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ABSTRACT 

 Bioinformatics is the transformation of large amounts of data into useful knowledge 

that can be utilized for basic research science and biomedical applications. This field is one 

of the largest growing in science and is used as a tool in various areas of research. One of the 

main goals of bioinformaticians, aside from organizing data sets, is the normalization of 

datasets so that people from various disciplines can take advantage of the available data. 

Understanding the use and application of bioinformatics in research offers a considerable 

advantage to scientists. In addition, it makes post-baccalaureate students very competitive 

while applying for jobs or graduate school. This study specifically outlines a course in 

practical bioinformatics geared toward undergraduate students in the life sciences.  
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1 CHAPTER 1	  

 

INTRODUCTION TO BIOINFORMATICS 

 Students at Texas State University currently have an advantage over students at 

several other institutions due to their extensive training in laboratory applications in the life 

sciences. In addition to students’ upper division teaching labs, students are also required to 

fulfill 1 year of undergraduate research in order to graduate with an American Chemical 

Society (ACS) certification. This training, in parallel with a course that could further polish 

these skills, could provide an invaluable foundation for students. Currently, very few 

institutions offer a course on a practical approach to bioinformatics. The majority of courses 

taught on bioinformatics require students to have experience with various coding languages 

and focus on the theory embodying the field of bioinformatics rather then the practical uses 

and extraction of data. A course aimed at practical approaches to bioinformatics could 

reinforce previous course material as well as help students with understanding future course 

topics.   

1.1 Bioinformatics overview  

 The term bioinformatics, defined by Paulien Hogeweg and Ben Hesper, is “the study 

of informatic processes in biotic systems [1].” The definition is somewhat broad but applies 

specifically to assessing biological systems in a computationally intensive manner. Simply 

stated, bioinformatics uses mathematical and computational methods in order to help 

understand complex biological processes. The foundations for the complex algorithms stem 

from discrete mathematics, graph theory, system theory, and information theory. Some of 

the fields interested in bioinformatics are shown in Table 1. 
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Table 1.1. Various fields utilizing bioinformatics 
•Antibiotic resistance •Microbial applications •Biological weapons defense 
•Evolutionary studies •Molecular medicine •Improved nutritional quality 
•Waste cleanup •Personalized medicine •Veterinary science 
•Alternative energy  •Preventative medicine •Biotechnology 
•Crop improvement •Gene therapy •Climate change studies 
•Forensic analysis •Drug development •Oil Industry  
   

1.2 The history of bioinformatics  

 In 1972 the first gene was sequenced followed by the first genome in 1976 [2, 3]. It 

became evident shortly afterward that computer-assistance with analyzing, organizing, and 

interpreting the sequences would become necessary.  The first computer-assisted analysis 

was completed in collaboration with several cryptologists from the National Security Agency 

(NSA) analyzing bacteriophages MS2 and PhiX174. Surprisingly, the first attempts to publish 

the findings of the computer-assisted analysis were rejected by several journals before being 

published in the Theoretical Journal of Biology in 1977 [4]. This method of analyzing data 

became known as bioinformatics, originally coined by Paulien Hogeweg and Ben Hesper in 

1970 [5,6,7,8].    

 In 1982 GenBank, the first large bioinformatics database was created [9]. Methods 

for analyzing the publically available data were published immediately after and quickly 

gained traction. Early pioneers for the computer-based analysis of sequencing information 

were Margaret Oakley Dayhoff and Elvin A. Kabat. Both of their methods of analyses for 

protein sequence analysis would later become the template for both RNA and DNA 

sequence analysis. Shortly after, GenBank became an open access database available to the 

public consisting of various nucleotide sequences and their respective protein sequences. 

Since then GenBank has grown exponentially and has aided in the Whole Genome Shotgun 

(WGS) project that began in the early 2000’s  (Figure 1.1).  
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Figure	  1.1.	  The	  growth	  of	  GenBank.	  After	  GenBank’s	  birth	  in	  1982,	  the	  amount	  of	  
sequences	  submitted	  each	  year	  has	  increased	  dramatically.	  This	  increase	  has	  also	  led	  to	  
more	  complex	  computer	  based	  algorithms	  and	  various	  new	  forms	  of	  curation.	  This	  
image	  was	  reprinted	  from	  www.ncbi.nlm.nih.gov/genbank.	  	  
 
