the 5’ splice site of a pre-

mRNA through complementary base pairing.  This step is followed by the binding 

of the U2 snRNP auxiliary factor (U2AF) to the 3’ splice site.  U2AF is a 

heterodimer composed of a 65 and a 35 kDa subunit (U2AF65 and U2AF35 

respectively).  The U2AF35 heterodimer recognizes and binds to the 3’ AG motif 

and U2AF65 binds the PPT.  Once U2AF is bound, it recruits the U2 snRNP, 

which binds onto the branch site, followed by the binding of U4/U6 and U5 

snRNPs31.  The branch site is another important motif required for splicing and is 

located 15 to 50 bp upstream of the 3’ splice site.  Although the motif is highly 

degenerate, it contains an important and conserved (> 90%) adenosine residue that 
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donates its 2’ hydroxyl group in a nucleophilic attack on the phosphodiester 

backbone of the 5’ splice site that results in cleavage at that site and formation of 

a 2’,’5 phosphodiester bond.  A lariat structure is formed as a result of the 

cleavage, which leaves a free 3’ hydroxyl group at the 5’ splice site that 

participates in a second transesterification reaction with the guanosine residue at 

the 3’ splice.  This two-step reaction ultimately joins the two exons with one 

another, resulting in the removal of the intron30.  

 

2.2.2 Spliceosome Interactions with pre-mRNA 
Many of the spliceosomal contacts with pre-mRNA consist of RNA:RNA 

interactions that have been determined through the use of several techniques, such 

as mutagenesis of snRNAs and photo cross-linking32,33.  For instance, the 5’ splice 

site is known to base pair with two snRNPs – U1 and U6.  Initially, the U1 snRNP 

binds to the intron at positions 1, 2, 3, 5, and 6 of the splice site as well as 

positions -1 and -2 of the exon relative to the 5’ splice site34.  During later stages 

of splicing, U1 dissociates and U6 comes in to create new base pair interactions 

with the 5’ splice site at positions 4, 5, and 634,35.  U5 joins the 5’ and 3’ splice 

sites through simultaneous contacts at positions -1, -2, and -3 of the exon relative 

to the 5’ splice site and positions 1 and 2 of the exon relative to the 3’ splice 

site34,36. 

While many of the previously described base pair contacts are precise in 

terms of sequence and sequence length, the binding affinity of U2AF to the 

polypyrimidine tract depends on not only the pyrimidine content but also on the 
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length of the polypyrimidine tract34.  For this reason, there is no exact sequence or 

sequence length within pre-mRNAs that bind to the U2AF, although the U2AF35 

subunit does recognize and bind to the AG motif in the 3’ splice site at positions -

1 and -2 as well as position +1 in the exon37. 

2.3 Results 

2.3.1 Genetic Variation by Gene Region 
The measured values of genetic variation for various genomic sections are 

similar to those from other studies12,17,18,38, particularly those from Halushka et al 

(Table 2-1).  As expected, synonymous coding sites show the highest θ and π 

values, supporting our assumption of functional neutrality for these sites; by 

comparison, the nonsynonymous coding sites show greatly reduced diversity 

(t=18.91, P<.001 for θ; t=13.85, P<.001 for π), consistent with their functional 

significance.  Variation in the UTRs is also significantly reduced compared to 

synonymous coding variation, both for 5’ UTRs (t=2.18, P<.05 for θ; t=2.79, 

P<.01 for π) and 3’ UTRs (t=3.93, P<.001 for θ; t=3.48, P<.001 for π). 

Table 2-1  Population genetic parameters θ and π (± s.e.) derived from the combined 
datasets. 

Section Section Details bp θ* π* 
Coding All 1,336,617 7.52±0.21 4.78±0.23 
 Nonsynonymous 1,029,502 5.41±.0.23 3.04±0.24 
 Synonymous 307,115 14.49±0.44 10.55±0.51 
Intron 5', positions +1 to +50 431,348 11.25±0.34 7.89±0.37 
 5', positions +7 to +50 378,756 12.29±0.37 8.60±0.42 
 5’, positions +1 to +6 52,592 3.75±0.46 2.73±0.59 

 
5’, positions +1 to +6 
(3 most proximal) 11,106 4.27±0.87 2.93±1.12 

 
5’, positions +1 to +6 
(3 most distal) 11,156 2.67±0.64 1.46±0.70 

 3', positions -1 to -50 431,049 10.53±0.33 7.53±0.35 
 3', positions -7 to -50 378,403 11.10±0.35 8.14±0.39 
 3’, positions -1 to -6 52,646 6.46±0.70 3.14±0.52 
 3’, positions -1 to -6 11,148 8.72±1.22 4.78±1.09 
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(3 most proximal) 

 
3’, positions -1 to -6 
(3 most distal) 11,172 6.17±0.99 3.28±0.91 

UTR 5' (positions +1 to +50) 42,981 12.34±0.89 7.98±0.83 
 3' ( positions -1 to -50) 35,953 10.85±0.72 7.13±0.79 

* Values of θ and π are x104.  Total of 941 genes; however, number of genes varies within 
each section. 

 

Of particular interest, intronic variation for the first 50 nucleotides is 

significantly reduced compared to synonymous coding sites, both on the 5’ side 

(t=5.86, P<.001 for θ; t=4.03, P<.001 for π) and the 3’ side (t=7.16, P<.001 for θ; 

t=4.76, P<.001 for π).  It is clear that much of this reduction is due to positions +1 

to +6 on the 5’ side (t=16.99 for θ, P<.001; t=9.92, P<.001 for π) and positions -1 

to -6 on the 3’ side (t=9.54, P<.001 for θ; t=9.86, P<.001 for π).  However, the 

remaining positions also show significant reduction in variation compared to 

synonymous sites, both for positions +7 to +50 on the 5’ side (t=3.65, P<.001 for 

θ; t=2.68, P<.01 for π) and positions -7 to -50 on the 3’ side (t=5.91, P<.001 for θ; 

t=4.76, P<.001 for π).  We also note that while there is slightly reduced (non-

significant) variation on the 3’ side of introns compared to the 5’ side overall, the 

pattern is quite different comparing the first 6 nucleotides versus the remaining 

44.  For the first 6 nucleotides (positions +1 to +6 on the 5’ side, -1 to -6 on the 3’ 

side), there is less variation on the 5’ side than the 3’ side (t=3.24, P<.001 for θ; 

t=0.53, P=NS for π).  By contrast, for the remaining nucleotides, there is less 

variation on the 3’ side than the 5’ side (t=2.29, P=.011 for θ; t=0.80, P=NS for 

π).  This likely reflects greater functional constraints on the 3’ side than the 5’ 

side, suggesting the reduced variation of the first 6 nucleotides of the 5' splice site 
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is due to that region harboring one of the very few mechanisms of 5' splice site 

recognition (elaborated in next sections below).  We were also interested to 

establish whether the reduced variation in the first six positions on either the 5’ or 

3’ side of introns varied based on the position of the intron in the gene.  One 

might expect greater functional consequences for the transcribed gene due to 

mutations in the first six nucleotides of the most proximal introns compared to the 

most distal introns.  Therefore, we compared variation at these positions for the 3 

most proximal introns in genes versus the 3 most distal introns.  Surprisingly, we 

actually observed greater genetic variation in the proximal introns compared to 

the distal introns, although these differences were not statistically significant.  The 

patterns of reduced variation in introns observed here lead to the finer analysis of 

specific nucleotide sites, as described below. 

2.3.2 5' Splice Site 
The measured genetic variation observed within each individual position 

in the intronic 5’ splice site highlights important functional information that 

agrees with some of the known interactions that take place in this region (Figure 

2-2 and Figure 2-3).  Positions +1 through +6 are strongly reduced for both θ and 

π values (Figure 2-2).  These reductions are highly statistically significant (Figure 

2-3) reinforcing the known interactions with the U1 and U6 snRNPs described 

previously (2.2.2).  A second region that appears to have reduced genetic 

variation is located at positions +24 through +30.  This result suggests the 

presence of a distance-dependent functional element that is consistent across 

introns and genes.  Due to the way positions were chosen for analysis using the 
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distance from the splice site, this general region may represent the preferred 

location of a functional motif consistent across all introns and genes.  To further 

characterize the properties of this cluster, a sliding window of length 6 basepairs 

was used to measure the genetic variation across every hexamer within this region 

(2.5).  This allowed the measurement of the joint statistical significance for the 

individual positions within the predicted functional cluster in addition to all 

neighboring areas and effectively “smoothes” the observed distribution.  Figure 

2-4  and Figure 2-5 confirms that both the 5’ splice site and the more distal 

predicted functional region show statistical significance as in the original analysis 

(hexamers starting at positions +21 through +25 correspond to positions +21 

through +30), while the remainder of the sequence shows polymorphism levels 

associated with nonfunctional regions.  The sequence range from position +36 

through +45 also shows a modest tendency toward reduced levels of variation, but 

these locations were not statistically significant. 
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Figure 2-2  Distribution of human polymorphism for the 5’ splice site using the combined 
datasets.  θ and π values are shown for each nucleotide position. 
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Figure 2-3  Distribution of human polymorphism for the 5’ splice site using the combined 
datasets. Percentiles are shown for each nucleotide position. 
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Figure 2-4  Distribution of human polymorphism for hexamers in the 5’ splice site using the 
combined datasets.  θ and π values are shown for each hexamer starting at the shown nucleotide 
position. 
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Figure 2-5  Distribution of human polymorphism for hexamers in the 5’ splice site using the 
combined datasets.   Percentiles are shown for each hexamer starting at the shown nucleotide 
position. 

  

 The same analyses described above were performed for the individual 

datasets to look for confirmation that the signals observed in Figure 2-2 and 

Figure 2-4 are generalized properties of all introns and genes.  The results using 

only the NIEHS phase 1 data, the NIEHS phase 2 data, the Seattle SNP data, and 

the PMT data (2.5) are shown in Figure 2-6 through Figure 2-13.  NIEHS phase 1 

and 2, Seattle SNP, and PMT data all show similar results for nucleotides +1 to 

+6.  Of notable importance, positions +1 and +2, the two most conserved 

positions of the 5’ splice site, show statistically reduced θ and π values in every 

dataset.  Positions +3 through +6 are also statistically significant across most 
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datasets, again agreeing with the known binding positions with the U1 and U6 

snRNPs.  The only other clusters that appear reduced across the individual 

datasets are from positions +24 through +27, as found in the combined data, 

although the overall significance of the results in each of the individual datasets is 

not as prominent as that from the combined datasets.  This is likely attributable to 

the decrease in the sample sizes of the individual datasets. 

 

 
Figure 2-6  Distribution of human polymorphism for the 5’ splice site using the NIEHS 
phase 1 dataset.  θ and π values are shown for each nucleotide position. 
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Figure 2-7  Distribution of human polymorphism for the 5’ splice site using the NIEHS 
phase 1 dataset.  Percentiles are shown for each nucleotide position. 
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Figure 2-8  Distribution of human polymorphism for the 5’ splice site using the NIEHS 
phase 2 dataset.  θ and π values are shown for each nucleotide position. 
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Figure 2-9  Distribution of human polymorphism for the 5’ splice site using the NIEHS 
phase 2 dataset.  Percentiles are shown for each nucleotide position. 
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Figure 2-10  Distribution of human polymorphism for the 5’ splice site using the Seattle SNP 
dataset.  θ and π values are shown for each nucleotide position. 
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Figure 2-11  Distribution of human polymorphism for the 5’ splice site using the Seattle SNP 
dataset.  Percentiles are shown for each nucleotide position. 
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Figure 2-12  Distribution of human polymorphism for the 5’ splice site using the PMT 
dataset.  θ and π values are shown for each nucleotide position. 
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Figure 2-13  Distribution of human polymorphism for the 5’ splice site using the PMT 
dataset. Percentiles are shown for each nucleotide position. 

 
 Because of known differences in genetic variation between ethnic groups, 

African Americans and Caucasians, the two largest groups, were also analyzed 

separately.  Although several datasets have multiple ethnic groups, African 

Americans and Caucasians are the only groups across all datasets that had 

sufficient numbers of individuals for meaningful subset analyses.  Only NIEHS 

phase 2, Seattle SNP, and PMT data were used in these analyses since these were 

the only sets that contained identifiable African American and Caucasian data.  

Smoothed graphs for the African Americans and Caucasians are given in Figure 

2-14 through Figure 2-17, respectively.  Both ethnicities show significantly 

reduced genetic variation in the 5’ splice site, as was observed in the combined 
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dataset (Figure 2-4, Figure 2-5), although the results are more significant for the 

African Americans.  The African American graphs show that the hexamers 

starting at positions +20 through +25 are significantly reduced in variation, 

similar to what was observed in the combined dataset.  The Caucasian graphs 

show a similar decrease in genetic variation from positions +17 through +22 

(Figure 2-16), although only the hexamer starting at position +20 is formally 

significant (Figure 2-17).  The general trends in reduced variation are quite 

similar between the ethnic groups and match those from the combined datasets 

using all ethnic groups. 

