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The Power of Computers in Biology

Overview

This Practical Guide introduces simple bioinformatics approaches for database searching and sequence analysis. A ‘mystery’ gene is

used as an exemplar: we first characterise the gene, then use it to explore the impact of gene loss in humans. Analyses are run both

online and at the command line, the latter specifically using Raspberry Pi computers running the 4273 variant of Linux (4273pi.org).

Teaching Goals & Learning Outcomes

This Guide introduces a popular Web-based tool for searching biological sequence databases, and shows how similar functionality can
be achieved using the Linux command line. On reading the Guide and completing the exercises, you will be able to:

e search biological sequence databases using the online program BLAST, and navigate GenPept sequence records;
e execute some basic Linux commands to perform a set of simple file-manipulation tasks;

e perform BLAST searches via the Linux command line; and

e evaluate the biological implications of search results, with reference to mutations and function.

1 Introduction

The advent of computers and computer-driven technologies has
opened new opportunities for, and has given unprecedented power
to, biological investigations. Studies that once took months or years
to complete may now be performed in hours or days. In the 1940s
and ‘50s, for example, it took 10 years to determine the sequence of
the first protein'” — insulin — before automatic methods in the late
1970s made it possible to sequence proteins in more practical time-
scales. Technologies for rapid, high-throughput DNA sequencing and
for storing DNA sequences didn’t become available until the 1980s.
The first DNA sequence database — the EMBL data library — was
publicly released in June 1982: it held 568 sequences’. Today, we
take it for granted that we have instant access not just to hundreds
but to millions of biological sequences, and to software tools and
algorithms for analysing them, allowing us to perform comprehen-
sive searches in minutes and detailed analyses within hours.

The interdisciplinary discipline that encompasses these develop-
ments — fusing aspects of molecular biology, statistical analysis and
computer science to gather, store, analyse and visualise biological
data on a vast scale — is bioinformatics’. Continued advances in
computer technology mean that bioinformatics approaches are now
used routinely to underpin evolutionary studies, genetic and ge-
nomic research, personalised medicine, environmental and forensic
analyses, and much more, in ways that were never possible before.

The ability to sequence DNA and to store nucleotide sequences
means that we can rapidly compare human gene sequences with
each other and with other animals, and identify differences —
mutations — between them: ~1 nucleotide in 1,000 differs from one
person to another, and from one genome to another; between any
two individuals, that amounts to something like 3.3 million muta-
tions! Most mutations have no effect (are neutral) but some may be
associated with a particular trait, pre-disposition or genetic disease.

Common types of mutation include i) substitution, where the nu-
cleotide base is different between two compared sequences — in
coding regions, such differences may or may not lead to changes at
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the protein level; and ii) insertions or deletions, where a nucleotide
base, or bases, are absent in one sequence relative to the other —
changes like this will have significant impacts if they cause frame-
shifts that disrupt the reading frame of a protein-coding sequence.
This Guide explores how a popular bioinformatics tool can be
used to search sequence databases and analyse particular genes.
Our starting point is a ‘mystery’ DNA sequence. We first characterise
the gene it encodes, examine how the gene has changed in different
species, and use this approach to investigate gene loss in humans.

2 About this Guide

This Guide outlines bioinformatics approaches for searching pub-
lic genetic sequence databases, for exploring the occurrence of
genes in a variety of species, and for analysing genes in the human
genome. Exercises are provided to help use a well-known search
tool both via its Web interface and via the command line. Through-
out the text, key terms — rendered in bold type — are defined in
boxes. Additional information is provided in supplementary boxes.

KEY TERMS

Algorithm: a set of steps or ‘recipe’ for solving a particular problem

Coding region: the portion of a DNA sequence that is transcribed &
ultimately translated into a protein product

Command line: the means of interacting with a computer system via
text commands typed directly at a keyboard

DNA: deoxyribonucleic acid, a molecule comprising two chains that coil
together, forming a double-helix that carries genetic information

Frameshift: in a coding region, a shift in the reading frame caused by
insertion or deletion of one or two nucleotides

Insulin: a hormone that regulates carbohydrate & fat metabolism

Mutation: a heritable change of genetic material (e.g., a base change in
a gene, or addition/loss of a chromosome or part of a chromosome)

Reading frame: a way of dividing a nucleotide sequence into consecu-
tive, non-overlapping nucleotide triplets; triplets in coding regions
are termed codons
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3 Identifying a ‘mystery’ nucleotide sequence

3.1 The database search tool, BLAST

Our investigation begins by trying to identify a DNA sequence of
unknown function. Our starting point is a ‘raw’ sequence that bears
no annotation, referred to simply by the label Sequence R. We will
use this sequence to search public DNA databases. The format of
Sequence R is called FastA format (see Figure 1): this is a concise
way of storing biological sequences for efficient database searching.