1.3 Introducing the central dogma  

 Francis Crick first defined the central dogma in 1956 as the flow of information 

from deoxyribonucleic acid (DNA) to ribonucleic acid (RNA) to Protein (Figure 1.2); 

implying that the flow of information from DNA was unidirectional [10]. DNA is composed 

of monomeric nucleotides consisting of monosaccharide deoxyribose and a phosphate group 

attached to a nucleobase — either Adenine (A), Cytosine (C), Guanine (G), or Thymine (T). 

These four monomeric nucleotides assemble into a polymer to form DNA. How these bases 

are arranged determines what the specific function they code for is. Information is then 

carried using RNA, similar in structure to DNA, to the ribosome.  

!!GenBank!
!!WGS!
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100,000,000!

!10,000,000!

!!!!1,000,000!

!!!!100,000!

!!!!!10,000!
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Figure	  1.2.	  The	  central	  dogma	  of	  molecular	  biology.	  The	  flow	  of	  information	  in	  a	  
biological	  system,	  the	  central	  dogma,	  is	  unidirectional.	  DNA	  is	  transcribed	  into	  RNA,	  
which	  is	  then	  read	  by	  the	  ribosome	  and	  translated	  into	  protein.	  This	  image	  was	  
reprinted	  from	  an	  unpublished	  acknowledgement	  made	  by	  Francis	  Crick,	  available	  at	  
www.nih.ncbi.gov.	  
 

 The ribosome is responsible for synthesizing protein, a polymer composed of the 20 

essential amino acids. The sequence of amino acids in the polypeptide is determined by the 

sequence of the mature RNA transcript. The physical and chemical properties of the protein 

give rise to biological function. More specifically, each amino acid has its own physical and 

chemical properties and therefore how they are arranged form biochemical and biophysical 

clusters. These clusters can be identified using bioinformatic algorithms that computationally 

predict crucial regions and motifs that are necessary for function and stability of the 

polypeptide. This process applies for DNA and RNA as well and can be determined using 

sequenced based algorithms.  

 

1.4 Applied example of bioinformatics  

 The development of bioinformatics has allowed for the rapid advancement of 

research and medicine over the past few decades. One of the largest advances has been the 
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development of genome wide analysis. This allows for several individuals that have a disease 

to be screened for the misregulation of specific genes. This provides further insight into the 

disease and in some cases can provide a target for gene therapy. A schematic of this is shown 

in Figure 1.3.  The screening process begins by identifying a population of individuals with a 

disease, such as a specific type of cancer, and screening as many of these individuals as 

possible to allow for a statistically significant assessment of genes playing a role in the 

disease. Since the human genome consists of about 30 billion nucleotides (~30 thousand 

genes) this process creates an overwhelmingly large data set that can only reasonably be 

computed using computer-based algorithms. Without bioinformatics our ability to assess 

these large screens would be limited and our advances in biomedical research would be 

significantly hindered.  
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Figure	  1.3.	  Genome	  wide	  analysis	  using	  a	  DNA	  microarray.	  After	  a	  population	  of	  
individuals	  is	  identified	  that	  have	  cancer	  and	  A)	  their	  cells	  are	  extracted	  and	  cultured,	  
their	  B)	  RNA	  is	  then	  isolated.	  Since	  expression	  is	  often	  correlated	  with	  the	  levels	  of	  RNA	  
available	  for	  the	  ribosome	  the	  RNA	  can	  be	  C)	  reverse	  transcribed	  into	  chromosomal	  
DNA	  (cDNA)	  and	  labeled	  using	  a	  fluorescent	  dye;	  this	  acts	  as	  a	  quantifiable	  source	  of	  
RNA	  expressed	  in	  the	  cells.	  This	  is	  done	  for	  both	  cancerous	  and	  non-‐cancerous	  cells.	  The	  
only	  difference	  is	  the	  fluorphores	  that	  label	  the	  cDNA.	  After	  the	  cancerous	  and	  non-‐
cancerous	  cells	  have	  been	  labeled	  with	  red	  and	  green	  fluorophores,	  respectively,	  they	  
are	  D)	  combined	  and	  washed	  over	  specific	  complementary	  oligos	  that	  immobilize	  them	  
and	  allow	  for	  E)	  microarray	  analysis.	  Following	  bioinformatic	  analysis,	  a	  F)	  list	  of	  
candidate	  genes	  can	  be	  suggested	  to	  play	  a	  role	  in	  the	  disease	  and	  begin	  to	  be	  targeted	  
for	  potential	  gene	  therapy.	  	  
 