 

 
Figure 2-14  Distribution of human polymorphism for hexamers in the 5’ splice site using the 
combined datasets and only African Americans.  θ and π values are shown for each hexamer 
starting at the shown nucleotide position. 
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Figure 2-15  Distribution of human polymorphism for hexamers in the 5’ splice site using the 
combined datasets and only African Americans.  Percentiles are shown for each hexamer 
starting at the shown nucleotide position. 
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Figure 2-16  Distribution of human polymorphism for hexamers in the 5’ splice site using the 
combined datasets and only Caucasians.  θ and π values are shown for each hexamer starting at 
the shown nucleotide position. 
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Figure 2-17  Distribution of human polymorphism for hexamers in the 5’ splice site using the 
combined datasets and only Caucasians.  Percentiles are shown for each hexamer starting at the 
shown nucleotide position. 

2.3.3 3' Splice Site 
 Analyses similar to those described above for the 5’ splice site were also 

performed for the 3’ splice site.  In this case, positions -50 through -1 were 

analyzed for the combined datasets and ethnicities (Figure 2-18, Figure 2-19).  Of 

notable importance, positions -1 through -5 all showed reduced genetic variation, 

including position -4, which is not conserved between humans and other 

species39.  The reduced variation observed at positions -1 and -2 agrees with the 

known binding of the U2AF35 snRNP to the AG motif (2.2.2)  Due to the 

presence of individual positions with low genetic variation scattered throughout 

the region upstream of the 3’ splice site, a sliding window analysis was performed 
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to characterize the joint variation of neighboring positions for all hexamers 

upstream of the 3’ splice site, as was done previously for the 5’ splice site (Figure 

2-20, Figure 2-21).  Unlike the 5’ splice site, this region shows an extended range 

of sites with reduced genetic variation, which is likely due to the increased 

presence of functional motifs such as the polypyrimidine tract and the branch site.  

The extended range of hexamers with reduced polymorphism levels from starting 

positions -6 through -10 reflects the functional importance of the polypyrimidine 

tract.  Likewise, the presence of two regions with hexamers of low polymorphism 

levels from -23 through -27 and -35 through -39 suggest the localization of 

functionally important sequences from nucleotide positions -23 through -32 and -

35 through -44 (e.g. the branch site). 
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Figure 2-18  Distribution of human polymorphism for the 3’ splice site using the combined 
datasets.  θ and π values are shown for each nucleotide position. 

 

 

Figure 2-19  Distribution of human polymorphism for the 3’ splice site using the combined 
datasets. Percentiles are shown for each nucleotide position. 
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Figure 2-20  Distribution of human polymorphism for hexamers in the 3’ splice site using the 
combined datasets.  θ and π values are shown for each hexamer starting at the shown nucleotide 
position. 
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Figure 2-21  Distribution of human polymorphism for hexamers in the 3’ splice site using the 
combined datasets.   Percentiles are shown for each hexamer starting at the shown nucleotide 
position. 

 

We next examined 46 intron sequences with experimentally determined 

branch site locations24,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55 and found that the 

average position of the branch site adenosine is at position -26, which is 

consistent with the region from -23 through -32 harboring branch site sequences.  

As described earlier, branch sites can be located up to 50 nucleotides away from 

the 3’ splice site which suggests the possibility that the region from -35 through -

44 could be a second branch site localization site, although this region may also 

harbor a distinct, functionally important element. 
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 We further analyzed the sequences upstream of the 3’ splice site using the 

NIEHS P1, P2, Seattle SNP, and PMT datasets individually (Figure 2-22, Figure 

2-29).  Positions -1 and -2 of the splice site consistently show statistically 

significant reduced genetic variation across the individual datasets, agreeing with 

the known binding of U2AF35 to the AG motif described previously (2.2.2).  As 

we observed previously for the 5’ splice site, the signals are present, but less 

prominent for the other nucleotide positions and demonstrates the importance of a 

large sample size in delineating clearer patterns. 

 

 
Figure 2-22  Distribution of human polymorphism for the 3’ splice site using the NIEHS 
phase 1 dataset.  Percentiles are shown for each nucleotide position. 
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Figure 2-23  Distribution of human polymorphism for the 3’ splice site using the NIEHS 
phase 1 dataset.  Percentiles are shown for each nucleotide position. 
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Figure 2-24  Distribution of human polymorphism for the 3’ splice site using the NIEHS 
phase 2 dataset.  θ and π values are shown for each nucleotide position. 
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Figure 2-25  Distribution of human polymorphism for the 3’ splice site using the NIEHS 
phase 2 dataset.  Percentiles are shown for each nucleotide position. 

 



 43

 
Figure 2-26  Distribution of human polymorphism for the 3’ splice site using the Seattle SNP 
dataset.  θ and π values are shown for each nucleotide position. 
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Figure 2-27  Distribution of human polymorphism for the 3’ splice site using the Seattle SNP 
dataset.  Percentiles are shown for each nucleotide position. 
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Figure 2-28  Distribution of human polymorphism for the 3’ splice site using the PMT 
dataset.  θ and π values are shown for each nucleotide position. 
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Figure 2-29  Distribution of human polymorphism for the 3’ splice site using the PMT 
dataset. Percentiles are shown for each nucleotide position. 

  

 Smoothed graphs were generated using only African American (Figure 

2-30, Figure 2-31) and Caucasian (Figure 2-32, Figure 2-33) populations from the 

combined datasets.  The African American groups showed very similar results to 

the dataset generated using all ethnicities (Figure 2-20, Figure 2-21).  For both 

regions of hexamers starting at positions -24 through -28 and -36 through -37 as 

well as positions -1 through -10 nearest to the 3’ splice site, genetic variation was 

significantly reduced.  The results for the Caucasian group, on the other hand, 

were not as prominent.  While the reduced variation previously seen from 

hexamers starting at positions -1 to -6 and -23 to -27 are still quite evident, the 
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region of reduced variation previously observed from positions -35 to -39 in both 

African Americans and the combined data is more subtle in the Caucasians alone. 

 

 

Figure 2-30  Distribution of human polymorphism for hexamers in the 3’ splice site using the 
combined datasets and only African Americans.  θ and π values are shown for each hexamer 
starting at the shown nucleotide position. 
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Figure 2-31  Distribution of human polymorphism for hexamers in the 3’ splice site using the 
combined datasets and only African Americans.  Percentiles are shown for each hexamer 
starting at the shown nucleotide position. 
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Figure 2-32  Distribution of human polymorphism for hexamers in the 3’ splice site using the 
combined datasets and only Caucasians.  θ and π values are shown for each hexamer starting at 
the shown nucleotide position. 
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Figure 2-33  Distribution of human polymorphism for hexamers in the 3’ splice site using the 
combined datasets and only Caucasians.  Percentiles are shown for each hexamer starting at the 
shown nucleotide position. 

 

2.3.4 Ethnic Variation and Tajima's D 
The general observation from comparing the average θ and π values from 

each dataset using the 5’ intronic sequence data is that African Americans (θ: 

1.0x10-3, 1.1 x10-3, 1.2 x10-3 π:8.2x10-4, 9.0x10-4, 8.5 x10-4) have a higher 

polymorphism rate than Caucasians (θ: 6.2x10-4, 6.4 x10-4, 7.5 x10-4 π:6.4x10-4, 

7.0x10-4, 7.7 x10-4) in the NIEHS phase 2, Seattle SNP, and PMT databases 

respectively, consistent with previous observations17.  The same result was 

observed comparing the average θ and π values of the 3’ intronic sequence data 

from the African American population (θ: 1.0x10-3, 1.0 x10-3, 1.0 x10-3 π:8.8x10-
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4, 8.9x10-4, 7.9 x10-4) against the Caucasian values (θ: 6.7x10-4, 6.1 x10-4, 7.1 x10-

4 π:6.8x10-4, 6.5x10-4, 6.5 x10-4) for the NIEHS phase 2, Seattle SNP, and PMT 

data sets respectively.  The generally accepted explanation for reduced genetic 

variation in Caucasians is the smaller effective population size of their founders 

compared to those of present day Africans. 

Of note, the θ and π values in Caucasians were remarkably similar, both 

for the 5’ and 3’ intronic sequence data (Figure 2-16, Figure 2-17, Figure 2-32, 

Figure 2-33, Table 2-2).  By contrast, in African Americans, the θ values were 

uniformly higher than the π values for the same data (Figure 2-14, Figure 2-15, 

Figure 2-30, Figure 2-31, Table 2-3).  This observation is most consistent with 

population expansion in Africans and a bottleneck or founder effect in 

Caucasians.  The higher value of θ than π in Africans is an indication of the 

increased presence of low frequency variants relative to what is seen in 

Caucasians. 

Table 2-2  Summary of population genetic parameters for Caucasians. 

Section Section Details bp θ* π* Tajimas D 
Coding Nonsynonymous 606,964 2.8 2.3 -0.66 
Coding All 789,502 4.2 3.8 -0.35 
Coding Synonymous 182,538 9.1 9.1 0.00 
Intron 5' Intron (1-50) 245,646 6.5 6.9 0.23 
Intron 5' Intron (7-50) 215,593 7.0 7.4 0.21 
Intron 3' Intron (1-50) 245,384 6.5 6.6 0.06 
Intron 3' Intron (7-50) 215,309 7.0 7.2 0.11 
UTR 3' (1-50) 25,200 6.4 6.6 0.11 
UTR 5' (1-50) 20,558 7.2 6.1 -0.55 

* Values of θ and π are 104.  Numbers in parentheses represent the nucleotide positions used 
for analysis. 

Table 2-3  Summary of population genetic parameters for African Americans. 

Section Section Details bp θ* π* Tajimas D 
Coding Nonsynonymous 606,854 4.2 2.9 -1.12 
Coding All 789,502 6.6 5.1 -0.82 
Coding Synonymous 182,648 14.6 12.4 -0.55 
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Intron 5' Intron (1-50) 245,646 10.7 8.6 -0.72 
Intron 5' Intron (7-50) 215,593 11.6 9.5 -0.66 
Intron 3' Intron (1-50) 245,384 10.3 8.8 -0.54 
Intron 3' Intron (7-50) 215,309 10.9 9.5 -0.47 
UTR 3' (1-50) 25,200 8.4 7.6 -0.34 
UTR 5' (1-50) 20,558 10.5 8.6 -0.65 

* Values of θ and π are 104.  Numbers in parentheses represent the nucleotide positions used 
for analysis. 

 

Tajima’s D was calculated for all datasets and all populations combined 

for the 5’ and 3’ splice site sequences for the original and smoothed data (Figure 

2-34 through Figure 2-37).  These distributions were dominated by the 

polymorphism rates in the African Americans, since Africans have the highest 

polymorphism rates.  As expected, D was uniformly negative for all hexamers 

(Figure 2-36, Figure 2-37).  While the most negative values generally coincide 

with the regions where θ and π values are most reduced, the majority of Tajima’s 

D values are not below -2, which is an accepted cutoff for statistical significance.  

However, the general patterns observed, particularly for the 3’ splice site data, 

recapitulate the original patterns observed for θ and π, where D is most negative 

at hexamer start positions -1, -25, and -32.  The pattern on the 5’ splice site side is 

less clear, although D appears reduced at position 1, as expected.  The fact that θ 

is reduced more than π at locations where both are reduced is consistent with 

purifying selection having occurred at these locations. 

 
 



 53

 
Figure 2-34  Distribution of Tajima’s D values for the 5’ splice sites using the combined 
datasets.  Tajima’s D values are shown for each nucleotide position. 
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Figure 2-35  Distribution of Tajima’s D values for the 3’ splice sites using the combined 
datasets.  Tajima’s D values are shown for each nucleotide position. 
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Figure 2-36  Distribution of Tajima’s D values for hexamers in the 5’ splice sites using the 
combined datasets.  Tajima’s D values are shown for each hexamer starting at the shown 
nucleotide positions. 
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Figure 2-37  Distribution of Tajima’s D values for hexamers in the 3’ splice sites using the 
combined datasets.  Tajima’s D values are shown for each hexamer starting at the shown 
nucleotide positions. 

 

2.4 Discussion 
Using the intronic polymorphism data from three different databases, we 

have shown that human genetic variation can be used to identify regions of 

functional importance within non-coding regions.  The intron motifs that are 

known to bind with various spliceosome elements - the 5’ and 3’ splice sites, 

branch site region, and polypyrimidine tract - all show reduced polymorphism 

levels that are unlikely to be observed within nonfunctional elements.  It is 

commonly accepted that mutations of synonymous sites in coding regions are 

neutral, since a mutation at these sites will not change the amino acid sequence56.  
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Therefore, we used the θ and π values observed within these positions to generate 

distributions of non-functional variation.  Also, prior studies have shown that 

synonymous sites have the largest θ and π values of all coding, 5’ UTR, and 3’ 

UTR sites17,18.  We note, however, there are a number of caveats to using this 

distribution for measuring statistical significance.  Mutations at synonymous sites 

can: (1) stabilize mRNA secondary structure, which can beneficially prevent 

premature degradation or impede translation56,57; (2) alter regulatory splicing 

motifs such as exonic splicing enhancers and silencers58; and (3) change protein 

structure through the modification of translation rates due to codon usage bias59.  

