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Solution Set 6

Due 4pm, Wednesday, Dec. 6th
Collaboration is allowed on this homework. You must hand in homework assignments individ-

ually. List the names of the people you worked with:

Homework must be submitted by 4pm in MI646 or electronically to comp-bio@cs.cmu.edu.

In this problem set, you will run four BLAST searches and interpret the output. In Question
2, you are asked to save the output of each BLAST search as a text file and summarize specific
results in a table and interpret them.

You should hand in:

• Your answers to the questions on this problem set.

• A table summarizing your BLAST results from Question 2.

• Four text files with the search results that you saved in Question 2. (Hand these in electron-
ically, only, by email to comp-bio@cs.cmu.edu.)
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1. Bit scores: For ungapped alignments, the expected number of maximal segment pairs (MSP’s)
with score at least S found in the alignment of two random sequences is

E = Kmne−λS ,

where m and n are the effective lengths of the sequences and K and λ are constants that
can be derived from the theory and depend on the substitution matrix. We can define a
“normalized” score

S ′ = λS − lnK

ln 2
.

Show that the number of MSP’s with score at least S ′ is

E = mn2−S
′
.

Rearranging the expression for S ′ we get S = S′ ln 2 + ln k
λ

∴ Substituting S in E we get

E = Kmne−
λ
λ
[S′ ln 2 + lnK]

= Kmne−S
′ ln 2e− lnK

= Kmneln 2−S
′
elnK

−1

= Kmn2−S
′ 1

K

= mn2−S
′
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2. Blast: The crotamines, also called myotoxins, are a family of toxins found in the venom
of rattlesnakes. These proteins are encoded by very short sequences and are characterized
by conserved cysteine residues that form three di-sulfide bridges. Crotamines act on sodium
channels and cause hind-leg paralysis in mice. Like many natural toxins, crotamines are being
investigated for potential drug applications.

The crotamines are similar in structure to the beta-defensins, antimicrobial peptides that are
part of the innate immune system.

In this assignment, you will use the crotamine amino acid sequence from the southern Pacific
rattlesnake, Crotalus oreganus helleri, as a query sequence. You will conduct four searches
with this query using different parameter values. For all searches, follow these basic steps:

• Go to the BLAST web site (https://blast.ncbi.nlm.nih.gov). Follow the links to
find protein-protein BLAST (blastp).

• Copy the following fasta sequence into the search box:

>P01477.1 RecName: Full=Myotoxin; AltName: Full=Toxic peptide C

YKRCHKKGGHCFPKTVICLPPSSDFGKMDCRWKWKCCKKGSVN

• Under “Program Selection” select “blastp (protein-protein BLAST)”.

• Check “Show results in a new window” so that you can use the same query page for all
searches.

• Expand the “Algorithm parameters” section at the bottom of the page.

• Set max target sequences to 500 to make sure you don’t miss any matches;

• Uncheck “Automatically adjust parameters for short input sequences”;

• Verify that all the “Filters and Masking” options are unchecked.

• Use the default for all other parameters, except as specified below.

• Run each of the searches specified on the next page. To restrict the search set to
sequences from a particular taxonomic group, find the “Choose search set” section of
the BLAST query page and use the “Organism” box to specify your search set. To
change the substitution matrix, use the pull-down menu under “Algorithm parameters”.
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Search 1

Organism : Serpentes (txid:8570)
Matrix : Blosum90

Search 2

Organism : Serpentes (txid:8570)
Matrix : Blosum62

Search 3

Organism : Serpentes (txid:8570)
Matrix : Blosum45

Search 4

Organism : Euteleostomi (txid:117571)
Matrix : Blosum62

When the BLAST search completes, the “BLAST Results” page will be displayed with in-
formation about database sequences that are significantly similar to the query sequence; i.e.,
that have an E value that is lower than the default value of the Expect threshold. (Recall
that lower E values are more significant.) In BLAST terminology these matching sequences
are sometimes referred to as “hits”. The information on the BLAST search results pages is
organized into sections, including

• Summary information about the query sequence and the database you searched. This
section also has links to other reports.