1.5 An overview of large bioinformatics databases 

 Most projects and questions in the life sciences are first explored and studied using 

bioinformatics databases before proposing a specific question. Several databases exist for 

these searches and have been streamlined according to independent interests. This includes 
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literature related to specific genes, nucleotide sequences, structural characteristics, 

phylogenetic relationships, and much more. The utilization and curation of these databases 

have become critically important for the advancement of medicine and biomedical research. 

1.5.1 National Center for Biotechnology Information (NCBI) 

 Similar to Google, a search in the National Center for Biotechnology Information 

(NCBI) will generate an abundance of information associated with whatever gene or 

organism that one are interested in. It is the headquarters for bioinformatics information and 

resources in the biological sciences. A search for Escherichia coli (E. coli) generates over 20 

million hits that are separated into the following sections: literature, genes, health, proteins, 

genomes, and chemicals. This can be overwhelming and therefore a more specific search can 

be done using specific search criteria such as those shown in Table 1.2. Needless to say, this 

is typically the starting point for biological inquiries or gaining information on a new project 

or question [11]. In summary, NCBI is a database of databases that provides genomic and 

biomedical information.  
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Table 1.2. Streamlined search engines available on NCBI.   
 

	  
Database	   Analysis	  

	  CDD	  
	  

Conserved	  Domain	  Database;	  Protein	  sequences	  conserved	  in	  evolution	  and	  
alignments	  of	  known	  domain	  to	  3-‐d	  structures	  in	  MMDB	  database.	  

GenBank	  
	  

NIH	  annotated	  DNA	  sequences.	  	  
	  

Gene	  
	   Genes	  components	  and	  their	  specific	  characteristics.	  
Genome	  
	  

Whole	  genomes	  of	  over	  1000	  organisms	  as	  well	  as	  genome	  sequences	  in	  
progress.	  Includes	  viruses	  and	  other	  non-‐living	  genomes.	  

NCBI	  Education	  Page	  
	  

Information	  and	  tutorial	  sessions	  for	  NCBI	  affiliated	  databases.	  
	  

Nucleotide	  Database	  
	   A	  collection	  of	  sequences	  from	  several	  databases	  including	  PDB	  and	  others.	  
OMIM	  
	   Online	  Mendelian	  Inheritance	  in	  Man;	  Human	  genes	  and	  disease.	  
Protein	  Database	  
	   Protein	  database	  searches	  GenPept,	  RefSeq,	  Swiss-‐Prot,	  PIR,	  PRF,	  and	  PDB.	  
PubMed	  
	  

Biomedical	  literature	  database,	  provides	  abstracts	  and	  link	  to	  full	  text	  on	  
PubMed	  Central	  or	  other	  websites.	  

SRA	  
	   Sequence	  Read	  Archive;	  Next	  generation	  sequencing	  database.	  
Structure	  	  
	  

3D	  structure	  of	  macromolecular	  molecules.	  
	  

Taxonomy	  
Phylogenetic	  trees	  and	  lineages	  for	  over	  160,000	  organisms.	  New	  taxomic	  
information	  added	  every	  day.	  

UniGene	  
	  

Transcriptome	  analysis.	  
	  