For these reasons, distributions of θ and π values from synonymous sites might 

underestimate the true distribution of θ and π values for non-functional regions.  

However, this would result in an increase of false negatives and decrease of false 

positives in terms of inferring functional sites relative to using a true non-

functional distribution.  Therefore, if anything, our analyses would be 

conservative in terms of inferring functional sites based on reduced 

polymorphism.   

While the 5’ and 3’ splice site are identified perfectly due to their precise 

location once the intron/exon boundaries have been recognized, the properties of 

other elements whose position are more variable, such as the branch site, will not 

always align to a specific location.  Nonetheless, the signature of reduced 

polymorphism levels associated with functional motifs can still be observed.  For 

example, the region which is most likely to contain the branch site, -23 through -

32 (and possibly -35 through -44) from the 3’ splice site, shows lower levels of 
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polymorphism than other areas further from the intron/exon boundary.  A more 

detailed investigation of the polymorphism properties of the branch site however 

will need to be conducted to confirm that the reduced polymorphism we observed 

at this location is indeed due to the branch site, and to further investigate the 

sequence properties from nucleotide -35 through -44.  Because of the degeneracy 

of the branch site sequence and its variable positioning, a non-position-dependent 

measure will need to be used.  The polypyrimidine tract’s positioning on the other 

hand is more stable and the suppressed genetic variation from positions -6 through 

-15 can reliably be attributed to the presence and functional importance of the 

polypyrimidine tract. 

Another finding was the prediction of a novel distance dependent 

localization for a functional region downstream of the 5’ splice site, which 

appears generalized to most introns within genes.  The reduced polymorphism 

levels constrained from nucleotide positions +21 through +30 downstream of the 

5’ splice site are consistent with observations from other studies that disease 

causing mutations can occur downstream of the 5’ splice site in the +21 through 

+32 nucleotide range60,61,62,63.  The cause for these diseases is the mutation of 

intronic splicing enhancers at these locations that decrease splicing efficiency and 

cause exon skipping.  Intronic and exonic splicing enhancers and silencers (ISE, 

ISS, ESE, ESS) are motifs that can regulate splicing by promoting or inhibiting 

the retention of exons within genes64.  These cis-acting elements are motifs 

located within both introns and exons that serve as binding regions for members 

of the SR family of proteins, which can recruit or inhibit the binding of different 
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components of the spliceosome64.  There are several examples of ISEs located 

downstream from exons that are specific to certain gene classes and intron 

positions65.  The fact that this analysis included different gene classes and all their 

introns suggests that there may be a generalized distance dependent localization 

for functional motifs as other studies have suggested66.  Future studies will need 

to characterize whether and which of the specific motifs within the +21 through 

+30 nucleotide range are responsible for the reduced polymorphism observed in 

this region. 

While the genetic variation observed in the first six nucleotides of both the 

3’ and 5’ splice sites was highly reduced, one notable observation was at position 

-4 of the 3’ splice site.  Prior studies have suggested that this position is not 

conserved within humans or across species39.  However, our analyses did 

demonstrate reduction of genetic variation at this position, although only of 

modest statistical significance.  This suggests that studies of genetic variation in 

humans may be able to detect regions of intermediate functional importance 

which may be missed through multi-species comparative methods.  This trend, 

however, was not observed within every individual dataset.  The Seattle SNP and 

PMT databases showed the higher variation consistent with a non-conserved 

position.  This may be in part due to a functional requirement of that position 

within a specific class of genes such as DNA repair and cell cycle genes.  The low 

variation observed in this position may also be due to a long distance correlation 

between the nucleotides observed in this position with other neighboring 

positions.  Therefore, even though this position is generally not conserved, 
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nucleotide sequences elsewhere in the gene may influence the nucleotide required 

for splicing in position -4. 

As expected, we observed greater genetic variation in African Americans 

than Caucasians, and also more negative values of Tajima’s D in African 

Americans.  Although the location-specific patterns of variation we observed 

were consistent between the two groups, to some degree the patterns we observed 

were clearer in African Americans than Caucasians.  This suggests that the 

negative selection we observed is not recent, predating the migration of European 

ancestors from Africa tens of thousands of years ago.  Thus, African and African 

American populations may be most useful for identifying sites of historical 

selection and functional elements of the genome that are relevant to all 

populations. 

 

2.5 Materials and Methods 

2.5.1 Data 
Sequence data were collected from three different sources.  The UCSF 

Pharmacogenetics of Membrane Transporters (PMT) project contains sequence 

data for 45 human membrane transporter genes that were generated by sequencing 

100 African Americans, 100 Caucasians, 30 Asians, 10 Hispanics, and 7 Pacific 

Islanders67.  The Seattle SNP database is composed of sequence data for 290 

genes involved in human inflammatory response obtained by sequencing 24 

African Americans and 23 Caucasians68.  The NIEHS SNP database is composed 

of sequence data for 386 genes involved in DNA repair and cell cycle pathways 

obtained by sequencing 90 individuals that were representative of the U.S. 
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population and include European-Americans, African-Americans, Mexican-

Americans, Native-Americans, and Asian-Americans (NIEHS phase 1) in an 

undisclosed proportion.  An additional set from the NIEHS database was also 

used that is composed of sequence data from 222 genes obtained by sequencing 

95 individuals: 27 African-Americans, 22 Caucasians, 22 Mexican-Americans, 

and 24 Asian-Americans (NIEHS phase 2)69. 

 The amount of intron sequence differed among databases.  The PMT 

amplified each exon with a minimum of 35 flanking 5’ and 3’ intronic basepairs67.  

The Seattle SNP genes were sequenced for both exons and full introns and about 

2,500 base pairs upstream and about 1,500 base pairs downstream of the genes68.  

The NIEHS project fully sequenced genes (including introns) that were <30 kb, 

whereas for larger genes all coding and conserved noncoding sequence, as well as 

20% of the remaining intronic sequences were targeted69. 

2.5.2 Population Genetic Parameters 
When a nucleotide position within a gene is mutated and causes an amino 

acid change, devastating effects on protein function can take place, particularly if 

that residue was required for binding or catalysis.  For this reason, these positions 

will tend to have reduced variation, or decreased polymorphism levels, in the 

human population.  Using this same principle, other sites with decreased genetic 

variation have been suggested to be under negative selection and therefore are 

likely indicators of functionally important regions within the genome.  

Consequently, measurement of nucleotide diversity, which provides a measure of 

genetic variation, is commonly employed to infer functional sites. 



 62

For this study, nucleotide diversity was measured using the two population 

genetic parameters θ and π (e.g. see Hartl and Clark70).  θ represents the 

standardized proportion of segregating sites in a sequence and π is the average 

proportion of nucleotide differences per site between all pairs of chromosomes in 

the sample.  The formulas for θ and π are given by:  

 

 

 

and   

 

 

where  

 

and  Lseq = sequence length, xpoly = number of polymorphic sites, n = 

number of chromosomes, and Xi = number of chromosomes carrying the variant 

allele at position i of seq. 

These measurements were used because they are normalized for both 

sequence length and sample size.  Both are estimates of the population genetic 

parameter 4Neµ, where Ne is the effective population size and µ is the per site 

mutation rate per generation.  Under a model of neutral evolution both θ and π 

should be equal.  Significant differences between both θ and π can indicate natural 

selection or population expansion or contraction.  Both θ and π were measured 

using the available sequence data from each database for all individuals and 
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ethnicities.  Because θ and π depend on population history, we also examined 

these distributions separately in the two largest ethnic groups comprising this 

sample, namely African Americans and Caucasians. 

One commonly employed method to test if a given sequence is evolving 

neutrally or under some type of selection is the statistic known as Tajima’s D71.  

The premise of this statistic is the expected difference between π and θ under 

varying conditions.  Under neutral evolution of a population of constant size, D is 

expected to be 0.  Under purifying selection, negative values of D are expected, 

although recent population expansion can also create negative values of D.  

Positive values of D occur under balancing selection or recent population 

decrease.  The formula for Tajima’s D is given by:  
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2.5.3 Comparison of θ and π Across Genomic Regions 
 To compare mean θ and π values between different gene regions, we 

employed t-tests.  However, θ and π values are influenced by the racial/ethnic 

composition of each individual study, and potentially by the class of gene.  

Therefore, to control for these potential differences, we used a matched pair t-test, 

where we compared θ or π values between regions within each gene (e.g. exons 

versus introns), and then evaluated the mean value of the derived t-statistic.  The 
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standard errors of mean θ and π values reported in Table 1 were calculated across 

all genes. 

 

2.5.4 Statistical Significance of Population Genetic Parameters 
While the approach above is appropriate for nucleotide sequences of 

sufficient length, it is inadequate for studying single nucleotides because the large 

majority of θ and π values will be 0.  We therefore took the following approach.  

For nucleotides at a specific sequence location, we concatenated them into a 

single sequence, and calculated the θ and π values for that created sequence.  

Then to be able to distinguish between nucleotide positions in the genome that are 

neutrally evolving and those undergoing selection, a reference empirical 

distribution of the θ and π values associated with nucleotides from non-functional 

regions created in a similar fashion is required.  Any measured values can then be 

compared to this non-functional distribution. 

Distributions were generated for each of the four data sets by taking 

10,000 random samples of synonymous sites and calculating θ and π values for 

each sample.  Only four-fold degenerate (synonymous) sites from each database 

were used during the random sampling and separate distributions were made for θ 

and π.  Theoretically, both θ and π normalize for sequence length but for small 

lengths it can be difficult to differentiate between a functional and non-functional 

sequence because variation is expected to be low even in a large sample.  For 

example, the probability of seeing a sequence of length 50 with no SNPs of 

frequency 1% or greater is 60.5%, whereas for a sequence of length 500 the same 
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probability drops to .66%.  For this reason, length based distributions of θ and π 

were generated that corresponded to the length (L) of the query sequence that was 

being tested for functionality – each of the 10,000 θ and π values were calculated 

from L random data points.  For analyses focusing on a single ethnic group, such 

as African Americans or Caucasians, distributions were generated for each of 

these groups separately. 

2.5.5 Selection of Nucleotide Regions 
A number of factors influenced the choice of nucleotide regions selected 

for analyses.  Due to the limited length of introns sequenced within the PMT 

database and the known location of some functional motifs within introns, the 50 

basepairs flanking exons from all introns were measured for genetic variation.  

The same numbering nomenclature shown in Figure 2-1 was used.  The 5’ and 3’ 

splice sites, also known as the donor and acceptor sites, respectively, refer to the 

intron/exon boundaries located at the 5’ and 3’ parts of an intron.  Numbering is 

relative to the location of the splice site.  For instance, position +2 at the 5’ splice 

site is two bases into the intron whereas position +2 at the 3’ splice site is two 

bases into the exon.  Genetic variation was measured from positions +1 through + 

50 of the 5’ splice site and -50 through -1 of the 3’ splice site at every individual 

position.  For example, the genetic variation measured at position -7 was taken 

from every intron within every gene from every database at position -7 relative to 

the 3’ splice site.  The results of measuring the nucleotide diversity within these 

predefined positions relative to the splice sites implies that the known intronic 

features that are located at the 5’ and 3’ splice site boundaries will be well 
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aligned.  On the other hand, features such as the branch site that occur further 

within the intron and whose location is not confined within a narrow range may 

be blurred due to using this distance dependent intron alignment.  Intron/exon 

boundaries were previously defined for every gene within each database, thus the 

same boundaries were used in our analyses. 

2.5.6 Selection of Sliding Windows of Length 6 
 Analysis of single sites within introns produced large variability.  

Therefore, to obtain a clearer picture of regional variation within introns, we also 

examined sliding windows of 6 adjacent nucleotides.  The choice of 6 nucleotides 

was based on a compromise between the need for smoothing and the potential 

loss of site-specific variation.  Thus, this approach will detect reductions in 

variation that are regional as opposed to single site-specific, although signals may 

also emerge for single sites for hexamers that overlap that single site provided the 

single-site reduction is large.  Sliding windows of length 3 and 4 were also 

generated and were found to produce nearly identical results to those of length 6 

(data not shown). 
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3 Characterizing the Branch Site and Intronic 
Splicing Enhancers 

 
 While we have been successful in using genetic variation to characterize 

known functional non-coding elements, we have discovered additional regions of 

unknown function that we believe to be functional.  We hypothesized that the 

branch site is the cause for at least one of these regions, while the additional 

regions are localization sites of intronic splicing enhancers.  In the following 

chapter, we present the additional studies conducted to further characterize the 

cause of the reduced polymorphism levels observed in those regions.  To 

investigate this matter, we implemented computational methods that included a 

Hidden Markov model trained to predict branch sites, as well as a novel motif 

finder based on identifying motifs of reduced genetic variation. 

