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Milestone 4
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Student Name:

Task 1:
Models of Sequence Evolution: Jukes-Cantor correction evaluation

In this task, you will generate a random DNA sequence and then repeatedly (1000 times) mutate one of the nucleotides in the sequence. During the 1000 times that you mutate a nucleotide in the sequence, you may at times mutate a nucleotide that has been mutated previously and you may at times mutate a nucleotide that has not been mutated previously. After 1000 iterations, you will have generated a mutated sequence that may look quite different from the original sequence. The distance, p, between the two sequences (the original sequence and the mutated sequence) is the number of nucleotides that differ between the two sequences. Since you mutated 1000 nucleotides, but some of those 1000 mutations may have occurred on the same nucleotide, the distance p between the two sequences will likely be less than 1000.

Suppose the distance, p, between the original sequence and the mutated sequence is 600, i.e., 600 nucleotides differ between the two sequences. If we did not know that the mutated sequence was generated from 1000 mutations to the original sequence, how might we estimate the number of mutations that yielded a mutated sequence with a distance of p=600 from an original sequence? The Jukes-Cantor correction is a means for estimating the number of actual mutations that have occurred between two sequences when we only know the distance, i.e., the observed number of mutations, between the two sequences. 

Download the Python program mutagenesis.py from the course website:

  http://cs.wellesley.edu/~cs303/assignments/M4/mutagenesis.py

Study this program. In the mutagenesis.py program, there are five functions, each incomplete. You must fill in the appropriate code for each of the five functions in mutagenesis.py.

· Fill in the function generateRandomSequence so that it creates and returns a random sequence of 1000 nucleotides, such that the expected composition of the sequence is 25% adenines, 25% cytosines, 25% guanines, and 25% thymines.

· Fill in the function mutate(seq) so that it randomly mutates a single nucleotide in the genomic sequence seq. The nucleotide in seq to be mutated should be chosen at random, and the mutation (e.g., whether ‘A’ is changed to ‘C’ or ‘G’ or ‘T’) should be chosen randomly. The following two Python functions may prove helpful here:
· random.randint(a,b) returns a random integer N such that a <= N <= b.

· random.choice(seq) returns a random character from the sequence seq.

The function must return the mutated sequence, which should differ from the input sequence by a single nucleotide.

· Fill in the function distanceBetweenSequences(s1, s2) so that it returns the number of nucleotides that differ between two sequences, s1 and s2. The function assumes that the two sequences have the same length. For example, if s1 = “ACCGTGCTA” and s2 = “GCCGAGCCA” then the function should return the number 3 since s1 and s2 contain different nucleotides at indices 0, 4, and 7.

· Fill in the function JukesCantorCorrection(p) that takes the observed number, p, of differing nucleotides between two sequences and estimates, K, the actual number of mutations that led to the two sequences having a distance of p. The estimated number of actual mutations, K, should be returned. For two sequences of 1000 nucleotides, the value K can be estimated using the Jukes-Cantor correction as follows:

K = -3.0/4.0*(1000.0)*ln(1.0-(4.0/3.0)*p/1000.0)

where “ln” refers to the natural logarithm. In Python, the natural logarithm of a number x can be calculated as “math.log(x)”.

· Fill in the function mutagenesis(seq) that takes a genomic sequence, seq, and mutates randomly chosen nucleotides in the sequence 1000 times. After each of the 1000 mutations, the function should print out two numbers:

· p, the distance between the mutated sequence and the original sequence

· K, the Jukes-Cantor correction to p, i.e., the estimated number of actual mutations that occurred between the original sequence and the mutated sequence

For example, the first 10 (of 1000) lines printed out might look as follows:

1 
1.00066725985

2 
2.00267141691

3 
3.00601604815

4 
4.01070474495

5 
5.0167411131

6 
6.02412877295

7 
7.03287135945

7 
7.03287135945

8 
8.04297252223

9 
9.0544359257

When you have correctly implemented the above five functions, the mutagenesis.py program should print out 1000 lines, each containing 2 numbers. Using a graphing program (e.g., MS Excel), you should then generate two line graphs, one for each of these two sets of 1000 numbers. One line will represent the observed number of mutations between two sequences as a function of the actual number of mutations between two sequences. The other line will represent the estimated number of actual mutations between two sequences as calculated (using the Jukes-Cantor correction) from the observed number of mutations between two sequences.

When submitting this milestone, include your modified mutagenesis.py program and your line graphs.

Based on studying your line graphs, how well do you think the Jukes-Cantor correction works? Do you have a hypothesis as to whether the Jukes-Cantor correction is more useful for pairs of sequences that are closely related or highly divergent?

Task 2:
Mutations and The Molecular Clock: Principles and Caveats
A substantial majority of mutation events that occur under normal physiological conditions are single nucleotide substitutions. These mutations can occur spontaneously, result from errors during DNA replication, or can be caused by contact with mutagens in the environment. Synonymous mutations are those that change the nucleotide sequence of a gene coding sequence, but do not change the amino acid sequence of the protein. Non-synonymous mutations are those that change the nucleotide sequence of a gene coding sequence and change an amino acid residue in the protein.

1) In general, would you expect the synonymous substitution rate or the non-synonymous substitution rate to be higher? Why?

2) Even though they do not result in an amino acid change, synonymous mutations can impact the function of a gene. What are two reasons that a synonymous mutation might impact gene function without changing the protein coding sequence?

On average, any two human genomes are ~99.9% identical at the nucleotide level. The vast majority of the differences between any two human genomes are single nucleotide differences called single nucleotide polymorphisms (SNPs). The human genome is diploid, meaning that we have two copies of each chromosome. Each haploid human genome contains ~3.3 x 109 nucleotides (so each of us has ~6.6 x 109 base pairs in our genome).