 

1.5.2 Basic Local Alignment Search Tool (BLAST)  

 The BLAST algorithm was first published in the Journal of Biology in 1990 and has 

since evolved into a family of pipelined programs [12]. The BLAST database facilitates the 

search for primary biological sequences composed of either nucleotides or amino acids that 

are similar in sequence to a known nucleic acid or amino acid sequence. The program is 

useful in the mapping of DNA and subsequent identification of its corresponding species. In 

addition, it locates specific domains in proteins, and establishes phylogenic relationships. 

Finally, it compares sequences and can be used to help annotate one organism’s genome or 

proteome in relation to another.  
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1.5.3 Gene Ontology Consortium (GOC) 

 The GOC project began in 1998 with the goal of consistently describing the 

products of certain genes across various databases [17].  The project originally included the 

FlyBase (Drosophila), the Saccharomyces Genome Database (SGD) and the Mouse Genome 

Database (MGD) but has since grown to include most of the major genome repositories for 

plants, animals, and microbes.  The three main goals of the GOC are the following: i) 

documenting the ontologies, ii) annotating the ontologies, and iii) developing new software 

to streamline documenting and annotating ontologies. In short, the database normalizes 

methods for explaining the product of specific genes in a few short words and contains a 

side bar to help determine specific products in various biological systems. For example, a 

quick search for Lactate Dehydrogenase (LDH) shows the various subunits affiliated with 

the protein complex, a direct annotation of its function, and a filter for gene ontology 

(Figure 1.4). Once the filter is selected it shows different ways of interpreting the gene 

product along with the respective references.  

Figure	  1.4.	  The	  Gene	  Ontology	  Consortium	  (GOC).	  The	  GOC	  is	  a	  pipelined	  search	  method	  
for	  quickly	  determining	  function,	  taxon,	  and	  various	  gene	  aliases.	  This	  image	  was	  
screenshoted	  from	  www.geneontology.org	  
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1.5.4 Saccharomyces Genome Database (SGD) 

 The Saccharomyces genome database provides genome specific information about 

Saccharomyces cerevisiae (S. cerevisiae), also known as budding yeast. The SGD utilizes a 

comprehensive approach to understand the Saccharomyces genome using general search 

criteria and primary sequence criteria such as nucleotide or amino acid sequences . Site 

curators maintain the database manually by extracting primary literature information and 

reporting it using phenotype annotations and gene ontology.  The database provides a 

powerful platform for the transversion between simple eukaryotes and higher order 

eukaryotic organisms. Needless to say, this is a powerful tool for helping zone in on 

Saccharomyces specific information as well as primary literature associated with this model 

organism.  

1.6 Interpreting and organizing sequencing data  

 The sequencing of DNA and interpretation of sequencing data has become 

invaluable to the life sciences and is an integral component contributing to the molecular 

biology revolution that has taken place over the past few decades. With the ability to 

sequence DNA came the need to organize and efficiently interpret the sequencing results. 

Often times biologists work with large sequences of DNA that can range from billions of 

nucleotides, as in the human genome project, to a couple of hundred nucleotides. The ability 

to annotate, log, and edit these sequences is important for the investigator and has been 

pipelined by several databases and bioinformatics tools.   

1.6.1 4Peaks 

 The majority of sequencing data is now transferred back and forth between 

sequencing facilities and researchers in various file formats that must be translated from raw 

sequencing data into interpretable DNA sequences. One program that does this is 4Peaks 



 

 11 

(Figure 1.5). The program can convert the most common sequencing file formats, such as 

ab1., scf., and ctf., to its respective nucleotide sequence. In addition, it can search for 

sequencing motifs (e.g. T7 promoter), translate the DNA sequence to its protein sequence, 

and can also do a direct BLAST search on the sequence. The program won the Apple 

Design Award in 2004 and two more in the years that followed.  

 

Figure	  1.5.	  The	  4Peak’s	  interface.	  These	  images	  are	  screenshots	  from	  the	  4Peaks	  
program	  depicting	  the	  (A)	  chromatograph,	  (B)	  BLAST	  function,	  (C)	  search	  for	  DNA	  motif	  
(e.g.	  T7	  promoter).	  This	  image	  is	  a	  compilation	  of	  screenshots	  from	  the	  4peaks	  program.	  	  
 