Description line Nucleotide sequence
)Sequence_R
ATGGTCCATGGGTACAAAGGGGTCCAGTTCCAAAACTGGGCGAAGACCTATGGCTGCAGTCCAGAGATGT
ACTACCAGCCCACATCAGTCGGCGAGGTCAGAGAGGTCCTGGCCCTCECCCGECAGCAGAACARGARAGT
GARGGTGGTGGGTGECGGCCACTCGCCTTCAGACATCGCCTGCACCGATGGCTTCATGATICACATGGGE
ARGATGAACCGGGTTCTCCAGE AGAAGAAGCAGGTCACAGTGGAAGCCGGTATCCTCCTGA
CTGACCTGCACCCACAGCTGGACAAGCATGGCCTGGCCCTGTCTAATCTGGGAGCCGTGTCTGATGTGAC
GGTTGGTGGCGTCATTGEGTCTGGAACACATAACACCGGGATCAAGCACGGTATCCTGGCCACCCAGGTG
GTGGCCCTGACCCTGATGAAGGCTGATGGAACAGT TCTGGAATGTTC TGAGTCAAGTAATGCAGATGTGT
TCCAGGCTGCAAGEETGCACCTEGGCTGCCTGGETGTTATCCTCACTGTCACCCTCCAGTCTGTGCCACA
GTTCCACCTICTGGAGACATCCTTTCCTTCGACCCTCARGGAGGTCCTTGACAACCTGGACAGCCACCTG
AAGAAGTCTGAGTACTTCCGCTTCCTCTGETTTICCTCACAGTGAGAACGTCAGCATCATCTACCAAGATC
ACACCARCAAGGAGCCCTCCTCTGCATCTAACTGGTTTTGGGACTATGCCATTGGGTTCTACCTCCTGGA
ATTCTTGCTCTGGACCAGCACCTACCTGCCACGCCTCGTGGCTGGATCAACCGC TTCTTCTTCTGGCTG
CTGTTCAACTGCAAGAAGGAGAGCAGCAACCTCAGCCACAAGATCTTCTCCTACGAGTGTCGCTTCAAGE
AGCATGTCCAAGACTGGGCCATCCCC AGACCA CCTGCTGGAGCTARAGGCCATGCT
GGAGGCCCACCCCARGGTGGTAGCCCACTACCCCGTGEAGGTGCCCTTCACCCGAGGTGATCACATCCTG
CTGAGCCCGTGCTTCCAGAGGGACAGCTGC TACATGAACATCATTATGTACAGGCCCTATGGGAAGGATG
TGCCTCGGTTGOAT TACTGGCTGGCCTATGAGACCATCATGAAGAAGTTTGGAGGCAGGCCCCACTGRGE
AAAGGCCCACAATTGCACCAGGAAGGACTTTGAGAAAATGTACCCCGCCTTTCACAAGTTCTGTGACATC
CGCGAGAAGCTGGACCCCACTGEAATGTTCTTGARTTCCTACCTGGARAAGGTTTTCTACTAR

Figure 1 Sequence R in FastA format. The file begins with a short de-
scriptor or label that identifies the sequence, preceded by the >’ symbol,
& is followed by the sequence itself in single-letter notation.

Nucleotide base & amino acid residue notation

Figure 1 shows the nucleotide bases of DNA Sequence R depicted as
single letters: specifically, A, C, T & G. Protein sequences can also be
depicted in single-letter notation: in this case, the letters represent each
of the 20 amino acids. For reference, the single-letter codes for DNA &
proteins, respectively, are shown in the tables below.

Code | Nucleotide base | Code | Nucleotide base
A Adenine G Guanine
C Cytosine T Thymine
Code | Amino acid Code | Amino acid
Glycine P Proline
A Alanine Vv Valine
L Leucine | Isoleucine
M Methionine C Cysteine
F Phenylalanine | Y Tyrosine
w Tryptophan H Histidine
K Lysine R Arginine
Q Glutamine N Asparagine
E Glutamic acid D Aspartic Acid
S Serine T Threonine

EXERCISES

1 Open a Web browser.

2 Go to the 4273w website: 4273pi.org. Click on the ‘NEWS’' tab
(4273pi.org/schools), where you will find a link to Sequence R. Copy
the full sequence, including the descriptor line (‘>Sequence_R’).

3 Keep the browser window open during the next tasks, so that you

can copy Sequence R whenever you need to.

To try to identify the biological role of this ‘mystery’ sequence, we
will search a database for sequences that are highly similar to a
translation of Sequence R — i.e., to its protein product. To do this,
we’ll use a popular online search tool — called BLAST® — at the NCBI.
The NCBI maintains vast databases that contain most known DNA
and protein sequences, and makes them and their search tools

(some of which are shown in Figure 2) freely available for public use.

BLAST Yome Tecsctteul  Sved Sieges el
Basic Local Alignment Search Tool
| Istmteing Magh BAST
BUAST fnds regions of rimllarrty btween Blological sequesces. The progam. Moghc BLAST i 3 ew o B gy g L sacs of et gereation S0 &4 VA
I
caloulates the statstical sgrificance. Lsam maea B W, 24 Mg 2008 LLODIOD £ST More ILAST mew.

Figure 2 The NCBI BLAST homepage. There are several BLAST pro-
grams, each adapted for a different type of search, depending on wheth-
er the starting point is a nucleotide or a protein sequence.