 

3.1 Abstract 
 In a previous study, we found that measurement of genetic variation 

within non-coding genomic sequences can be used to recognize functional genetic 

elements.  While several regions of reduced genetic variation corresponded 

precisely with known functional motifs important for splicing, the remaining 

areas did not match any well-characterized regions of functional significance.  In 

this study, we further examine the properties of these latter areas in more detail, in 

order to characterize the reasons for their reduced genetic variation.  To aid in this 

task, we developed a novel motif-finding algorithm based on finding motifs with 

reduced genetic variation.  We also developed a Hidden Markov model and used 
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it in conjunction with an already established branch site prediction algorithm to 

predict the precise location of branch sites upstream of the 3’ splice site.  Using 

these computational tools, we confirmed that one of the previously predicted 

functional regions upstream of the 3’ splice, from positions -23 to -27, 

corresponded to a preferred localization site for branch sites.  Further, we 

conclude that two nucleotides within the branch site are important for splicing.  

Using our motif-finding algorithm, we reinforced our original prediction that the 

area from nucleotides -35 to -39 on the 3’ splice site and +21 to +30 on the 5’ 

splice site correspond to preferred localization sites for intronic splicing 

enhancers. 

3.2 Introduction 
 A major goal in human genetics research is to identify disease or trait-

causing alleles in the human genomes.  Historically, much of the emphasis has 

focused on studying coding, as opposed to non-coding variants, when searching 

for disease-causing alleles.  While it is well established that reduced population 

genetic variation at a nucleotide site is a good indicator of a site’s functional 

significance within coding regions, we previously showed that similar analyses 

are able to distinguish functional from non-functional elements within non-coding 

regions, most notably within introns (2).  In that analysis, we characterized 

nucleotides based on their precise position, that is, distance from the exon-intron 

boundary.  A potential limitation of that analysis was that functional motifs within 

the intron were not characterized in detail; if such motifs vary in their physical 
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locations, our power to detect and characterize functional sites within them would 

be reduced. 

 One such example is the branch site, an important motif that aids in intron 

identification, spliceosome formation, and lariat formation during mRNA 

splicing.  The localization of the branch site is highly variable, but confined to 15 

to 50 basepairs upstream of the 3’ splice site, since the spliceosomal element that 

binds to the branch site must first be recruited by elements that recognize the 3’ 

splice site30.  In our previous analyses, polymorphism levels were measured for 

each position of the 3’ splice site region as a function of its distance from the 

intron/exon boundary; therefore, given the variable positioning of the branch site, 

the measurement of the genetic variation within the intron ends was only able to 

elucidate what might be generalized preferences for the branch site distance from 

the 3’ intron-exon boundary. 

In our previous analyses, we showed that polymorphism levels for the first 

6 nucleotides of the 5’ splice site were significantly reduced, confirming their 

functional importance in proper exon splicing (2.3.2 and 2.3.3).  However, we 

also identified one additional region in the 5’ portion of introns that appeared to 

have reduced genetic variation, namely from nucleotide position +24 through 

+30.  Thus, this region may harbor sequences of functional significance within 

this general location across introns. 

Similarly, in the region of the 3’ splice site, we identified a longer track of 

nucleotides with reduced polymorphism, from position -1 to approximately 

position -15.  The first six nucleotides likely reflect the splice site recognition 
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signal, similar to the one we observed on the 5’ side of the intron.  The remaining 

positions include the polypyrimidine tract (PPT), another known motif important 

for proper intron splicing.  The PPT, a stretch of ten or more nucleotides with a 

preference for pyrimidines that serves as a binding site for the U2AF snRNP, is 

one of the many factors required for intron splicing30.  However, we also 

identified two additional regions with reduced polymorphism, one spanning sites -

23 to -27, and another spanning sites -35 to -39.  We conjectured that the first of 

these represents a preferential location for the branch site, while the latter may 

represent a second preferential location for the branch site or the preferential 

location of another functional motif. 

It is the focus of the current chapter to examine these intronic regions for 

specific sequence motifs that represent functional elements, and to determine 

whether these motifs can explain the regions of reduced polymorphism that we 

previously identified.  To do so, for known motifs (such as the branch site) we 

trained a Hidden Markov model to identify the most likely location of that motif 

within a given sequence.  For previously undefined motifs, we employed a novel 

motif finder, based on characterization of nucleotide sequences in a specific 

region that demonstrate reduced polymorphism.  Specifically, we focused our 

search on the branch site, polypyriminde tract, and splicing enhancer motifs as 

possible explanations for regions of reduced genetic variation within the 5’ and 3’ 

regions of introns. 
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3.2.1 The Branch Site 
The branch site is highly degenerate yet faithfully recognized by the 

spliceosome as the site of lariat formation by base pairing with the U2 snRNP.  

U2 contains a highly conserved non-variant motif (GUAGUA) within both 

humans and yeast72.  This motif is not only able to bind to the invariant branch 

site UACUAAC in yeast (the bolded branch point site bulges out during binding) 

but also to the more degenerate YURAY (Y represents any pyrimidine, R 

represents any purine) element found within mammalian pre-mRNAs72.  

Furthermore, the more similar the human branch site is to the yeast branch site 

motif, the more efficiently splicing occurs72.  The lack of a perfect complementary 

base pairing mechanism between U2 and the branch site in humans is possible 

because of the requirement of several other splicing factors that aid in 

spliceosome recruitment.  Therefore, to obtain more detailed insight into the 

functionally important positions within the branch site, given its overall 

degeneracy, the branch site motif needs to be predicted from verified branch sites, 

and its genetic variation measured. 

3.2.2 Previous Work 
The identification of the branch site has been widely investigated.  One of 

the earliest studies that used computational methods for branch site prediction 

used a position specific scoring matrix from the yeast consensus sequence to 

identify high scoring sequences in different organisms73.  Using those high 

scoring sequences, a new consensus sequence was generated and used to identify 

other potential branch sites, selecting the sequence closest to the splice site if 
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several were predicted.  Every predicted sequence was then aligned and a new 

branch site profile for each organism was reported.  Position specific scoring 

matrices (PSSMs) have found their way into other branch site prediction studies, 

such as one by Lim et al. where the branch site consensus sequence for a PSSM 

was generated from potential branch sites identified using a Gibbs sampling 

algorithm74.  Although such methods are sufficient to generate a profile for branch 

sites, their accuracy is questionable since the branch site is highly degenerate and 

its position is highly variable across introns and genes, making correct predictions 

with a PSSM difficult75. 

A more recent study continued the use of a PSSM to identify high scoring 

branch site sequences, but improved the method by looking for branch sites 

within 6 nucleotides of predicted PPTs (refered to as PSSM-polyY)40.  Results 

from that study showed that 80% of the positive controls were correctly called 

using their method; however, in an extended dataset of 46 

controls24,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55 only 68% were correctly called, due to 

inclusion of sequences with weak PPTs. 

3.2.3 The Polypyrimidine Tract 
 As noted above, another important motif located within the intron is the 

polypyrimidine tract (PPT) 30.  In the current study, we not only document the 

reduced variation generally observed for this motif, but also provide a more 

detailed analysis characterizing the variation in terms of transitions versus 

transversions of pyrimidine and purine sites.  Specifically, we evaluate transition 

bias, which is the ratio of the rate of transitions (Y→Y, R→R) to the rate of 
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transversions (Y→R, R→Y), defined as TI:TV76.  Assuming equal substitution 

rates at all nucleotides, the ratio should be equal to .5 because there are twice as 

many possibilities for a transversion as a transition; however, it has long been 

recognized that transitions are more common than transversions76.  Example 

values of the TI:TV ratio are 2.377, 2.4414 and 3.0278 within coding regions and 

1.9978 within noncoding regions.  Explanations for this observation include:  (1) 

transitions within the 3rd codon position cause amino acid substitutions only 3% 

of the time compared to 41% of the time with transversions, (2) transitions at the 

1st and 2nd codon positions tend to create conservative amino acid substitutions 

that maintain the chemical properties of amino acids, and (3) the free energies of 

base pairing in transition mutations, G-T and A-C, are more favorable than in 

transversion mutations76. 

3.2.4 Splicing Enhancers 
Results from our previous analysis suggest the possible existence of 

intronic splicing enhancers within both the 5’ and 3’ splice site regions (2.4).  

Given the lack of concrete information about functional motifs underlying 

splicing enhancers located within these regions, we instead present an algorithmic 

search for motifs that is based on reduced genetic variation.  We then compare the 

results of this algorithmic search with formerly defined motif characteristics of 

splicing enhancers, and also determine whether the location of these motifs in the 

5’ and 3’ splice site regions overlap with the regions of reduced polymorphism 

that we previously observed. 
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3.3 Results 

3.3.1 Polypyrimidine Tract 
 The genetic variation of the polypyrimidine tract, as expected, is lower 

than the intronic controls for both θ and π (Table 3-1 and Table 3-2).  This same 

pattern was observed within the individual datasets of NIEHS P1, NIEHS P2, 

PMT, and Seattle SNP (Table 3-3 through Table 3-6).  When nucleotide positions 

within this region are separated into their classes, purines show higher genetic 

variation whereas pyrimidines show lower variation than every control site.  

Similar trends were observed within the individual datasets where purine mutation 

rate is high and pyrimidine mutation rate is low (Table 3-3 through Table 3-6).  

Given the difference in levels of genetic variation between purines and 

pyrimidines and to determine if certain types of mutations were favored over 

others, both purines and pyrimidines are further classified into groups depending 

on the basis of the nucleotide change.  TI:TV ratios are calculated for both 

pyrimidines and purines using both θ and π results from Table 3-1. 
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Table 3-1  Summary of π and θ values for the different nucleotide classes within the 
polypyrimidine tract and three control regions.  Values are x104. 

 

 

aR: Purines, bRTI: Purine Transitions, cRTV: Purine Transversions, dRTI:TV: Purine 
transition/transversion ratio, eY: Pyrimidines, fYTI: Pyrimidine Transitions, gYTV: Pyrimidine 
Transversions, hYTI:TV: Pyrimidine transition/transversion ratio 
 

Table 3-2  Summary of π and θ percentiles for the different nucleotide classes within the 
polypyrimidine tract and three control regions. 

 π Percentiles 
Sites Overall Ra RTI

b RTV
c Ye YTI

f YTV
g 

PolyY Tract 0 .203 .035 .392 0 0 .002 
Control 3' SS (27-34) .098 .019 .015 .055 .224 .401 .01 
Control 5' SS (7-14) .543 .041 .006 .056 .836 .92 .056 
Control 5' SS (27-34) .359 .004 .004 .023 .811 .827 .234 
 θ Percentiles 

Region Overall Ra RTI
b RTV

c Ye YTI
f YTV

g 
PolyY Tract 0 .233 .003 .88 0 0 .003 
Control 3' SS (27-34) .001 0 0 .006 .001 0 .027 
Control 5' SS (7-14) .166 .001 0 .171 .155 .043 .089 
Control 5' SS (27-34) .161 .006 0 .631 .072 .003 .212 

 
 

 

 π 
Region Overall Ra RTI

b RTV
c RTI:TV

d Ye YTI
f YTV

g YTI:TV
h 

PolyY Tract 6.5 10.4 6.0 3.2 1.88 5.5 3.2 1.5 2.13 
Control 3' SS (27-34) 8.1 9.5 6.4 2.5 2.56 6.9 4.7 1.5 3.13 
Control 5' SS (7-14) 9.0 9.9 6.2 2.5 2.48 8.3 5.8 1.8 3.22 
Control 5' SS (27-34) 8.7 9.0 6.1 2.3 2.65 8.2 5.5 2.2 2.50 

 θ 

Region Overall Ra RTI
b RTV

c RTI:TV
d Ye YTI

f YTV
g YTI:TV

h 

PolyY Tract 10.1 14.5 8.2 4.8 1.71 8.9 5.5 2.4 2.29 
Control 3' SS (27-34) 10.8 12.3 8.6 2.8 3.07 9.6 6.4 2.5 2.56 
Control 5' SS (7-14) 12.0 12.9 8.3 3.5 2.37 11.2 7.7 2.7 2.85 
Control 5' SS (27-34) 12.0 13.3 8.5 4.1 2.07 10.8 7.0 2.9 2.41 
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Table 3-3  Summary of π and θ values for the different nucleotide classes within the 
polypyrimidine tract and four control regions for the NIEHS Phase 1 data. Values are x104. 

 

 

aR: Purines, bRTI: Purine Transitions, cRTV: Purine Transversions, dRTI:TV: Purine 
transition/transversion ratio, eY: Pyrimidines, fYTI: Pyrimidine Transitions, gYTV: Pyrimidine 
Transversions, hYTI:TV: Pyrimidine transition/transversion ratio 
 

Table 3-4  Summary of π and θ values for the different nucleotide classes within the 
polypyrimidine tract and four control regions for the NIEHS Phase 2 data. Values are x104. 