1.6.2 A Plasmid Editor (Ape) 

 ApE is a free bioinformatics tool used to help organize plasmid DNA sequences 

[14]. Similar to 4peaks, it can also read ABI sequencing, trace files, and produce a 

chromatograph of the sequencing spectra. The highlights of the program include the user-

friendly interface that does not require prior-knowledge of coding language but can be 

downloaded in an open source format. The graphic map, as shown in Figure 1.6, can be 

(A) 

(B) (C) 
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custom annotated using the features library but does not automatically scan for features in 

the DNA sequence.  

 

Figure	  1.6.	  The	  ApE	  interface.	  These	  images	  are	  screenshots	  of	  the	  ApE	  program	  
displaying	  a	  (A)	  vector	  map	  and	  (B)	  personal	  annotation	  option.	  This	  image	  is	  a	  
compilation	  of	  screenshots	  from	  the	  ApE	  program.	  	  
 

1.6.3 Serial Cloner 

 Serial Cloner is a bioinformatics tool that can be used to organize a cloning project, 

align DNA and protein sequences, and can produce simulations of sub-cloning events [15]. 

It has several more features than ApE but is unable to display sequencing spectra in the 

form of a chromatograph (Figure 1.7). Often times, Serial Cloner users will utilize 4peaks for 

their sequencing analysis and import the nucleotide sequence after.  
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Figure	  1.7.	  The	  Serial	  Cloner	  interface.	  These	  images	  are	  screenshots	  from	  the	  Serial	  
Cloner	  program,	  displaying	  the	  (A)	  DNA	  sequence	  alignment	  and	  a	  (B)	  Vector	  map.	  
 

1.6.4 Multiple sequence comparison by log-expectation (MUSCLE)  

 After retrieving sequencing data it is often useful to compare known sequences to 

other known sequences of interest. A simple way to do this is by using the MUSCLE 

program. This program can align two or more sequences, either DNA or protein, and 

identify regions that are the same and regions that are different (Figure 1.7). The user has the 

option of doing this interactively or by email. Some of the features include a graphic 

representation output of the sequence alignment or a CLUSTAL format.  
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Figure 1.8. The MUSCLE interface. (A) Jalview visualization function, (B) CLUSTAL 

format. These images are screenshots from the MUSCLE multiple sequence alignment 

program. 
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2 CHAPTER 2 

 

THE STRUCTURE OF A COURSE IN PRACTICAL BIOINFORMATICS 

Needs some transition material here from ch. 1 to 2 and explain the diagram below.  

 

Figure 2.1. Practical bioinformatics course outline.	   	  

2.1 A. Introduction to bioinformatics (~3-4 weeks)	  

 As previously noted, NCBI is a database of databases and ExPASy is a database of 

programs. Several programs and databases will be explored during the tutorial part of the 

student projects and therefore an introduction to NCBI, the database of databases, should 

be explored first to familiarize students with the headquarters of bioinformatics inquiry. In 

addition, it may also be useful to explore the SGD, a large but much more interactive 

database. This could help students understand that bioinformatics approaches can be 

A.#Introduc,on#to#bioinforma,cs#
(~364#weeks)!

C.#Final#report#(~2weeks)!
!

Teach!students!how!to!use!bioinforma3cs!
databases:!NCBI,!SGD,ExPASy,!and!PDB!

B.#Student#projects#and#
presenta,ons#(~668#weeks)!

All!assignments!are!scenarioDbased!
Students!will!present!their!findings!in!a!fiveD

minute!PowerPoint!presenta3on!!
!

1st!week!of!each!project:!
Instructor!led!tutorial!through!various!databases!
and!programs!students!will!need!for!their!project!

!
2!projects!total:!

Each!project!will!cover!a!different!field!studied!in!
bioinforma3cs!

!

Detailed!report!outline!students!
findings!
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streamlined according to specific organisms. After students are familiar with the 

bioinformatics terminology the ExPASy database, the database of programs, can be explored 

to show students the various resources and programs available for bioinformatics analysis.  