BLAST programs

Below are some popular BLAST programs & their corresponding que-
ry sequence type (see left-hand panel); the target database type is
shown on the right; the centre shows the number of searches made by
each program: e.g., blastn searches nucleotide sequence databases
with nucleotide sequence queries; blastx searches protein sequence
databases with nucleotide sequence queries — these must first be trans-
lated into all 6 reading frames, so blastx performs 6 searches.

nucleotide

blastn leotide >

nucleotide

blastx

There are many other BLAST’ tools; some have been customised for

Web-based use, others are suitable for running at the command line.

EXERCISES

1 Open a new tab in your Web browser.

2 Go to the NCBI homepage: www.ncbi.nIm.nih.gov.

3 From ‘Popular Resources’ (right-hand menu), click ‘BLAST to access
the BLAST homepage (Figure 2). Click on ‘blastx’.

4 In the Web browser, in the box labelled ‘Enter Query Sequence’,

paste in Sequence R.
5 Click on the ‘BLAST button to submit the search.

KEY TERMS

Annotation: notes included within database entries to make them both
informative & re-usable

NCBI: National Center for Biotechnology Information, part of the Na-
tional Library of Medicine of the National Institutes of Health, USA
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The blastx program, running on NCBI’s servers, uses the genetic
code to translate Sequence R in each possible reading frame. An
illustration of the code is shown in Figure 3.

Figure 3 The genetic code. The wheel is divided into quadrants, one for
each nucleotide base, which are shown at the centre — this represents the
first base position of a codon; the second & third concentric circles de-
note the second & third base positions; the respective translations sit on
the circumference (e.g., reading from inside-out, codon CAT points to the
amino acid histidine in the bottom-right quadrant).

Translating DNA sequences

Translation of DNA proceeds in three forward frames (shown in A be-
low) & three reverse frames (shown in B below). To generate the reverse
frames, we effectively reverse the reverse strand & translate it in a for-
ward direction (this new strand is termed the ‘reverse complement’).
The red arrow denotes formation of the reverse complement; the green
arrows denote the direction of translation from the start codon in the
first forward frame & from the start codon in the third reverse frame.

A —_—
Forwardframel |1 2 3|1 2 3|1 2 3|1 2 3|1 2 3|1 2 3
A!GGTA‘TCC|ATAATC:GTAA
Met Val | Ser Ile Ile val |

Forward frame 2 ‘ Trp Tyr ‘ Pro | Stop| Ser | Stop
Forward frame 3 Gly Ile | His Asn Arg
—_—s
Codingstand A m G G TATCCATAATCGTARA
Reversestrand T ACCATAGGTATTAGCATT
Reverse
B complement
—
Reverseframel |1 2 3/1 2 3|1 2 3|1 2 3|/1 2 3|12 3
TTAICGATTATGGATACEC A‘T
Leu | Arg Leu Trp Ile Pro |
Reverse frame 2 Tyr Asp Tyr I Gly Tyr | His |
Reverse frame 3 | Thr Ile | Met | Asp | Thr

Note how different the six amino acid translations are from one an-
other; & remember, start codons can occur in both forward and reverse
frames, as shown above.

Once blastx has generated the six possible translations of Se-
quence R, the program compares them with every protein in the
target sequence database. The search may take a few minutes to
run. During this time, the Status of the job will be indicated on the
Web page as Searching. When the search has completed, the results
are shown in a single long page, headed BLAST Results. Some typical
features of a BLAST results page are illustrated in Figure 4.
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(2) Graphic Summary
(# Show Conserved Domains
Distribution of the top 15 Blast Hits on 15 subject sequences ©
Mouse over to see the title, click to show the alignments
Color key for alignment scores
W<0  W4050 W5080 M80-200 W>-200

1 80 160 2640 20 400

(=) Descriptions

Description e
LanC.fike orotein GCA2: G-protein coupled receptor 2 850 850 100% 0.0 100% FAEMS1
C12; G proteln coupled receptor 2-like protein 2, Protein GCR2- ke 2 541 541 100% 0.0 64% QEVZQ6.1

anC-te orotein GOLL: G-protein coupke: ke protein 1: Protein GCR2-Ike 1 330 330 96% 3e-10945% QIFNZ.1
LanC-Aie protein 2; Testis-spacific adriamycin sensitivity protein 269 269 100% 3e-85 39% QAUK21
LanC-ike protein 2; Testts specific adrlamycin sensitivity protein 266 266 100% Be84 39% QINSS6.]
anC-ise protein 1 242 242 82% Se75 A0% Q0221
G- i 1: 4DKDs erythrocyte rane protein; Shad=pd 239 239 E8% 3e74 39% 0831121

LanC-fik= protein 1; 40kDa erythrocyte membrane pratein; Short=pd0 239 239 B7% 3e-74 39% 0438131
anC-t&e protein 1: 40kDa ervthvocyte membrane protein; Short=pdd 238 238 88% 2e-73 39% Q90692
anC-iike protein 3 homolog 215 215 99% 2e64 1% QIYDVTL
LanC-Aike protein 3 homelog 199 199 81% 3e58 32% Q29MZ1.1
LanCtéke protein 3 197 197 81% 6058 36% Q62V70.2
anC-ike protein 3 194 194 81% 2e56 35% 08CD19.2
Subtilin bigsynthesis protein Spat 431 431 15% 0.003 36% P231151
Nisin biosynthesis protein NisC A24 424 41% 0005 24% Q032021

Figure 4 Typical features of part of a Web-based BLAST result. Details
of each match (e.g., the name of the sequence, query coverage, E-value,
% identity) follow a graphical overview of the matches.