 

 
aR: Purines, bRTI: Purine Transitions, cRTV: Purine Transversions, dRTI:TV: Purine 
transition/transversion ratio, eY: Pyrimidines, fYTI: Pyrimidine Transitions, gYTV: Pyrimidine 
Transversions, hYTI:TV: Pyrimidine transition/transversion ratio 
 

 π 
Region Overall Ra RTI

b RTV
c RTI:TV

d Ye YTI
f YTV

g YTI:TV
h 

PolyY Tract 5.5 8.5 5.4 1.9 2.84 4.7 2.9 1.0 2.90 
Control 3' SS (27-34) 7.0 9.0 6.1 2.4 2.54 5.5 4.0 1.3 3.08 
Control 5' SS (7-14) 7.3 9.4 6.8 1.8 3.78 5.4 4.2 0.7 6.00 
Control 5' SS (27-34) 7.2 7.5 4.8 2.1 2.29 6.9 4.5 1.9 2.37 

 θ 

Region Overall Ra RTI
b RTV

c RTI:TV
d Ye YTI

f YTV
g YTI:TV

h 

PolyY Tract 8.8 12.7 6.5 4.1 1.59 7.7 5.1 2.0 2.55 
Control 3' SS (27-34) 9.8 11.6 7.8 2.6 3.00 8.3 5.7 2.4 2.38 
Control 5' SS (7-14) 10.4 12.1 8.4 2.7 3.11 8.9 6.4 1.8 3.56 
Control 5' SS (27-34) 11.5 13.2 8.0 4.3 1.86 9.8 6.1 2.7 2.26 

 π 

Region Overall Ra RTI
b RTV

c RTI:TV
d Ye YTI

f YTV
g YTI:TV

h 

PolyY Tract 6.9 11.9 6.4 4.0 1.60 5.6 2.9 1.8 1.61 
Control 3' SS (27-34) 8.4 9.8 6.8 2.8 2.43 7.3 4.8 1.7 2.82 
Control 5' SS (7-14) 10.0 8.8 5.0 2.7 1.85 11.1 8.1 2.5 3.24 
Control 5' SS (27-34) 8.2 7.5 6.5 1.0 6.50 8.9 4.5 2.9 1.55 

 θ 

Region Overall Ra RTI
b RTV

c RTI:TV
d Ye YTI

f YTV
g YTI:TV

h 

PolyY Tract 11.3 13.7 8.1 5.1 1.59 10.7 6.4 2.9 2.21 
Control 3' SS (27-34) 11.6 13.1 9.5 2.9 3.28 10.5 6.7 2.9 2.31 
Control 5' SS (7-14) 14.1 14.3 8.7 4.2 2.07 14.0 9.0 4.2 2.14 
Control 5' SS (27-34) 12.1 11.9 8.3 3.4 2.44 12.3 7.6 3.2 2.38 
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Table 3-5  Summary of π and θ values for the different nucleotide classes within the 
polypyrimidine tract and four control regions for the Seattle SNP data. Values are x104. 

 

 
aR: Purines, bRTI: Purine Transitions, cRTV: Purine Transversions, dRTI:TV: Purine 
transition/transversion ratio, eY: Pyrimidines, fYTI: Pyrimidine Transitions, gYTV: Pyrimidine 
Transversions, hYTI:TV: Pyrimidine transition/transversion ratio 

 

Table 3-6  Summary of π and θ values for the different nucleotide classes within the 
polypyrimidine tract and four control regions for the PMT data. Values are x104. 

 

 
aR: Purines, bRTI: Purine Transitions, cRTV: Purine Transversions, dRTI:TV: Purine 
transition/transversion ratio, eY: Pyrimidines, fYTI: Pyrimidine Transitions, gYTV: Pyrimidine 
Transversions, hYTI:TV: Pyrimidine transition/transversion ratio 
 
  

 π 

Region Overall Ra RTI
b RTV

c RTI:TV
d Ye YTI

f YTV
g YTI:TV

h 

PolyY Tract 8.3 12.3 7.8 3.8 2.05 7.3 4.5 2.2 2.05 
Control 3' SS (27-34) 8.6 9.4 5.7 2.8 2.04 8.0 6.0 1.6 3.75 
Control 5' SS (7-14) 9.6 10.0 6.3 3.6 1.75 9.3 6.4 2.8 2.29 
Control 5' SS (27-34) 11.1 13.1 8.1 3.9 2.08 9.1 7.2 1.9 3.79 

 θ 

Region Overall Ra RTI
b RTV

c RTI:TV
d Ye YTI

f YTV
g YTI:TV

h 

PolyY Tract 10.3 16.5 10.6 4.2 2.52 8.7 5.1 2.7 1.89 
Control 3' SS (27-34) 11.0 11.8 8.1 2.9 2.79 10.4 7.3 2.5 2.92 
Control 5' SS (7-14) 10.9 11.2 7.4 3.8 1.95 10.7 7.4 2.9 2.55 
Control 5' SS (27-34) 12.7 15.1 9.4 4.8 1.96 10.4 7.6 2.5 3.04 

 π 

Region Overall Ra RTI
b RTV

c RTI:TV
d Ye YTI

f YTV
g YTI:TV

h 

PolyY Tract 3.8 10.4 2.1 5.8 0.36 2.2 1.2 1.0 1.20 
Control 3' SS (27-34) 10.9 10.8 8.8 0.4 22.00 9.6 4.5 1.3 3.46 
Control 5' SS (7-14) 14.3 17.2 7.6 2.5 3.04 12.1 5.1 1.9 2.68 
Control 5' SS (27-34) 10.2 7.8 4.8 1.3 3.69 11.2 8.9 2.3 3.87 

 θ 

Region Overall Ra RTI
b RTV

c RTI:TV
d Ye YTI

f YTV
g YTI:TV

h 

PolyY Tract 12.8 20.9 9.7 9.7 1.00 10.4 6.5 2.9 2.24 
Control 3' SS (27-34) 13.5 16.7 13.4 2.7 4.96 11.0 7.3 1.6 4.56 
Control 5' SS (7-14) 17.4 18.9 10.0 4.1 2.44 16.1 11.1 2.2 5.05 
Control 5' SS (27-34) 12.5 10.9 7.9 1.8 4.39 14.0 10.1 3.9 2.59 
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 Both purine and pyrimidine TI:TV ratios are lower than any of the intronic 

controls suggesting a modified mutational behavior within the polypyrimidine 

tract, which can be attributed to an increase in transversions or a decrease in 

transitions.  The decrease in TI:TV ratio for purines in the PPT can be principally 

attributed to larger increase of transversions versus transitions in the PPT 

compared to the control regions (Table 3-1).  On the other hand, the decrease in 

TI:TV ratio for pyrimidines is due to the relative decrease in pyrimidine 

transitions in the PPT compared to the control segments.  These data suggest the 

PPT’s pyrimidines are under negative selection (i.e., new mutations within 

pyrimidines, either transitions or transversions, are removed) while the purines are 

under positive selection (i.e., new mutations within purines, specifically 

transversions, are favored). 

3.3.2 Branch Site 
Our method of characterizing the genetic variation of nucleotides within 

introns based on their precise position, that is, distance from the exon-intron 

boundary, can have some limitations.  For instance, our power to detect and 

characterize functional sites within introns can be reduced if their physical 

locations are variable.  Given the variable positioning of the branch site, our 

previously described analyses of the 3’ splice site can only elucidate what might 

be generalized preferences for the branch site distance from the 3’ intron-exon 

boundary.  Therefore, to not only characterize regions -23 to -27 and -35 to -39, 

but also obtain more detailed insight into the functionally important positions 
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within the branch site given its overall degeneracy, we trained a Hidden Markov 

model to identify its most likely location within a given sequence. 

We then used this HMM jointly with the PSSM-polyY approach (3.5.3) to 

identify putative branch sites and then characterize the polymorphism level for the 

5 nucleotides within the branch site pentamer (5’-YURAY-3’).  Results are given 

in Figure 3-1 and Figure 3-2.  It is clear that the adenosine (A) site is most 

reduced in genetic diversity within the branch site sequence (Figure 3-1 and 

Figure 3-2).  This finding is consistent with the fact that the A site is highly 

conserved within human branch sites and directly participates in lariat formation 

and intron splicing30.  The only other position that shows reduced polymorphism 

values is the U site, which is located 2 bp upstream of the conserved adenosine 

site. 

 

 
Figure 3-1  Distribution of polymorphism for the branch site predicted using the joint 
PSSM-polyY and HMM prediction method on the combined datasets.  θ and π values are 
shown for each position of the branch site motif. 
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Figure 3-2  Distribution of polymorphism for the branch site predicted using the joint 
PSSM-polyY and HMM prediction method on the combined datasets.  Percentiles are shown 
for each position of the branch site motif. 

We then examined the frequency distribution for the predicted location of 

the conserved adenosine residue within the branch site from the results of our 

branch site prediction procedure.  The distribution showed a peak at position -25, 

with a range of -22 to -26 (Figure 3-3).  We note that this places the most likely 

location of the proximal conserved branch site uracil between positions -24 to -28.  

Therefore, in terms of reduced sequence variation, we would expect that the 

greatest reduction would occur at the average positions of the conserved 

adenosine and uracil which are positions -23 to -27.  Examination of Figure 2-20 

and Figure 2-21 from chapter 2 (2.3.3) shows that positions -23 to -27 correspond 

precisely to a peak region of reduced polymorphism that we first detected.  As 

another test, we recalculated θ and π distributions for hexamers for the 3’ introns, 

but in this case only included the introns for which we had a branch site 

prediction.  In addition, we removed the predicted branch sites from this analysis, 

to determine the extent to which the predicted branch sites could explain the 

previously observed localized pattern of reduction in genetic diversity.  The 
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results are provided in Figure 3-4 and Figure 3-5.  Compared to Figure 2-20 and 

Figure 2-21 (2.3.3), there is a clear attenuation of the previously seen reduction of 

diversity at hexamer start sites -23 to -27, which is no longer statistically 

significant.  However, Figure 3-4 and Figure 3-5 also show that the reduction in 

diversity in this region is not fully attenuated, suggesting that other functional 

motifs may lie in this region that have yet to be identified. 

 

 
Figure 3-3  Distribution of the position of the branch site adenosine residue from the 3’ 
splice site using the joint PSSM-polyY and HMM prediction method.  Distances are relative to 
the 3’ splice site. 
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Figure 3-4  Distribution of human polymorphism for hexamers in the 3’ splice site after 
removing predicted branch sites and using the combined datasets.  θ and π values are shown 
for each hexamer starting at the shown nucleotide positions. 
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Figure 3-5  Distribution of human polymorphism for hexamers in the 3’ splice site after 
removing predicted branch sites and using the combined datasets.  Percentiles are shown for 
each hexamer starting at the shown nucleotide positions. 

3.3.3 Intronic Splicing Enhancer 
 While the distribution of the branch site adenosine residue (Figure 3-3) 

clearly explained the reduced polymorphism we previously observed in the 3’ 

region from nucleotide -23 to -27, it did not explain a second region of reduced 

polymorphism that we observed with a peak from nucleotide -35 to -39 from the 

3’ splice site (Figure 2-20 and Figure 2-21).  To determine if the second peak was 

due to a distinct functional motif, we applied the genetic variation motif finder to 

this region.  We included nucleotides -31 through -48 for this search, to cover the 

entire region of reduced polymorphism that we had previously observed.  As a 
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positive control, we also searched the region from positions -19 through -35, 

where we expected to detect the branch site motif. 

 Results for the region from -19 through -35 showed positive hits to 

sequences that match a consensus motif corresponding to the known branch-site 

motif of YURAY (Figure 3-6 and Figure 3-7).  On the other hand, the region from 

-31 through -48 did not reveal any sequences similar to the known branch site 

motif.  However, a positive hit in this region to the unique and distinct motif 

CCUGG did appear, where the 2nd C had significantly reduced polymorphism 

levels.  This sequence is a subsequence of a known intronic splicing enhancer 

GGGCCUGGG previously identified upstream of the 3’ splice site79. 

     -CUCAC- 
         *   
     --UGACC 
         *   
     -CUGAC- 
      *  *   
     CCUGA-- 
         *   

Figure 3-6  Multiple sequence alignment of the predicted functional motifs upstream of the 
3’ splice site.  The multiple sequence alignment of the predicted functional motifs from positions -
19 through -35.  Positions with reduced genetic variation are represented with an * below. 

 

 

Figure 3-7  Consensus sequence of the predicted functional motifs upstream of the 3’ splice 
site.  Consensus sequence generated from the multiple sequence alignment of the predicted 
functional motifs from positions -19 through -35.  The consensus sequence is an excellent match 
to the branch site consensus sequence. 
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We hypothesized that the reduced genetic variation we previously 

observed in this region may be due to the presence of splicing enhancers; 

mutations in these enhancers have a deleterious effect on proper pre-mRNA 

splicing.  To further explore this hypothesis, we examined the frequency 

distribution of the CCUGG motif upstream from all 3’ splice sites.  We found the 

distribution to be positively skewed and highest at positions -35 to -47 (Figure 

3-8), which are within the region of reduced polymorphism previously noted.  