 

2.1.1 NCBI exercise  

 Exploring databases with students through a list of practical applications could be a 

very useful technique for exploring the database. In order to explore NCBI, one exercise 

could be determining what Lactate Dehydrogenase (LDH) is by using a PubMed search and 

scrolling through abstracts. A follow up could be retrieving the nucleotide sequence using 

BLAST. The last exercise could be going through the GOC to determine what the products 

of the LDH reaction would be. A goal for the exercises could be to have students form 

groups of 3 and work together to answer the following questions:  

1. What is a local alignment? 

2. What is a global alignment? 

3. What is the difference between the two? 

4. If I needed to find a specific nucleotide sequence for a gene where is one place that I 

could find it? 

5. I have determined a specific gene of interest in humans and want to know which 

model organism has the highest sequence homology to it. Where could I find this? 

6. If I wanted to see the product of my gene after it is translated to protein and active 

in the cell where would I go? 
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2.1.2 SGD exercise  

 The SGD contains a relatively friendly user-interface that allows users to access a 

wealth of information as well as specific information depending on the interest of the 

inquirer. Students could be given the following worksheet and told to answer the 10 

questions using the SGD database before a formal lecture is given over the database: 

1. What is the length of the amino acid sequence? 

2. What is the molecular weight (KDa) of the protein? 

3. What is the P.I. of the protein? 

4. What is the extinction coefficient of the protein? 

5. What is function of ACT1? 

6. What other aliases does ACT1 have? 

7. Where is the location of ACT1 on a yeast chromosome? 

8. What are the subfeatures of ACT1? 

9. What is the composition of each individual amino acid? 

10.  What are 4 genes that share phenotype similarities with ACT1? 

 In addition, it may be useful if the students who find each of these can show how they 

found them specifically. The idea behind the exercise would be to see whether or not 

students are beginning to build on their vocabulary from the NCBI exercise as well as too 

promote student engagement and participation.  

 

2.1.3 ExPASy exercise  

 ExPASy contains an integrative portal that allows for streamlined approaches to 

answering questions using bioinformatics. One useful exercise for this database may be 

analyzing DNA, RNA, or protein sequences. Sequence alignment tools vary in alignment 
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parameters and often times offer different types of information. A pairwise sequence 

alignment is often used to identify specific regions of similarity between two proteins that 

could be linked functionally, structurally, or evolutionarily. Alternatively, a multiple sequence 

alignment is used to compare sequences of similar length with the goal of determining 

homologous relationships. For example, if an inquirer were to sequence DNA from a wild 

type strain and a multiple mutant strains of the same organism they would use a multiple 

sequence alignment tool since the DNA sequence is similar between the two. Although, if 

the DNA sequence is not characterized previous to the search then a pairwise sequence 

alignment would be utilized. As an exercise students could go through the programs listed in 

Table 2.1 and note their differences as well as give an example: 

Table 2.1. ExPASy sequencing alignment programs.  
 

 

After the first part of the class, students can go around the classroom and discuss their 

examples as well as their findings for each program.  

 

2.1.4 Secondary Structure Characterization   

 In addition to sequence alignment, it can also be useful to introduce secondary 

structural characterization of proteins. The two most common secondary structures, alpha 

helices and beta sheets, can be predicted using various programs in order to help suggest 

Progam	   Function	   Website	  

MUSCLE	   Basic	  MSA	   http://www.ebi.ac.uk/Tools/msa/muscle/	  

Strap	   MSA	  (structure	  and	  sequence)	   http://www.bioinformatics.org/strap/	  
T-‐Coffee	   MSA	  (structure	  and	  sequence)	   http://www.ebi.ac.uk/Tools/msa/tcoffee/	  

PRATT	   Protein	  MSA	   http://web.expasy.org/pratt/	  
MaxAlign	   Gap	  removal	  from	  alignments	  	   http://www.cbs.dtu.dk/services/MaxAlign/	  

WebLogo	   Homology	  sequence	  Logo	   http://weblogo.berkeley.edu/	  
WU	  
BLAST	  	   PSA-‐Local	   http://www.ebi.ac.uk/Tools/sss/wublast/	  
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protein function and structural dynamics. In addition, several motifs exist that can also lend 

insight into determining biological function. For example, coiled coil protein motifs are 

often observed in transcriptional regulatory proteins and therefore predicting this motif 

provides a clue to the structural dynamics as well as the biological function of the protein. It 

may be useful for groups of students to be assigned individual motifs to be briefly explained 

at the beginning of class. Following students’ familiarity with the protein motifs, the various 

databases shown in Table 2.2 could be explored.  