Initially, the output of a BLAST search may appear daunting. How-
ever, the result is essentially broken down into three parts: Figure 4
shows the first two. At the top, a colour-coded graphic summarises
the overall quality of each matched sequence: the bars show the
region of the database sequence matched, and the colour indicates
the match ‘strength’ — red bars show strong matches, so usually
appear at the top of the output.

The second section lists the top matches, giving more specific de-
tails: e.g., the name or Description of each sequence; the extent of
overlap between the query and the matched sequence (the greater
the Query cover the better the match); the E value, which indicates
the reliability or significance of the match; the % identity (/dent);
and the Accession number of the matched sequence — clicking on
this number directs you to its full entry in the GenPept database
(note: to obtain further, more detailed information, there are many
comprehensive BLAST tutorials & guides available online'®").

GenPept

GenPept is a protein sequence database derived from translations of
coding sequences in GenBank, the NCBI’s the principal nucleotide se-
guence data archive® (GenBank was first released in December 1982,
with 602 sequences — today, it stores more than 200 million nucleotide
sequences from 420,000 speciess). GenPept is synchronised with each
release of GenBank.

Entries in GenPept adhere to a strict format, with specific fields
holding particular types of data: e.g., the DEFINITION field contains the
description or name of the protein; ACCESS/ION holds the entry’s
accession number; SOURCE identifies the source organism; REFERENCE
cites relevant literature, including article AUTHORS, TITLE & JOURNAL of
publication; OR/GIN holds the amino acid sequence itself.

KEY TERM

Accession number: a unique (generally invariant) computer-readable
number or code that identifies a particular entry in a database

E value: or Expect value, the number of matches of this quality (or bet-
ter) that are expected to occur simply by chance (the closer the value
to 0, the better the match, & the stronger likelihood that the re-
trieved match is a homologue)

Genetic code: the set of rules cells use to translate information seques-

tered in nucleotide sequences (i.e., within codons) into proteins
Homologue: a similar sequence that has shared evolutionary ancestry
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Clicking on any of the listed names or description lines takes you
to the final part of the results — the alignments between your Query
sequence and each of the matched database sequences (denoted
Shbct, short for Subject), as illustrated in Figure 5. The quality of each
alignment is summarised in terms of i) the number of residue /denti-
ties and similarities (note that similar residues are denoted by the +
symbol and are hence referred to as Positives), ii) the number of
Gaps (which pinpoint sites of insertion or deletion — so-called in-
dels), and iii) the Expect or E value. The smaller the number of inser-
tions or deletions, the better the alignment, and hence the better
the match. Long, high-quality matches have E-values closer to 0.

(-] Alignments
LanC-like protein GCL2; G protein-coupled receptor 2-like protein 2; Protein GCR2-like 2
Sequence ID: QBVZQ6.1 Length: 405 Number of matches: 1

Score Expect Method Identities Posltives Gaps
S541bits{1394) 0o Compositional matrix adjust. 263 411(64%) 324/411(78%) 7/411(1%)

e

Query 1 MGERFF v TKLLSLPYKSPSEKLERYALSIKDKVVN 60
M_RFF B MP4FV | 4V4+  D+L  LL#+PY S S++L R AL +K+ WV
Sbjet 1  MAGRFFDNVMPD! - 'S-GGDTLRNLLAMPYSSLSQQLKRSALDLKETVVI 54
insertion or deletion
Query 61  ETWERSGKRVRDYNLYTGVLGTAYLLFKSYQVTRNEDDLXLCLENVEACDVASRI 120
ETW 5G+ V D+ LY+G LG A+LLF++YQOVT N +DL LCLE V+ACD AS
sbjct 55 BTHGFSGOTVEDFTLYSGTLGARSL LERAYOVIGNARDL SLCLETVEACDE 114
mis-matches
LYDRYLARFRGIRLPSDLPYELLYGRAGYLWACLFLN 180
L + YL +FR IRL SDLP ELLYGR GYLWACLF+N
NYYLGOFRLIRLSSDLPNELLYGRVGYLWACLFIN 174
similarities - ‘positives”
Query 181 KHIGQESISSERMRSVVEEIFRAGRQLGNKGTCPLMYEWHGKRYWGAAHGLAGIMNVLMH 240
E+IG+EB++85+ +R V +EI + GR + KG+ PWBN’K}XRYHGMHMIK+VU(
Sbjct 175 KYI IREVAQEII HCLAGIMHVLND 234

Query 241 TELEP IONRFESGNYLSS TLVKARQV 299
*LH’D! +DVKGTL YMI+NRFPSGNY 45 E X D LVHWCHGAPG+ALTL KAA+V
Sbjet 235 VOLKPDEAEDVKGTLXKYMIKNRFPSGNYPASEEDKKKDILVHWCHGAPGIALTLGKAREV 294

Query 121 FICGYAGVCALGAVAAKC
F+CG AGVC LGAVAAK
Sbjet 115 FLCGRAGVCGLGAVAAKLS!