3) Using the percent identity and genome size listed above, how many SNPs would you expect to find between two haploid human genomes?

4) Gene coding sequences comprise ~1.5% of the human genome, and humans have ~25000 genes per haploid genome. If SNPs were randomly distributed in the human genome, how many of the SNPs in question 3 would you expect to find in each gene? In general, would you expect to find more SNPs in protein coding sequences or non-protein coding sequences? Why?

5) Assuming there are 6.6 x 109 humans and that the human mutation rate is 2 x 10-8 substitutions per base pair per generation, how many SNPs would you expect to be generated per generation? Every site at which mutations are compatible with life has been mutated an average of this number of times in just the most recent human generation (and many more times in human history).
The hypothesis of the existence of a molecular clock arose because it was observed that graphing the number of amino acid substitutions per unit time (corrected for multiple substitutions at the same sites, of course) for several sets of orthologous proteins over a long evolutionary period produced linear plots. 

However, the idea of a universal molecular clock has always been a controversial one. For example, it is not easy to reconcile the observation that macroevolution appears to happen suddenly and at irregular intervals (a phenomenon known as punctuated equilibrium) with the idea that mutations, the raw materials for evolution, accumulate steadily. In addition there are many instances where deviations from the molecular clock prevent accurate cross-species calculations using the molecular clock model. For example, different organisms experience vastly different environments. Thus orthologous genes can experience different selective pressures on gene function that can result in differential conservation of protein sequence

6) Another deviation from the molecular clock is that the fidelity of DNA replication in different species is variable. Explain how this could compromise the molecular clock hypothesis.

7) Another deviation from the molecular clock is that different organisms have different generation times. Explain how this could compromise the molecular clock hypothesis.

8) Another deviation from the molecular clock is that orthologous genes can develop differences in protein function. Explain how this could compromise the molecular clock hypothesis.

Task 3:
Position bias for mutations in coding sequences
Substitutions within coding sequences generally are not distributed randomly. In fact there is a significant substitution position bias within codons. Download the following two FASTA formatted sequence files from the course website:

http://cs.wellesley.edu/~cs303/assignments/M4/seq1.txt

http://cs.wellesley.edu/~cs303/assignments/M4/seq2.txt
These two FASTA files contain two homologous protein coding sequences. Write a Python program that reads in the files and compares the two sequences. Your program should determine the frequency that the first position in a codon differs between the two sequences, the frequency that the second position in a codon differs between the two sequences, and the frequency that the third position in a codon differs between the two sequences. For example, if the sequences contain 1010 codons, and the first nucleotide in those 1010 codons differs between the two sequences in 505 instances, then your program should output the frequency 505/1010 = 50% for the first codon position.

When submitting this milestone, you should submit a bar graph indicating the frequency that the two sequences differ in the first position of codons, in the second position of codons, and in the third position of codons.

Based on you graph, which codon position is the most likely to be substituted? Why? Which position is second most likely to contain a substitution? Why?

While the human (i.e., muggle) genome has been sequenced for several years now, scientists have only recently sequenced the genomes of a wizard and a witch (Harry Potter and Hermione Granger generously provided samples of their DNA). While witches and wizards use the same 20 amino acids as humans to build proteins, the wizard and witch magic-folk use only three (instead of four) DNA nucleotides.

How many possible codons can be specified by the three nucleotides found in wizards and witches? How does the degree of redundancy in the wizard and witch genetic code compare to that in our genetic code?

A priori, what degree of positional bias would you expect to find for substitutions in codons found in wizard and witch genes? Why?

Task 4:
PAM and BLOSUM protein substitution matrices

Both PAM and BLOSUM substitution matrices are derived from empirical amino acid substitution data and contain scores that represent the likelihood that any particular amino acid will mutate to another specific amino acid in a protein. However, there are several important differences between PAM and BLOSUM models. For example, many more sequences were analyzed for BLOSUM matrices than for PAM matrices. Another important difference is that each BLOSUM matrix is calculated independently, while PAM matrices for analyzing divergent sequences are extrapolated by repeated self-multiplication of the original PAM1 matrix. Finally, BLOSUM matrix calculations use clustering methodology to limit the contribution of having many highly similar sequences, while PAM matrices do not.

One similarity between PAM and BLOSUM substitution matrices is that they are both log odds matrices; the substitution score is the log of the specific mutation probability (the probability that amino acid A will mutate to amino acid B in a non-random way) divided by the probability that amino acid B is substituted at random (the mean frequency of amino acid B in proteins).

1) Why is it important to consider the likelihood that a substitution occurred by chance when calculating substitution matrix scores using log odds methodology?

2) Log odds matrices contain integer values that are positive, negative, or zero. What does a positive PAM and BLOSUM matrix score signify for a particular amino acid substitution? A negative score? A zero? 

3) BLOSUM matrices were generated from alignments of diverse proteins, while PAM matrices were generated from alignments of closely related proteins. How does this impact the versatility of these scoring matrices?

4) The BLOSUM matrices were derived using many more proteins than the original PAM matrices. Why is number of sequences used to generate these empirical models an important factor in substitution matrix accuracy / reliability?

5) In order to generate PAM matrices for use with more divergent sequences, the PAM1 matrix is multiplied by itself many times. Why is this a concern, particularly with matrices generated from relatively limited data sets?

6) When calculating BLOSUM substitution matrices, sequences that share similarity above a threshold are clustered together, and the contribution of the sequences in these clusters is limited by lightly weighting their contribution to the model. What is the reason that BLOSUM matrices use clustering methodologies?
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