• Graphic Summary: A graphical representation of the search results. This includes a ban-
ner showing conserved domains that have a significant match with the query sequence.
Below that, you will see colored lines representing the top 100 hits. The color and length
of each line indicates the strength and extent of the corresponding match

• Descriptions of sequences producing significant alignments: This section includes a one
line description for each significant matching sequence.

• Alignments of the query sequence with each matching sequence.

(a) Click on “Download” at the top of the results window. The page will expand to dis-
play a set of download options. Click on the left most link, marked “Text”. A window
will pop up, giving you the option to open or save a file with a default name like
“5CZEVCblablabla.txt”. Save this file to refer to when answering the questions below
and to turn in with your problem set. Before saving, rename the file with a mnemonic
name indicating the search parameters (e.g., “yourname Search1 Serpentes PAM30.txt”).
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(b) For each search, make a table containing the following values.

• The length of query.

– This is given on the upper left.

• The matrix used.

– At the top of the page, immediately above the Graphic Summary section, there
are a series of links labeled “Other reports”. Click on “Search Summary”. This
will display a summary of your search parameter settings, including the matrix
you used.

• The number of letters in the database.

– This number corresponds to the number of symbols after taxonomic restrictions
are applied. You will find this in the Search Summary after the phrase “Posted
date:”.

• The number of retrieved sequences (i.e., hits)

– Scroll down to the Graphics Summary. Under the CDD banner, you will see the
words “Distribution of the top 100 Blast Hits on xxx subject sequences”, where
xxx is the total number of sequences retrieved.

• The number of sequences retrieved in each of the subfamilies related to the crotamine
query:

– Crotamines: sequences labeled “crotamine” or “myotoxin”. Include any se-
quences with those labels and the suffix “-like”. Sometimes these terms are
capitalized and sometimes not. Make sure your count is not case sensitive.

– Beta-defensins: sequences labeled “beta-defensin”. Include any sequences with
those labels and the suffix “-like”.

• We will use three specific “sentinel” sequences to track how bit scores and E values
change in response to changes in parameter settings. Record the bit score and E
value for each of the following sequences. If the sequences is not retrieved in a given
search, note “Not found”.

– Crotamine 7 from Crotalurs oreganus helleri (AEU60015.1)

– The beta-defensin-like protein from Bothrops jararacussu (AGF25388.1).

– The zinc finger homeobox protein 2 from Thamnophis sirtalis (XP 013930697.1)
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Euteleostomi

Search 1 2 3 4

Query length 43 43 43 43

Matrix Blosum90 Blosum62 Blosum45 Blosum62

Letters in DB 51,345,769 51,345,769 51,345,769 5,172,139,119

Hits retrieved 39 40 50 33

Subfamilies

Crotamine/mytoxin 33 33 35 31

Beta defensins 5 5 7 2

Other 1 2 8 0

Sentinel Sequences

Crotamine 7 bit score 81.6 81.6 85.1 81.6

E value 6.00E‐22 2.00E‐22 3.00E‐24 2.00E‐20

beta defensin bit score 34.7 35 37.7 35

E value 0.003 4.00E‐04 2.00E‐05 0.04

Zn Finger like bit score 28 26.9 25.4

E value 1.3 1.2 3.7

Serpentes

Figure 1: Note that the size of the database changes every few days as more sequences are deposited
in genbank. The exact numbers in your table may differ.
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3. Compare Searches 1 - 3 to determine how changing the scoring matrix influences BLAST
performance.

(a) Rank Searches 1 through 3 based on the level of divergence of the matrix used in each
search. What is the relative entropy of each of the matrices in Searches 1 through 3?

Search 1 is most conserved. Divergence increases with search number:

Relative Entropy

PAM30 2.57
BLOSUM62 0.66
BLOSUM45 0.38

(b) With increasing divergence of the scoring matrix, did the bit scores for each of the three
sentinel sequences increase, decrease or remain unchanged?