This distribution supports our conjecture that the reduced genetic variation of 

nucleotides -31 through -48 are due to the presence of intronic splicing enhancers. 

 

 
Figure 3-8  Distribution of the position of the sub-sequence, CCUGG, from a known intronic 
splicing enhancer.  Distances are relative to the 3’ splice site. 

 

On the 5’ side of the intron, we previously observed a peak of reduced 

genetic variation from nucleotide 21 through nucleotide 30 measured from the 5’ 

splice site (Figure 2-4 and Figure 2-5).  We therefore ran the genetic variation 

motif finder from positions +17 through +34 of the 5’ splice site in order to 
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capture all possible pentamers that overlap the originally predicted region from 

+21 through +30.  Results indicated a consensus sequence of GGGCUGGG being 

the functional motif within this region (Figure 3-9 and Figure 3-10).  We found 

this motif matches a known intronic splicing enhancer G3X0-4G3
80 which suggests 

the region from nucleotides +21 through +30 is a generalized location for intronic 

splicing enhancers.  Furthermore, we characterized the frequency distribution of 

the subsequence, GGCUGG, of this intronic splicing enhancer downstream of the 

5’ splice site.  We find the distribution of this motif is elevated, although not 

predominant, at positions +21 through +30 (Figure 3-11), with additional peaks at 

position +11 and +16. 

     ---CAGGG 
        *     
     ---CUGGG 
         *    
     -GGCUG-- 
         *    
     GGGCU--- 
         *    

Figure 3-9  Multiple sequence alignment of the predicted functional motifs downstream of 
the 5’ splice site.  The multiple sequence alignment of the predicted functional motifs from 
positions 17 through 34.  Positions with reduced genetic variation are represented with an * below. 

 

 
Figure 3-10  Consensus sequence of the predicted functional motifs downstream of the 5’ 
splice site.  Consensus sequence generated from the multiple sequence alignment of the predicted 
functional motifs from positions 17 through 34.  The consensus sequence is an excellent match to 
a previously characterized intronic splicing enhancer. 
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Figure 3-11  Distribution of the position of the sub-sequence, GGCUGG, from a known 
intronic splicing enhancer.  Distances are relative to the 5’ splice site. 

 

3.4 Discussion 
The combination of genetic variation with transition bias as applied to the 

PPT not only shows low polymorphism levels that are associated with a 

functional region, but also insight into the basis for the reduced variation observed 

in this region.  A more in depth analysis showed that purines in the PPT have an 

increased rate of polymorphism when changed to pyrimidines, suggestive of 

positive selection.  On the other hand, the pyrimidines within the PPT are under 

negative selection since there is a reduction in both transitions and transversions 

relative to the control sequences.  While the decrease in pyrimidine transversions 

is not surprising due to the reduced purine content in the PPT, the large decrease 

in transitions was unexpected and suggests that the specific pyrimidine sequence 

is also important.  This clear preference to increase and maintain the PPT’s 

pyrimidine content suggests that the pyrimidines are essential for its function – an 

observation that is consistent with previous studies where the binding affinity of 
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U2AF to the PPT is strengthened with increased pyrimidine content34,81.  While 

the elevated polymorphism rate observed in the purines might be considered 

evidence against functional significance, observing a high polymorphism rate that 

is specific to only a single class of nucleotides within a specified region, such as 

the PPT, can reveal the opposite.  In this case, the increased genetic variation 

within the purines may be evidence of a modification of the sequence to one that 

is better suited for binding to U2AF. 

The reduced θ and π values that we observed within the PPT are in 

agreement with previous suggestions that the PPT is under both positive and 

negative selection.  The reduction of the overall variation found in the PPT 

reinforces the overall functional significance of the PPT.  However, when the 

nucleotides are divided into classes, the purine transversion rates are higher than 

those observed for our controls and suggest that within the context of the PPT, 

these positions are under positive selection.  The reduction in variation for 

pyrimidine sites, for both transitions and transversions, is a strong indicator that 

these sites are under purifying selection due to their functional importance. 

The 3’ splice site control that we included in this analysis (positions -27 to 

-34) also overlaps, to some extent, our branch site localization distribution 

(although not its peak) and was previously observed to show reduced genetic 

variation (Figure 2-30 and Figure 2-31).  This likely explains some of the reduced 

variation levels across all the nucleotide classes of this control.  On the other 

hand, the 5’ splice site control sequences showed polymorphism levels that would 

be expected for non-functional controls, although the purines in this region 
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showed modest evidence of reduced genetic variation.  A possible explanation for 

this observation is the higher purine concentration of intronic splicing enhancers 

that may be located within this region. 

The branch site contains two positions with reduced genetic variation – the 

adenosine occupying the fourth position of the consensus motif, and the position 2 

bp upstream occupied by a uracil.  Mutations within the uracil residue have been 

found to cause Ehlers-Danlos syndrome82, extrapyramidal movement disorder83, 

and fish-eye disease24 which can lead to premature atherosclerosis.  These 

findings, in addition to the known functional properties of the adenosine residue, 

suggest that the two positions within the branch site are essential for maintaining 

splicing function.  These observations provide further evidence that a nucleotide 

site’s observed genetic variation is a good indicator of its functional significance, 

even within introns. 

Using the branch site prediction methods that we developed and validated 

for this study, we also examined the location distribution for the branch site 

adenosine.  While the peak location was at position -25, there was a broad spread 

and there was considerable negative skewness.  Thus, while the peak occurred at -

25, the inter-quartile range was from position -23 to -32, reinforcing that the 

region from positions -23 through -32 is a preferred area for branch sites.  This 

region overlaps nearly perfectly with the proximal region of reduced variation we 

originally observed on the 3’ side, past the PPT (Figure 2-20 and Figure 2-21), 

providing evidence that the branch site is the explanation for the observed reduced 

genetic variation in this region. 
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In order to investigate the other regions of reduced genetic variation we 

observed on both the 3’ and 5’ sides, we devised a novel motif-finding algorithm 

based on identifying sequence motifs of reduced genetic variation.  We first 

validated this algorithm by showing that it correctly identified the branch site 

consensus motif in the region from nucleotides -19 to -35 from the 3’ splice site.  

When we used the same algorithm to identify motifs of reduced genetic variation 

between nucleotides -31 to -48 the motif CCUGG was identified.  This sequence 

matches a sub-sequence of a previously identified intronic splicing enhancer 

GGGCCUGGG that is upstream of the 3’ splice site79.  Thus, we speculate that 

the presence of this splicing enhancer within this sequence is the cause of the 

reduced genetic variation we previously observed (Figure 2-20 and Figure 2-21). 

To determine the basis for the reduced genetic variation downstream of 

the 5’ splice site that we observed previously, we implemented the same motif 

finding algorithm.  The consensus sequence that was found, GGGCUGGG, also 

matches a previously characterized intronic splicing enhancer G3X0-4G3
80, which 

is consistent with our prediction that positions +21 through +30 represent a 

localized region for intronic splicing enhancers that is prevalent amongst most 

introns from several gene classes.  Additionally, this indicates that G3CUG3 is the 

predominant intronic splicing enhancer sequence at this position.  The CU 

positions between the surrounding G3 motifs were the sites that showed the 

greatest reduction in genetic variation, suggesting that these positions are 

important for proper function.  However, previous experimental studies have 

indicated that splicing efficiency is not altered by mutations at these sites whereas 
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mutations in the surrounding G3 motifs adversely affect function79,80.  Further 

analyses will be required to reconcile the difference between the empirical data 

we observed and the prior experimental data. 

 In summary we have devised several bioinformatics approaches to further 

explore the underlying basis for reduced genetic variation observed in specific 

intronic regions, aside from the well documented splice site sequences.  

Specifically, we examined the region harboring the PPT on the proximal 3’ side, 

along with two additional regions of reduced variation on the 3’ side, with peaks 

from nucleotides -23 to -27 and -35 to -39.  Similarly, we examined a previously 

identified region of reduced variation at nucleotides +21 to +30 on the 5’ side.  

Our branch site detection method clearly established the region from -23 to -27 on 

the 3’ side as the most likely location for the branch site, explaining the reduced 

variation observed there.  Our motif finding algorithm identified intronic splicing 

enhancer sequences in the remaining two regions (-35 to -39 on the 3’ side, +19 to 

+32 on the 5’ side), providing a likely explanation for the reduced genetic 

variation observed there. 

Our results have important implications for future genetic studies seeking 

to identify genetic variation associated with human phenotypic traits, such as 

disease outcomes.  Specifically, we have provided a method for characterizing the 

likely functional significance of genetic variation found in introns.  Aside from 

the splice site sequences (-1 to -6 on the 3’ side and +1 to +6 on the 5’ side), 

genetic variation in the branch site nucleotides A and U are obvious targets of 

potential functional significance.  The algorithms we employed show high utility 
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for identifying these nucleotides within all the introns of a gene of interest, or for 

that matter for all genes.  Similarly, the nucleotides we identified within putative 

splicing enhancers within the introns may also provide annotation that is useful in 

characterizing intronic variation relevant to disease phenotypes.  We would 

therefore propose that the introns of all genes be analyzed according to the 

methods we describe here as next generation sequence data become available, to 

annotate the likely functional intronic variation for all genes. 

 

3.5 Materials and Methods 

3.5.1 Genotype Data 
The sequence data used for the current analyses has been described in 

detail previously (2.5.1).  Briefly, sequence polymorphism data was acquired 

from three different sources.  The UCSF Pharmacogenetics of Membrane 

Transporters contains SNP data for 45 human membrane transporter genes67; the 

Seattle SNP database is comprised of 282 genes involved in human inflammatory 

responses68; and the NIEHS SNP database has two sets of genes involved in DNA 

repair and cell cycle pathways, one containing 385 genes and the other 208 

genes69. 

The sequence data from these three sources were used to measure the 

genetic variation of specific regions using two population genetic parameters, θ 

and π, which give normalized measures of the expected number of differences 

between pairs of sequences (2.5.2).  The statistical significance of the observed θ 

and π values was determined by generating distributions of θ and π values from 
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control sequences of similar length from non-functional sites.  Empirical p-values 

were calculated as the proportion of θ and π values from the empirical 

distributions that were more extreme than the observed values.  Further details of 

these methods are given in a previous section (2.5.4).  

3.5.2 Genetic Variation in the Polypyrimidine Tract 
The sequence of eight nucleotides from positions -14 through -7 relative to 

the 3’ splice site’s intron/exon boundary was chosen to study characteristics of the 

PPT, to maximize the likelihood of inclusion of PPT nucleotides.  Position -7 was 

chosen as the proximal boundary to maximize the length of the sequence being 

characterized while remaining close to the farthest known distance between the 3’ 

splice site and a terminal PPT nucleotide, which is position -1040.  Position -14 

was chosen as the distal boundary because the minimum length of the PPT is 10 

nucleotides30 and position -4 of the splice site is the most proximal nucleotide 

known to never be part of the PPT.  Using these boundaries, a single θ and π 

value was calculated for each intron, within each gene from every database.  

Additional analyses were based on θ and π values from the individual databases 

and for each ethnic group across databases.  The same measures were calculated 

comparing the purines and pyrimidines found within the studied sequences to 

determine whether there are differences in behavior between these two nucleotide 

classes.  Both purines and pyrimidines were further classified into groups 

depending on the class of the nucleotide change (purine or pyrimidine) in order to 

determine if certain types of mutations were functionally favored over others in 

the PPT.  The assessment of statistical significance for the observed genetic 
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variation described above was modified to normalize for the nucleotide classes 

being characterized.  For example, if the purine polymorphism levels were 

measured, then the empirical distribution was generated only from four-fold 

degenerate (synonymous) purines.  When polymorphism levels of sites mutating 

into specific nucleotide classes were calculated, mutations into the opposite 

nucleotide class were ignored. 

For these analyses, three intronic control regions of the same length (8 

nucleotides) were characterized for comparison to ensure that any differences 

were not due to sample size differences.  For the first intronic control, a segment 

20 to 13 nucleotides upstream of position -14 on the 3’ side (from position -34 

through -27) was chosen.  On the 5’ side, two segments of length 8 corresponding 

to the same physical locations of the two segments on the 3’ side were selected: 

the first from position 7 through 14, and the other from position 27 to 34. 

3.5.3 Identifying the Branch Site: A Hidden Markov Model 
The most recently described method for identifying the branch site within 

the 3’ region of the intron is one that uses a position specific scoring matrix, 

restricted to sequences within 6 nucleotides of predicted PPTs (referred to as 

PSSM-polyY)40.  From studies of 46 experimentally validated positive controls, 

the PSSM-polyY correctly identified 68% of them.  The lack of sensitivity was 

due to ambiguity in the precise location of the PPT. 