SR RVGICHGISGNTYVFLSLYRLTRNPKYLYRAKAFAS 359
RGLLKRVGICHGISG! wﬂ T  +YLYRAKAFAS
NRGLLKRVGICHGISGN A YRATGRSEYLYRAKAFAS 354
identities
Query 360 11mesmxstmccbnprsr.rncxmnmmmnwmmcm 410
PLLD+ KL#5+C+MHGGD P+SLFEC+ GMAY+ LDM DP++A FPC
Sbjct 355 PLLDRCPKLLSKC!MHOCDSPYSLPDCVACNAYLPLWVDPSW!‘PCYBL 405

Query 300 YNTKEFVEAAMEAGEVVW!
+ +EF+EA+ A EVVW
Sbjet 295 FGEREFLEASAAAAE

Figure 5 Typical features of part of a Web-based BLAST result. For each
matched database sequence, an alignment with the query sequence is
shown, along with details of the alignment quality.

EXERCISES

1 What is the E value of the best blastx match to Sequence R?

2 Scroll down to see the actual alignment of the translation of Se-
quence R (‘Query’) against sequences from the protein database
(‘Sbjct’). For help interpreting the output, refer to Figures 3 & 4.

3 Click the link indicated by ‘Sequence ID’ (beneath the protein name).

4 The translation of Sequence R has an extremely good match to a pro-
tein — so good, in fact, that we can assume that Sequence R encodes
this protein. What is the protein?

5 In which organism is the protein found (look at the ‘SOURCE’ line in
the protein’s GenPept record)?

6 What is the biological role of the protein? To answer this, you could

begin with a general Web search for the name of the protein (which
you just noted). This should give an idea of its biological role.

7 Verify the biological role of the protein by looking at the ‘TITLE’ lines
in the GenPept entry. These show the titles of various scientific stud-
ies performed on the protein. Many of these should make sense in
light of your more general Web search.

3.2 Searching the human genome

Using the database search tool, blastx, we were able to discover
the name of the protein encoded by Sequence R. Furthermore, by
delving into the sequence’s GenPept record, we were able to pin-
point the source organism and details of the biological role of the
protein in that species. In the next part of this practical exercise, we
will search the human genome to try to discover whether it har-
bours a functional version of the same gene.

EXERCISES

1 Copy Sequence R again from 4273pi.org/schools.

2 Return to the NCBI BLAST homepage, blast.ncbi.nlm.nih.gov.

3 Beneath the ‘BLAST Genomes’ ‘Search’ box, click on ‘Human’.

4 Paste Sequence R into the input box.

5 Ensure ‘Database’ is set to ‘Genome (GRCh38.p12 reference)’.

6 Under ‘Optimize for’, select ‘Somewhat similar sequences (blastn)’.
7 Click on ‘BLAST’ to run a blastn search with Sequence R as query.

This blastn search seeks similarity to Sequence R anywhere in the
human genomic DNA. The results reveal many places where there
are good matches; but Sequence R is from a non-human species, so
we don’t expect a perfect match. Figure 6 shows the kinds of differ-
ence that may occur between the query and database sequences.
Specifically, there may be evidence of substitutions, or there may be
evidence of insertions or deletions (as denoted by the — symbol).

Homo sapiens chromosome 8, GRCh38.p7 Primary Assembly

Sequence ID: ref| NC_000008.11| Length: 145138636 Number of matches: 5

Range 1: 27586547 to 27587109 GenBank Graphics W Next Match A Previous Match
Score Expect Identities Gaps Strand

188 bits(208) 6e-45 141/164(86%) 1/164(0%) Plus/Plus

Features: 42425 bp at 5’ side: bifunctional epoxide hydrolase 2 soform ¢
11132 bp at 3 side; clusterin isoform X1

Query 941 a2 ﬁ ce GeTAM ‘ 766 1000
| | LT T 1
Sbjct 27586947 B 27587006
L™ Nsubstitution
Query 1001 "AG{:‘C‘LACT"(CCC(‘-NGAGGWG(‘HCAKC TCATGACATOCTGCTEAGEO0OT 1060
| | |
Sbjot 27587007 TGTCCCAC TTCACCT ATGACATCCTACTGAGCCCCT 27587065

insertion or deletion
o i i YT

Sbjct 27587066 acr CTGTACAGG 27587109

Range 2: 2758597 t0 27586109 GenBank Graphics W Next Match APrevious Match A First Match

Score Expect Identities Gaps Strand
141 bits(156) 8¢-31 126/156(81%) 4/156(2%) Plus/Plus

Features: 41435 bp at 5 side: bifunctional epoxide hydrolase 2 soform ¢
12132 bp at 3’ ide: clusterin isoform X1

foery: e 1] T LT iR T e
Sbjet 27585957 27586016
Quacy: 443 | | | |l |l |l [l 1] | | s
sbict 27586017 1 27586073
Query 905 940

sbjct 27586074 LUl 27586109
Figure 6 Interpreting BLAST results for DNA sequences. The result

shows evidence of typical substitution & insertion or deletion mutations.