• Crotamine 7 (AEU60015.1)

The highest bit score was obtained with BLOSUM45 and the lowest with BLO-
SUM90.

• The beta-defensin (AGF25388.1)

The highest bit score was obtained with BLOSUM45 and the lowest with BLO-
SUM90.

• The zinc finger homeobox protein (XP 013930697.1)

The highest bit score was obtained with BLOSUM90, the lowest with BLOSUM45.
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(c) With increasing divergence of the scoring matrix, did E values for each of the three
sentinel sequences increase (become less significant), decrease (become more significant),
or remain unchanged?

• Crotamine 7 (AEU60015.1)

The most significant (lowest) E value was obtained in Search 3.

• The beta-defensin (AGF25388.1)

The most significant (lowest) E value was obtained in Search 3.

• The zinc finger homeobox protein (XP 013930697.1) The most significant (lowest)
E value was obtained in Search 1.

(d) Were all three sentinel sequences found in all three searches? If not, which sequences
were not retrieved in which searches?

Yes.

(e) Explain the trends you observe in terms of what you know about the statistics of MSP
scores and the Blast report threshold.

The bit score of an MSP depends on the substitution matrix used to score aligned residues.
Therefore, for each sentinel sequence, the bitscores of differed between the three searches.

The E value depends on the bit score:

E = mn2−S
′

Since the scores were different in the three searches, the E values were also different.
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4. Compare Searches 2 and 4 to determine the impact of database size.

(a) How much bigger is the search space (i.e., the number of amino acids) in Search 4,
compared with Search 2? Give a ratio.

The nr database, when restricted to Euteleostomi, is roughly a factor 100 times larger
than the nr database when restricted to snakes.

(b) Did the bit scores for each of the three sentinel sequences in Search 4 increase, decrease
or remain unchanged compared with Search 2?

• Crotamine 7 (AEU60015.1)

No change.

• The beta-defensin (AGF25388.1)

No change.

• The zinc finger homeobox protein (XP 013930697.1)

No change.
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(c) Did E values for each of the three sentinel sequences in Search 4 increase (become less
significant), decrease (become more significant), or remain unchanged compared with
Search 2? If the E value changed, what was the magnitude of the change?

• Crotamine 7 (AEU60015.1)

Less significant.

• The beta-defensin (AGF25388.1)

Less significant.

• The zinc finger homeobox protein (XP 013930697.1)

Less significant

(d) Were all three sentinel sequences retrieved in both searches? If not, which sequences
were not retrieved in which searches?

The zinc finger homeobox protein (XP 013930697.1) was not found in Search 4.

(e) Explain the trends you observe in terms of what you know about the statistics of MSP
scores and the Blast report threshold.

For each sentinel sequence, the scores were the same in both searches, since the substi-
tution matrices were the same. However, the E value also depends on n, the size of the
database:

E = mn2−S
′

The value of n is a factor of 100 greater in Search 4 than in Search 2. As we would
expect, the E values are also roughly a factor of 100 greater in Search 4 than in Search
2.

This also explains why we did not retrieve XP 013930697.1 in Search 4. Since the E
value for XP 013930697.1 was 1.2 in Search 2, the E value for this sequence should be
roughly 120 when all Eutelostomi sequences are included in the search. Since 120 is
above the report threshold of ET = 10, this sequence would not be reported in Search 4.
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5. Information content:

(a) For each search, calculate the minimum number of bits needed to distinguish a significant
alignment from chance, assmuing that the E value threshold is ET = 10.