Using the same 46 sequences with experimentally validated branch sites, 

we developed a Hidden Markov model (HMM) approach.  The HMM was trained 

using the architecture in Figure 3-12, where individual positions from the branch 
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site to the PPT and the 3’ splice site were explicitly modeled.  Using this trained 

model and a 50 bp length sequence as input to the Viterbi algorithm84, the branch 

site’s location was predicted.  The score assigned to the predicted branch site is 

taken from the matrix generated during the Viterbi algorithm where the maximum 

score at the end of the predicted branch site is subtracted from its beginning score.  

Because the transition probabilities in the branch site region being equal to 1, and 

the maximum scores within each cell in the matrix being converted to log space, 

the score for the branch site becomes equal to the sum of the log of the emission 

probabilities for each state in the branch site. 

 
Figure 3-12  Architecture used for the Hidden Markov model.  The branch site has 7 states for 
each of its positions (blue) that surround the conserved adenosine residue (red).  Three states were 
modeled that capture the nucleotide composition surrounding both ends of the branch site 
(yelllow).   Nine positions were explicitly defined for the polypyrimidine tract (green) that were 
located prior to the four nucleotides of the 3’ splice site (red). 

 
To test the sensitivity of the method, a cross-validation training method 

was used whereby the tested sequence was left out of the training set.  This 

procedure yielded 69.6% correct predictions.  Using the PSSM-polyY program40 

to predict branch sites from the 46 control sequences with known branch sites, we 

obtained 69.6% correct predictions, which matched the performance of the HMM.  

A ROC curve was generated for each of the two methods to determine how well 

the scores associated with the branch sites are able to distinguish true positive 

scores from false positive ones (Figure 3-13 and Figure 3-14).  The area under the 

curve for the PSSM-polyY branch site scores was .866, compared to .672 for the 
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HMM branch scores.  Thus, the PSSM-polyY method alone does a better job 

discriminating true positive from false positive matches than the HMM alone. 
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Figure 3-13  ROC curve from using the HMM scores.  Plot is generated with the sensitivity and 
specificity from cross-validation using the positive control sequences at different branch site score 
cutoffs.  The area under the curve is .672 suggesting the branch site score is not an ideal measure 
to distinguish true positive from false positive scores. 
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Figure 3-14  ROC curve from using the PSSM-poly scores.  Plot is generated with the 
sensitivity and specificity from cross-validation using the positive control sequences at different 
branch site score cutoffs.  The area under the curve is .866 suggesting the branch site score is well 
suited to distinguish true positive from false positive scores. 

 

We then considered the two approaches together to determine whether 

their joint use could improve sensitivity and specificity and ROC characteristics.  

A direct comparison between the results from the HMM and the PSSM-polyY 

showed that we could lower the cutoff score for the PSSM-polyY method (to 2.8) 

if we required the HMM to predict the same branch site, to maintain the same 

specificity.  With this double checking between the two different methods, we 

were able to increase the sensitivity of the PSSM-polyY method from .63 to .78 
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without any loss of specificity (Figure 3-15).  Therefore, the two methods were 

combined for final branch site prediction. 
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Figure 3-15  ROC curve from using the joint PSSM-polyY and HMM scores.  Plot is 
generated with the sensitivity and specificity from cross-validation using the positive control 
sequences at different branch site score cutoffs.  The area under the curve is .917 suggesting the 
combined method is very well suited to distinguish true positive from false positive scores. 

 

3.5.4 Genetic Variation Motif Finder 
The premise for creating a new functional motif finder was that a motif 

should show signs of reduced genetic variation within its functional positions, 

regardless of its relative frequency of occurrence.  On this basis, we searched for 

functional motifs by: (1) Selecting the largest n-mer size possible that can still 

yield adequate statistical power when measuring genetic variation; for our 
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datasets, pentamers were used since hexamers were not sufficiently abundant to 

yield adequate power; (2) Selecting a region for analysis, such as positions -19 

through -36 upstream of the 3’ splice site where we previously observed reduced 

genetic variation; (3) Within the chosen region, grouping all possible overlapping 

pentamers from all introns within every gene into groups based on the unique 

pentamer sequence; (4)  Using the available SNP information from the three 

databases, measuring θ and π for each individual position for every unique 

pentamer group and keeping only those which have at least one position where 

both θ and π are below a 5% cutoff; (5)  Hierarchically clustering pentamer 

sequences based on a sequence dissimilarity metric with complete linkage 

(distance between two clusters is the distance between the farthest elements from 

each cluster) criteria; and (6)  Selecting the hierarchy which separates clusters by 

the largest distance under two dissimilarity units (number of mismatches between 

the aligned consensus sequences from each cluster) and performing a multiple 

sequence alignment within each cluster. 
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4 Measuring Genetic Variation in Coding Regions 

 While the primary goal of this thesis is to characterize the genetic 

variation in non-coding regions, its success within non-coding regions prompted 

the question if we could improve the characterization of functional elements in 

coding regions.  Therefore, this chapter will present our analyses of  the coding 

regions neighboring the splice sites since their positions are static and they are 

known to interact with snRNPs during splicing.  As such, there is an expectation 

that the sites from these regions would show highly reduced genetic variation.  

However, characterizing the functional components within coding regions will be 

more difficult since there is already selective pressure to conserve a gene’s amino 

acid sequence, effectively overlapping any reduced genetic variation due to 

snRNP binding. 

 

4.1  Introduction 
 The identification of functional elements within coding and noncoding 

sequence is of importance for understanding how mutations can lead to human 

disease.  One such method that has proven useful for identifying functional 

regions in noncoding sequence is the identification of sites with reduced genetic 

variation (2.4 and 3.4).  The foundation for this method is based on the idea that 

positions with decreased polymorphism levels are suggested to be under purifying 

selection and are therefore likely functional candidates.  Using this method, we 

have shown that several known noncoding functional splicing elements including 
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the 5’ splice site, 3’ splice site, polypyrimidine tract, branch site, and putative 

intronic splicing enhancer locations all show reduced polymorphism levels (2.3.2, 

2.3.3, 3.3.1, 3.3.2, and 3.3.3).  Given the success of these previous analyses, we 

expand on using human genetic variation within coding sites to identify regions of 

functional importance.  While most coding sites are nonsynonymous 

(nondegenerate) and are therefore considered functional, synonymous (four-fold 

degenerate) sites in coding regions are commonly accepted as nonfunctional since 

mutations at these sites will not change the amino acid sequence56.  Therefore, the 

recognition of functional synonymous variants is a difficult task, and for this 

reason, we aim to use human genetic variation within coding sites to identify 

functionally important synonymous sites. 

 Previous analyses in coding regions have shown that single nucleotide 

polymorphisms (SNPs) located in nonsynonymous positions occur less 

frequently, in particular if mutations at those sites lead to non-conservative amino 

acid changes17 (Table 2-1).  Similar studies reinforced this observation whereby 

sequence variants with nonsynonymous substitutions have lower allele 

frequencies12.  These observations are consistent with selective pressure acting to 

maintain the amino acid sequence encoded by a gene, particularly at positions 

where mutations cause dramatic changes in the properties of the amino acid.  

However, there are additional properties within a gene other than its amino acid 

sequence that are important for its function such as mRNA secondary structure 

stabilization56,57, regulatory splicing motifs like exonic splicing enhancers and 

silencers58, and codon usage bias59.  Here we present a study on using genetic 
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variation within coding regions that allows for a more in depth characterization of 

alternative functional constraints in a gene that are not related to amino acid 

conservation.  The regulation of RNA splicing is a known functional constraint 

within coding sites that is unrelated to sequence conservation.  Several regions 

within introns and exons are necessary for RNA splicing and act as recognition 

and binding sites for the spliceosome – the complex responsible for intron 

removal and exon ligation.  The spliceosome is composed of individual subunits 

known as small nuclear ribonucleoprotein particles (snRNPs), which primarily 

bind to motifs found within introns.  However, some snRNPs, like U1 and U5, 

also bind to sequences within exons.  U1 binds to introns in the 5’ splice site at 

positions 1, 2, 3, 5, and 6 while simultaneously binding to the last two positions of 

the neighboring 3’ exon end34.  U5 is an integral part of splicing that joins the 5’ 

and 3’ splice sites with one another by binding to the last three positions of the 3’ 

exon end and the first two positions of the 5’ exon end34,67.  Within this study, we 

use human polymorphism data to identify exon variants that do not change the 

amino acid sequence yet may influence gene function through the regulation of 

RNA splicing. 

4.2 Results 

4.2.1 All Sites 
We examined the genetic variation at both 5’ (Figure 4-1 and Figure 4-2) 

and 3’ (Figure 4-3 and Figure 4-4) exon ends at each individual nucleotide 

position based on distance from the intron/exon boundary.  Every position for 

both the 5’ and 3’ exon ends consistently has low genetic variation except for 
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position -1 in the 3’ exon end (Figure 4-3 and Figure 4-4).  The reduced genetic 

variation seen within these positions is expected due to the functional requirement 

of maintaining a gene’s amino acid sequence. 

 
 

 
Figure 4-1  Distribution of human polymorphism within the 5’ ends of all exons using the 
combined datasets.  θ and π values are shown for each position. 

 
 

 

 
Figure 4-2  Distribution of human polymorphism within the 5’ ends of all exons using the 
combined datasets.  Percentiles are shown for each position. 

 
 

 



 104

 
Figure 4-3  Distribution of human polymorphism within the 3’ ends of all exons using the 
combined datasets.  θ and π values are shown for each position. 

 
 

 
Figure 4-4  Distribution of human polymorphism within the 3’ ends of all exons using the 
combined datasets.  Percentiles are shown for each position. 

 

4.2.2 Nondegenerate Sites 
To further investigate the properties of the 5’ (Figure 4-5 and Figure 4-6) 

and 3’ (Figure 4-7 and Figure 4-8) exons, we characterized their genetic variation 

using only nondegenerate nucleotides.  Nondegenerate positions are those in 

which any nucleotide substitution will cause a mutation in a gene’s amino acid 

sequence.  Nondegenerate polymorphism levels are highly reduced at all 

positions, similar to our first results using all nucleotide sites.  While position -1 
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in the 3’ exon (Figure 4-7 and Figure 4-8) is low (2.5% range for both θ and π), it 

is higher than all other nondegenerate sites in both 5’ and 3’ exons. 

 
 

 
Figure 4-5  Distribution of human polymorphism within the 5’ ends of all exons using the 
combined datasets and only nondegenerate sites.  θ and π values are shown for each position. 

 
 

 
Figure 4-6  Distribution of human polymorphism within the 5’ ends of all exons using the 
combined datasets and only nondegenerate sites.  Percentiles are shown for each position. 
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Figure 4-7  Distribution of human polymorphism within the 3’ ends of all exons using the 
combined datasets and only nondegenerate sites.  θ and π values are shown for each position. 

 
 

 

 
Figure 4-8  Distribution of human polymorphism within the 3’ ends of all exons using the 
combined datasets and only nondegenerate sites.  Percentiles are shown for each position. 

 

4.2.3 Four-fold Degenerate Sites 
Similar to the analysis described above using only nondegenerate sites, we 

repeat the same experiment using four-fold degenerate (synonymous) sites.  These 

are sites where all three mutations will not change a gene’s amino acid sequence.  

Characterization of the genetic variation of the 3’ exon end (Figure 4-9 and Figure 

4-10) shows that positions -2 and -3 have significantly reduced polymorphism 

levels for both θ and π.  Additionally, positions -5 (low π) and -7 (low θ) have low 
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variation when measuring only one of the population genetic parameters.  Position 

-1 continues to show higher genetic variation than other coding sites as has been 

shown previously in Figure 4-3 and Figure 4-4. 

 
 

 
Figure 4-9  Distribution of human polymorphism within the 3’ ends of all exons using the 
combined datasets and only four-fold degenerate sites.  θ and π values are shown for each 
position. 

 
 

 
Figure 4-10  Distribution of human polymorphism within the 3’ ends of all exons using the 
combined datasets and only four-fold degenerate sites.  Percentiles are shown for each position. 

 

4.2.4 3' Exon Position -1 
In a previous section, we found we were able to identify the functional 

properties and behavior of the polypyrimidine tract, an important intronic motif 



 108

required for intron splicing (3.3.1).  We measured the genetic variation of the 

polypyrimidine tract when grouped by nucleotide class (pyrimidines - Y and 

purines - R) and by specific nucleotide class mutations (Y→R, Y→Y, R→Y, 

R→R).  The study showed not only which nucleotide groups are both resistant 

and prone to mutations, but also indicated that some regions select for mutations 

into specific nucleotide classes.  The inferred function and behavior of the 

polypyrimidine tract using those results matched well with known experimental 

results from the literature.  Given the success of this previous method, we applied 

them to position -1 of the 3’ exon end (Table 4-1) to characterize its functional 

properties.  The overall nondegenerate sites show low polymorphism levels 

(Table 4-1) as was noted previously (Figure 4-7 and Figure 4-8); however, 

nondegenerate pyrimidines have much higher polymorphism levels than purines.  