TGTCCAGCACTEG60

EXERCISES

1 From the blastn search of the human genome, on which chromo-
some have the best matches been found?

2 Examine the top results of the BLAST output very carefully. Scroll

down, below the Graphic summary & Descriptions, to see fragments
of Sequence R (‘Query’) aligned with fragments of human genomic
DNA found by the search (‘Sbjct’).

3 Within these alignments, can you see evidence of a substitution mu-
tation? If so, sketch the region of the alignment that includes it.

4 |s there evidence of an insertion or deletion mutation? If so, sketch
the region of the alignment that includes the insertion or deletion.

Insertions or deletions of one or two bases in protein-coding DNA
indicate frameshift mutations — see Figure 7. If a match between
Sequence R and the human genomic sequence includes such a mu-
tation, this offers strong evidence that this part of the genome no
longer encodes a functional product. Such former, no-longer-
functional genes are referred to pseudogenes.

KEY TERMS

Indel: an insertion or deletion ambiguity where, given two sequences of

different length (say, from different species), we can’t infer whether
one species lost part of a sequence or the other gained a part
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A
Codingstrand:  ATG GTC CAT GGG TAC AAA GGG TAC ..
Reverse strand: TAC CAG GTA CCC ATG TTT CCC ATG ..
Transcription
Messenger RNA: AUG GUC CAU GGG UAC AAA GGG UAC ..
l'l‘ranslaﬂon
Protein: M VvV H G Y K G Y.
B ——» Frameshift caused by 1-base insertion
Coding strand: ATG AGT CCA TGG GTA CAA AGG CGTA C ..
Reverse strand: TAC TCA GGT ACC CAT GTT TCC CAT G ..
Transcription
Messenger RNA: AUG AGU CCA UGG GUA CAA AGG GUA C ..
l'l'ranslaﬁon
Protein: M S P W V Q R V.

Figure 7 A frameshift mutation arising from one single-base insertion.
A) Coding DNA & its encoded protein sequence; B) Single-base insertion
leading to a completely different protein sequence.

EXERCISES

1 Do you think the human genome includes a functional version of
Sequence R, or is there a pseudogene instead? Why?

2 Sequence R is from the mouse. It's the coding sequence of Gulo,

which encodes L-gulonolactone oxidase, an enzyme that synthesises
vitamin C. What does the answer above tell us about the diet of hu-
mans & how this differs from the diet of mice?

3.4 Using BLAST at the command line

We typically interact with computers via Graphical User Interfaces
(GUlIs), using a mouse or touch-screen, with perhaps a little typing.
So far, we’ve been using a GUI to run BLAST on the NCBI's Web
servers. GUIs are excellent for allowing exploratory analyses and for
data visualisation, and often provide access to the most up-to-date
data. Above all, they’re generally designed to be easy to use; how-
ever their simplicity can also be their downfall, often making them
rather inflexible and quite limiting.

An alternative is to use the command line. At first, the command
line may seem daunting. However, it’s a more flexible way of inter-
acting with a computer, and provides much greater control. For
example, the command line allows us to specify precise data and
software versions (which will remain the same until we change
them); better still, it lets us view the commands we just ran, making
it easy to record all the steps we took — this is useful for subsequent-
ly being able to repeat the analyses we’ve performed. By contrast, it
can be difficult to recall exactly what we clicked on in a GUI; worse,
GUIs let us run analyses as simple black boxes, without us knowing,
for example, which settings or parameters, which version of a data-
base or what version of a program we actually used.

Many bioinformatics tasks can be performed via GUIs or via the
command line. Windows and macOS do have command lines, but
we find the Linux Operating System (OS) command line to be the
most convenient. Linux is very widely used in scientific computing,
and is available free for most computers, including the Raspberry Pi.
The Raspberry Pi computers used in this task run the 4273 variant
of Linux: 4273pi.org.

Introduction to the command line

The next exercises will be performed at the Raspberry Pi com-
mand line. We will use a text editor to create and save a file, then

use some basic commands to locate, read and remove files. You may
be familiar with files and folders; in the Linux OS, folders are usually
referred to as directories (often shortened to dir).

EXERCISES

1 Start a terminal window by clicking the black rectangular icon (in the
menu bar at the top of the computer screen).
2 At the prompt, type
nano test.txt
3 Press ‘ENTER’ to open a new file, test. txt, in the nano editor.
You can now add text, navigate with the arrow keys, delete text, etc.

4 Type any text (this can be your name, your pet’s name, etc.): e.g.,

hello world
5 To save your file & exit nano, press ‘ctrl-x’.
6 nano will then ask
Save modified buffer (ANSWERING “NO” WILL
DESTROY CHANGES) ?
7 Press ‘y’ to save your file.
8 nano will ask for a file name, suggesting the name you gave earlier
(test. txt).
9 Press ‘ENTER’ to close nano & return to the terminal window.