S ≈ log2mnE
S1 ≈ log2[(43 ∗ 51, 345, 769)/10] = 28 bits
S2 ≈ log2[(43 ∗ 51, 345, 769)/10] = 28 bits
S3 ≈ log2[(43 ∗ 51, 345, 769)/10] = 28 bits
S4 ≈ log2[(43 ∗ 5, 172, 139, 119)/10] = 34 bits

(b) For each search, estimate the minimum query length needed to achieve the minimum
number of bits, based on your calculation in part (a).

mi ≈ Si/Hn

m1 ≈ 28/1.18 = 23 residues
m2 ≈ 28/0.66 = 42 residues
m3 ≈ 28/0.38 = 73 residues
m4 ≈ 34/0.66 = 52 residues

(c) For which searches, if any, is the query sequence long enough to find significant matches,
according to the theory? What characteristic of these searches is responsible for this?
Explain your reasoning.

• Search 1: Long enough because BLOSUM90 has sufficient relative entropy.

• Search 2: Long enough because BLOSUM62 has sufficient relative entropy.

• Search 3: The minimum length required is substantially longer than the query se-
quence. BLOSUM45 delivers only 0.38 bits per position.

• Search 4: Searches 2 and 4 both use BLOSUM62 which has 0.66 bits per position,
but the minimum length for Search 4 is longer than that for Search 2, because the
database in this search is roughly 100 times larger.
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6. Precision: Investigate how parameter values influence the ability of BLAST to find related
sequences (true positives) and exclude unrelated sequences (false positives). For the pur-
poses of this question, assume that all sequences that are not crotamines, myotoxins, or beta
defensins are unrelated sequences.

(a) For Searches 1 - 3, how many related sequences were retrieved in each search? What was
the precision of each search? (The precision of a search is the fraction of all retrieved
sequences that are true positives.)

• Search 1 (Blosum90, Serpentes)

– Related sequences: 38

– Precision: 0.97

• Search 2 (Blosum62, Serpentes)

– Related sequences: 38

– Precision: 0.95

• Search 3 (Blosum45, Serpentes)

– Related sequences: 42

– Precision: 0.84

• Search 4 (Blosum62, Euteleosti)

– Related sequences: 33

– Precision: 1.0

(b) How does the choice of scoring matrix influence the ability of BLAST to retrieve related
sequences (i.e., crotamine and beta-defensin sequences)? Which matrix found the most
related sequences, for this family? In other words, which matrix gave the best recall?

Search 3 (BLOSUM45) gave the best recall.

(c) How did the choice of scoring matrix influence the precision of the search? Which matrix
gave the highest precision?

Search 3 (BLOSUM45) also had the lowest precision.

(d) What was the impact of increasing the search space size in Search 4 on the number of
related sequences retrieved? On the precision of the search?

In Search 4 the recall dropped substantially, compared with Search 2. The precision
increased from 0.95 to 1.
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(e) Which matrix is most representative of the crotamine family, Blosum90, Blosum62, or
Blosum45? Explain your reasoning?

BLOSUM45. Both Crotamine 7 and the beta-defensin sentinel sequence had the highest
bit scores in Search 3, which used BLOSUM45. In addition, the recall was highest with
BLOSUM45.

(f) Which matrix is most representative of the target frequencies of the crotamine family,
Blosum90, Blosum62, or Blosum45? Explain your reasoning.

BLOSUM45. The fact that Crotamine 7 and the beta-defensin sentinel sequence had
the highest bit scores with BLOSUM45, suggests that BLOSUM45 assigns high scores to
amino acid pairs that appear frequently in alignments of members of the crotamine and
beta-defensin families. This suggests that these toxin sequence families are characterized
by high evolutionary divergence.

(g) Given a crotamine query sequence, is the matrix that gives the best recall the same as
the matrix that gives the best precision? Explain your answer in terms of the results
that you reported in previous questions on this assignment and what you know about
MSP statistics and the information content of alignments.

No. Note that Search 3 with BLOSUM45 had the highest recall, but the lowest precision.
The decrease in precision is due to an increase in unrelated sequences retrieved in Search
3.

Search 3 uses BLOSUM45 which has the lowest information content of the matrices
used in these searches. In addition, the query sequence is very short, shorter than the
estimated minimum alignment length required to distinguish between related and chance
matches. This is consistent with the increase in the number of unrelated sequences re-
trieved in this search.