Comparatively, the four-fold degenerate sites at position -1 show higher levels of 

genetic variation regardless of nucleotide class.  The difference between the 

polymorphism levels in purines and pyrimidines within nondegenerate sites 

shows that those pyrimidines within nondegenerate sites are missing the normal 

selective pressure that reduces genetic variation levels. 

Table 4-1  Summary of π and θ values and their corresponding percentiles for the different 
nucleotide classes within position -1 from all 3' coding exons. 

 Pi 

Sites Overall Ra RTI
b RTV

c RTI:TV
d Ye YTI

f YTV
g YTI:TV

h 

Nondegenerate 4.40 1.90 1.80 0.10 18.00 31.60 30.30 1.30 23.31 

Four-fold Degenerate 24.10 20.60 20.60 0.10 206.00 42.10 6.90 35.20 0.20 

 Θ 

Sites Overall Ra RTI
b RTV

c RTI:TV
d Ye YTI

f YTV
g YTI:TV

h 

Nondegenerate 8.40 4.80 3.90 0.90 4.33 48.20 38.80 9.40 4.13 

Four-fold Degenerate 31.30 28.20 28.20 0.10 282.00 46.80 31.20 15.60 2.00 

 
 Pi Percentiles 
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Sites Overall Ra RTI
b RTV

c Ye YTI
f YTV

g 
Nondegenerate 0.029 0.000 0.001 0.005 0.989 0.997 0.699 
Four-fold Degenerate 0.975 0.862 0.943 0.268 0.981 0.812 0.995 
 Θ Percentiles 

Region Overall Ra RTI
b RTV

c Ye YTI
f YTV

g 
Nondegenerate 0.028 0.000 0.000 0.005 1.000 1.000 0.949 
Four-fold Degenerate 0.998 0.956 0.993 0.264 0.989 0.963 0.965 

 
aR: Purines, bRTI: Purine Transitions, cRTV: Purine Transversions, dRTI:TV: Purine 
transition/transversion ratio, eY: Pyrimidines, fYTI: Pyrimidine Transitions, gYTV: Pyrimidine 
Transversions, hYTI:TV: Pyrimidine transition/transversion ratio 
 

4.3 Discussion 
Using standard measures of nucleotide variation within coding regions 

showed significantly reduced genetic variation levels that reflect the importance 

of amino acid conservation within genes (Figure 4-1 through Figure 4-4).  By 

dividing these regions into synonymous and nonsynonymous sites however, we 

are able to gain more insight into the characteristics of the observed genetic 

variation levels within coding regions.  Significantly reduced genetic variation 

within nonsynonymous sites are expected due to their functional constraints to 

maintain the amino acid sequence encoded by a gene.  Since amino acid 

sequence-based conservation constraints do not exist within synonymous sites, 

reduced polymorphism levels at these sites indicate the presence of alternative 

functional restrictions such splicing motifs, mRNA secondary structure 

stabilization, and codon biases.  For example, positions -2 and -3 of the 3' splice 

site show significantly reduced polymorphism levels at both synonymous (Figure 

4-9 and Figure 4-10) and nonsynonymous (Figure 4-7 and Figure 4-8) sites.  This 

suggests that these two positions are important for both amino acid conservation 

and another functional constraint.  As we described previously in this study, 

position -2 is important for binding to the U1 and U5 snRNPs during pre-mRNA 
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splicing and position -3 is important for binding to the U5 snRNP, reinforcing the 

additional functional constraint implied by the reduced synonymous 

polymorphism levels. 

To further characterize the increased levels of genetic variation of position 

-1 in the 3’ exon (Figure 4-3 and Figure 4-4), we divided this site into 

synonymous and nonsynonymous groups to look for differences in the properties 

of nucleotide classes.  The genetic variation of the nonsynonymous group is 

significantly low (Table 4-1), agreeing with the expected functional constraints of 

amino acid conservation.  Furthermore, the genetic variation of the synonymous 

group is high, also agreeing with the decreased functional importance expected at 

synonymous sites56.  Since the observed levels of genetic variation in both these 

groups did not explain our original observation, we further divided the 

nonsynonymous group into purines and pyrimidines.  We then found the purines 

to have significantly low levels of genetic variation, while the pyrimidines 

showed uncharacteristically high levels since these positions should theoretically 

still have a selective pressure to maintain the amino acid sequence encoded by a 

gene.  Position -1, which contains predominantly purines (90.5% purines across 

all datasets), is part of the 5’ splice site motif and is known to bind to the U1 and 

U5 snRNPs during pre-mRNA splicing33,34, suggesting the basis of the increased 

genetic variation observed within nonsynonymous pyrimidines may be due to a 

delicate balance between creating a more typical splice site motif at the expense 

of generating nonsynonymous mutations.  This result however, is only tentative 

since there were only 5,122 datapoints for this position across all datasets, making 
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the analyses for any positions other than the nonsynonymous purines less reliable 

(79.3% of datapoints are nonsynonymous purines). 

Transition bias analysis is a model that provides insight into the process of 

nucleotide substitution and is defined as the ratio (TI:TV) of the rate of transitions 

(Y→Y, R→R) to the rate of transversions (Y→R, R→Y)76.  Assuming no 

substitution preferences, the TI:TV ratio should be equal to .5 due to there being 

twice as many options for a transversion than a transition; however, it has long 

been recognized that transitions occur more frequently than transversions76.  

Typical values in coding regions range from 1.86 to 3.89 and from 1.99 to 3.22 

within intron regions (3.2.3 and 3.3.1).  It has been noted before that the reasons 

for the increased transitions levels is primarily due to the fact that they cause less 

amino acid substitutions than transversions and if they do, the resulting mutations 

tend to maintain the chemical properties of the native amino acid76.  Due to our 

success using this model as described previously (3.2.3 and 3.3.1), we applied it 

again to position -1 of the 3’ exon (Table 4-1) to determine if the mutational 

properties of this position exhibit any deviations from expected values.  When 

these ratios are measured using synonymous and nonsynonymous positions 

(Table 4-1), we observe that the results are higher than the observed values we 

described previously (3.2.3 and 3.3.1).  Given that the general observation for 

increased transition levels is primarily due to minimizing harmful amino acid 

changes, the measured TI:TV ratios specifically within nonsynonymous groups in 

this study are likely inflated since mutations at nonsynonymous sites will always 

change the translated gene sequence.  Synonymous sites on the other hand do not 
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have these constraints, which makes the observed TI:TV ratios within 

synonymous purine sites that are larger than 200 outside the normal range of 

observed values.  The main cause of these large values appears to be due to 

decreases in frequency of purine to pyrimidine changes as we previously 

described.  A caveat that should be reiterated is that the TI:TV ratios for groups 

other than the nonsynonymuos purines should not be considered very reliable due 

to their smaller sample sizes. 

These data suggest that measurements of genetic variation within coding 

regions can be used to differentiate regions that are functional due to amino acid 

conservation from those with alternate functions such as splicing motifs.  The 

normal genetic variation measurements within coding regions will be highly 

reduced due to the functional constraints of maintaining a gene sequence.  

However, dividing coding regions into synonymous and nonsynonymous sites can 

be useful for distinguishing different functional constraints within regions.  

Nonsynonymous sites with reduced polymorphism levels are expected due to the 

functional constraints of gene sequence conservation.  On the other hand, 

increased nonsynonymous polymorphism levels, such as those seen in the 

pyrimidines at position -1 of the 3’ exon end, suggest a deviation from the normal 

sequence conservation constraints.  Characterizing the genetic variation of 

synonymous sites can then be useful since they lack the sequence conservation 

constraints.  This means that reduced polymorphism levels at synonymous sites 

indicate the presence of alternative functional elements such splicing motifs, 

mRNA secondary structure stabilization, and codon biases. 
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4.4 Materials and Methods 
DNA sequences and analytical methods used in this study were 

implemented as described in detail in earlier sections (2.5.1 and 3.5.1).  Briefly, 

SNP data was collected from three different sources.  The UCSF 

Pharmacogenetics of Membrane Transporters houses SNP data for 45 human 

membrane transporter genes that were generated by sequencing 100 African 

Americans, 100 Caucasians, 30 Asians, 10 Hispanics, and 7 Pacific Islanders67.  

The Seattle SNP database is composed of 282 genes involved in human 

inflammatory responses that were generated by sequencing 24 African Americans 

and 23 Caucasians68.  The NIEHS SNP database is composed of SNP data for 385 

genes involved in DNA repair and cell cycle pathways that were generated by 

sequencing 90 individuals that were representative of the U.S. population and 

include European-Americans, African-Americans, Mexican-Americans, Native-

Americans, and Asian-Americans (NIEHS phase 1) in an undisclosed proportion.  

An additional set from the NIEHS SNP database was also used that is composed 

of SNP data from 208 genes from sequencing 95 individuals: 27 African-

Americans, 22 Caucasians, 22 Mexican-Americans, and 24 Asian-Americans 

(NIEHS phase 2)69. 

The SNP data from these databases is used to measure the genetic 

variation of specific regions using two population genetic parameters, θ and π, 

which give measures of nucleotide polymorphism levels that are normalized for 

both sequence length and population sample size.  The statistical significance of 



 114

the measured variation is estimated by calculating the statistical probability of 

observing the measured θ and π values within empirical distributions of random θ 

and π values taken from non-functional sites (2.5.2 and 2.5.4). 

The selection of nucleotide regions for analyses was dependent on the 

location of known exon sequences that are bound to by the spliceosome.  As 

described earlier, the U1 and U5 snRNPs are known to bind to the 5’ and 3’ exon 

ends immediately neighboring the intron/exon boundaries (2.2.2).  For this reason, 

we measured the genetic variation for every individual position from the first and 

last 10 nucleotides of every exon end (Figure 4-11) similar to how intron ends 

were characterized previously (2.5.5).  Numbering for the nucleotide positions of 

the exon ends is relative to the nearest intron/exon boundary as shown in Figure 

4-11. 

 

Figure 4-11  Exon regions selected for analysis and numbering system used.  Only the first 
and last 10 nucleotides of each exon end were used in this analysis. 
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Conclusions 

The primary goal of this thesis was to investigate if human polymorphism 

data can be used to characterize functional elements within non-coding regions.  

Using publicly available human gene sequence data we found that several known 

and novel non-coding functional elements display levels of genetic variation that 

are significantly low compared to our empirical non-functional distributions.  

Among these, known functional elements with relatively static localization sites, 

like the splice sites and polypyrimidine tract, provided validation that functional 

non-coding motifs exhibit reduced polymorphism levels.  The analyses done to 

characterize the properties of the splice sites and polypyrimidine tract revealed 

additional regions that appeared to contain intronic functional elements, 

prompting further studies.  Using computational methods to characterize these 

regions, we found that the reduced genetic variation was caused by the presence 

of the branch site and intronic splicing enhancers. 

The measurement of a region's genetic variation can be used as a binary 

classification method for labeling a region as functional or non-functional.  

However, we found that through the characterization of sites that are divided into 

different groups, such as pyrimidines and purines, we can identify more specific 

properties of a region's putative functional roles.  For instance, the polypyrimidine 

tract showed not only high purine transversion levels but also reduced pyrimidine 

polymorphism levels, agreeing with the functional importance of pyrimidines for 

proper binding to the U2AF snRNP.  Furthermore, we found that measuring the 

genetic variation of synonymous and nonsynonymous groups within coding 
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regions was useful for inferring functional properties that are not associated with 

the conservation of a protein's amino acid sequence.  Synonymous sites with 

decreased levels of genetic variation and nonsynonymous sites with increased 

levels were found to contradict the expected distribution of genetic variation at 

those positions (Table 2-1).  We found that sites displaying both of these 

phenotypes were positions that are important for the binding of snRNPs during 

mRNA splicing, suggesting that our methods are usable in both coding and non-

coding regions. 

The primary limitation of our analyses was the availability of sequencing 

data.  This constraint was due to the fact that only a limited number of genes 

across a small number of individuals were sequenced and publicly available.  

While we were able to collate data within introns to bypass this limitation, our 

conclusions were the result of the consensus properties across several individuals 

and genes as opposed to identifying specific functional sites.  Once more 

sequencing information for the human population becomes available, these types 

of analyses can be refined and implemented without the need to combine data 

from several similar regions.  This would theoretically make it possible to simply 

measure the polymorphism within a single position across a very large number of 

individuals to predict if that site is functionally important.  Nonetheless, we have 

shown a proof of principle demonstrating that the genetic variation between 

individuals can likely be used to characterize regions of functional importance 

across the entire human genome. 
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As mentioned previously, the availability of more sequencing data would 

facilitate the application and use of the methods found in this thesis.  Future 

genetic studies seeking to associate phenotypic traits, including diseases, with 

genetic variants can be improved by implementing the methods discussed in this 

thesis.  Current studies however, could use the algorithms we have developed to 

identify potential disease causing nucleotides specifically within introns.  Any 

SNPs that are located within the canonical splice site or polypyrimidine tract 

regions, predicted branch sites, or hypothetical intronic splicing enhancers may be 

useful for associating intronic variation with disease phenotypes. 
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