Having created your first file, it's helpful to check whether every-
thing worked correctly. To do this, we must find the file and display
its contents. If satisfied that the task worked, we can delete the file.

EXERCISES

1 To locate the file you just created, we need to list all files in the cur-
rent directory. At the prompt, type
1s
2 Press ‘ENTER’ (note, 1s is short for list — it therefore starts with a
lower-case L, not the numeral one).
3 This shows all files in the directory, including the one you just
created, test. txt.
4 To display the contents of the file, type
cat test.txt
5 Press ‘ENTER’. Examine the displayed file contents. If this is what you
expected to see, you can now delete the file.
6 To permanently delete the file, type
rm test.txt
7 Press ‘ENTER’. To check that the file has been removed, type
1s
8 Press ‘ENTER'.
9 If it was removed successfully, the file name test. txt should no
longer be displayed in the directory contents.

KEY TERMS

Black box: a system, device or object that can be understood & utilised
in terms of its inputs & outputs, but without any knowledge of its in-
ternal workings — algorithms are often implemented as black boxes

Operating system: the software that controls a computer’s hardware &
software resources, & provides its program processes

Parameter: a value that’s passed to a command or a program that in-

forms the command or program how to behave: e.g., BLAST might

require the name of the database to be searched, or the name of a
file in which to write its results

Raspberry Pi: a small single-board computer designed to help teach
basic computer science in schools
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Some useful Linux commands

ctrl-c Usually aborts a program running at the com-
mand line (useful for terminating a program
launched by accident).

ctrl-d Indicates end-of-file; if typed at the command
prompt, it closes the terminal window, but
doesn’t shut down the computer.

cat filename Displays contents of the file named filename.

cddirname Moves into directory named dirname (com-
mands then view this as the default location
for files).

cd ~ Moves to your home directory, the starting
directory when you launch the terminal.

cpfilel file2 Copies file filel to file2. If file2 already exists,

its original contents will be over-written. If
file2 is a directory name, a copy of filel is
placed in that directory.

Displays the first 20 lines (or other desired
number) of the file named filename.

head -20 filename

1s Lists contents of the current directory.
1ls -F1 Lists contents of current directory, showing
which are directories (name followed by a /),
which are executable (name followed by a *),
& giving information on files, including file size.
1s -F1dirname As above, but lists only contents of the direc-
tory named dirname.

man command Displays the Linux manual for the named
command, if there is one.

mkdir dirname

mv filel file2

Makes a directory named dirname.

Moves file filel to file2. mv can move or re-
name files. If file2 is an existing file name, the
original file contents will be destroyed. If file2
is the name of an existing directory, file1 will
be moved into that directory.

nano filename Opens a file called filename in the nano edi-
tor. ctrl-x exits the editor, & will prompt you to
save any changes you’ve made before exiting.
nano -v filename Opens file named filename in the nano editor
in read-only mode. Use this to look at im-
portant files you wish to preserve unchanged.
rm filename Deletes the file named filename. Warning:
there is no ‘trash can’ — this command is irre-
versible without special software.

sudo command Runs the named command as an administrator
(‘super-user’).

Shuts down the computer so you
can safely switch it off.

. . . . . 15
A broader guide to Linux commands is available online .

sudo shutdown -h now

Sequence data in text files

Having created a file and used various basic file-manipulation com-
mands, we are now ready to start working with some real data.

EXERCISES

1 Move to the directory containing the sequence data for the next
practical tasks by typing
cd 4273pi/GULO
2 Press ‘ENTER’. All files will now read from (& write to) this directory.
3 List the contents of the directory by typing
1s

4 Press ‘ENTER’. The file sequence r.fa contains the same

sequence you used previously. To display the file contents, type

cat sequence r.fa

5 Press ‘ENTER’. Note: it’'s time-consuming & error-prone to type file
names. If you start typing & then press the ‘TAB’ key, the command
line will ‘auto-complete’ the filename, where possible.

6 To save time, type

cac 8
7 Press the ‘TAB’ key. This should reveal the full file name, se-

quence r.fa

8 Press ‘ENTER’ to run the command.

The file Homo sapiens.GRCh38.dna.chromosome.8.fa
contains the DNA sequence of human chromosome 8 (downloaded
in Fasta format from Ensembl, www.ensembl.org). This will be the
target sequence for our next set of BLAST searches.

EXERCISES

1 To view the contents of the file, we can use the cat command. Note:
the command line is case-sensitive, so H & h aren’t the same. Also,
Homo sapiens.GRCh38.dna.chromosome.8.fa is a long
name, so typing it out by hand is tedious & error-prone.

2 To save time & avoid typing errors, type

cat H
3 Press the ‘TAB’ key. This should reveal the full file name.

4 Press ‘ENTER’ to run the command. The sequence is very long: as you
can see, the computer is taking a long time to display the file.

5 To stop the process, press ‘ctrl-c’.

Running BLAST at the command line

Having located our data files, we can now use Sequence R as a query
in a BLAST search, with chromosome 8 as the database.

EXERCISES

1 To launch the BLAST search, type (on one line):
blastn -task blastn -query sequence r.fa -subject
Homo sapiens.GRCh38.dna.chromosome.8.fa > results.txt

blastn tells the computer to run a search with blastn, which

searches a DNA sequence database with a DNA sequence query

-task blastn is equivalent to the ‘Optimize for somewhat similar
sequences (blastn) option we used earlier with BLAST online

-query sequence_r.fa tells the computer to use the sequence
in sequence r. fa as the query for the search

-subject Homo sapiens.GRCh38.dna.chromosome.8.fa
directs the
Homo sapiens.GRCh38.dna.chromosome. 8. fa file

computer specifically to search the
> results. txt instructs the computer to send the search results
to a text file

2 Press ‘ENTER’ to run the command. This may take a few moments.

KEY TERMS

Chromosome: the organisational unit of a cell’s hereditary material,
generally comprising tight DNA-protein complexes

Ensembl: a central resource that stores the genomic data of humans &
other species, & provides visualisation tools for online data browsing

Nano: a non-GUI text editor that runs within a computer terminal

Non-GUI: non-Graphical User Interface, an interface that allows interac-
tion with a computer via text commands, rather than via icons, etc.

Read-only: a mode of accessing a file that allows it to be viewed but
does not allow changes to be made to it
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EXERCISES

1 To examine the results in nano, type
nano results.txt
2 Press ‘ENTER’. Increase the size of the terminal window, by clicking &
dragging an edge of the window with the mouse (see Figure 8).

3 To explore the results file in nano, scroll up & down one line at a

time with the arrow keys, or a page at a time with ‘ctrl-y’ & ‘ctrl-v’ .
4 From these results, is there evidence of a functional gene in the hu-
man genome, or is there a pseudogene instead? Is this the same
conclusion you drew from the search you ran via NCBI's website?
5 Exit nano by pressing ‘ctrl-x’

Figure 8 Screen-shot from the nano editor. A menu at the bottom of the
screen provides a range of navigation & file-manipulation options: these
include commands for getting help (ctrl-g), for moving through the file
page-by-page (ctrl-y, ctrl-v), finding a given piece of text within the file
(ctrl-w), exiting the file (ctrl-x), & so on.

To document your work, you can display a log of recent
commands using the history command. The results can be pasted
into a word processor, printed out, copied into a lab book, etc. This
can help you track down mistakes, or share your work with others.

EXERCISES

1 In the terminal window, type
history
2 Press ‘ENTER'.
3 Use the ‘up arrow’ key to scroll up through your command history;
use the ‘down arrow’ key to scroll back down the list.
4 To recall & execute the previous command, type
!'!' (note: any previous command may be recalled & executed —
e.g., !5 recalls & executes command 5 from the history)

5 To save your command history to a file, type

history > mycommands.txt
6 To view the contents of the file, type

cat mycommands.txt

Investigating functional genes in other species

In our study, we’ve discovered that mice have a functional Gulo
gene, and can therefore synthesise their own vitamin C. In humans,
the Gulo gene isn’t functional; consequently, human cells can’t syn-
thesise the vitamin, so must obtain it from dietary sources. But why
might human ancestors have lost the ability to synthesise vitamin C?

We can shed light on this question by considering which animals
can make vitamin C, and which have a pseudogene and hence need
to obtain it from their diets. Let’s use the skills you’ve learnt during
these practical tasks to investigate which animals have a functional
Gulo gene: consider a range of animals (such as illustrated in Figure
9), and think about their diets.

- "

Figure 9 Animals in their habitats. Which can synthesise vitamin C?

EXERCISES

1 Return to the NCBI BLAST homepage, blast.ncbi.nlm.nih.gov.

2 In the ‘BLAST Genomes’ ‘Search box’, type the name of your chosen
animal. A drop-down list should appear — this may be slow to load,
so be patient (typing a space after the name sometimes helps).

3 Select the name of your animal of interest (e.g., ‘Norway rat’) from
the drop-down list, then click the ‘Search’ button. This pre-selects
the genome of your animal as the target database for BLAST.

4 Paste Sequence R into the input box. Ensure that the search tab is set
to ‘blastn’.

5 Under ‘Optimize for’, select ‘Somewhat similar sequences (blastn)’.

6 Click on ‘BLAST’ to search the genome with Sequence R.

7 Examine the results carefully to determine whether or not the ge-
nome harbours a functional Gulo gene. Make a note of your answer.

8 Try the search again with a range of animals from different habitats.

9 Why might we (humans) or our ancestors have lost the ability to syn-
thesise vitamin C?

TAKE HOMES

Having completed these exercises, you can now:

Search biological sequence databases using the default options of
some of the NCBI’s BLAST programs;
Determine the significance of matches retrieved by BLAST searches;

Verify biological details of retrieved BLAST matches with reference
to their records in the GenPept database;

Customise NCBI BLAST’s input parameters to search the latest avail-
able version of the human genome;

Identify mutations in BLAST results;

Use some basic Linux commands to perform a variety of simple file-
manipulation tasks;

Perform BLAST searches via the Linux command line;

Customise NCBI BLAST’s input parameters to search the genomes of
animals of your choice;

Evaluate the biological implications of search results, with reference
to specific mutations & their likely functional impacts.
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