Table 2.2. Secondary structural characterization programs 
  
Program	   Function	  	   Website	  
PROF	  	   Secondary	  Structure	  Prediction	  System	  	   http://www.aber.ac.uk/~phiwww/prof/	  

PORTER	  	   Protein	  Secondary	  Structure	  Prediction	   http://distill.ucd.ie/porter/	  
SOPMA	  	   Secondary	  structure	  prediction	   https://npsa-‐prabi.ibcp.fr/cgi-‐bin.html	  

SOSUI	  
Classification	  and	  Secondary	  Structure	  
Prediction	   http://harrier.nagahama-‐i-‐bio.ac.jp/sosui/	  

GOR	  	   Protein	  secondary	  structure	  prediction	   https://npsa-‐prabi.ibcp.html	  

Jpred	  	   Secondary	  Structure	  Prediction	  Server	  
http://www.compbio.dundee.ac.uk/www-‐
jpred/	  

MARCOIL	  	   Coiled-‐coils	  prediction	   http://toolkit.tuebingen.mpg.de/marcoil	  

APSSP	  
Advanced	  Protein	  Secondary	  Structure	  
Prediction	  	   http://imtech.res.in/raghava/apssp/	  

CFSSP	  	   Protein	  secondary	  structure	  prediction	  
http://www.biogem.org/tool/chou-‐
fasman/	  

Poodle	  	   Prediction	  of	  disordered	  protein	  regions	   http://mbs.cbrc.jp/poodle/poodle.html	  

NetTurnP	  	   Prediction	  of	  Beta-‐turn	  regions	  in	  proteins	  	   http://www.cbs.dtu.dk/services/NetTurnP/	  
 

2.2 B. Student projects and presentations (~6-8 weeks) 

 Following students’ introduction to bioinformatics will be the second part of the 

course, the project portion. The goal of this part is to give students hands-on learning 

experience, allowing them to explore their personal interests as well as gain exposure to 

other students’ interests. This could help students develop their interests and begin a 

proactive approach toward future career paths. Student projects will be voluntarily proposed 
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after the introduction part of the bioinformatics course. This will allow them to receive the 

proper training on the databases before picking their project.  

 

2.2.1 Student projects overview  

 Before the start of the course it may be useful to explain to students that part of the 

course is dependent upon a project in which they must choose one gene to investigate for 

two projects. The first project will begin with students giving a brief overview (elevator 

pitch) of which genes they picked and the reasons why they picked them. The goal of this 

exercise is to help students learn to give quick 25-45 second overviews of their project 

without exhausting their listener, a skill that is critical for the future workforce as well as 

communication in science. Following this will be the first tutorial in molecular cloning. The 

first part will begin with an overview of molecular cloning with a concentration on 

assembling a plasmid using various databases. The following documents could be handed 

out to students during the first day of class to help them begin planning for their project: 
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Example Genes:

 

 

Thoughts for the project: 

• You will continue using this gene throughout the rest of the semesters’ 

exercises and therefore you may want to spend time thinking about which 

gene you pick or which field you are interested in.  
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2.3 An overview of molecular cloning 

 Molecular cloning is an important tool for the study of specific functions in the 

biological sciences. One of the first steps in molecular cloning consists of identifying and 

isolating a gene of interest followed by amplification of the gene via polymerase chain 

reaction (PCR) (Figure 2.2). The next step involves inserting the gene into a cloning vector 

that is compatible with the replication criteria for the model organism (Figure 2.3). Cloning 

vectors are pieces of DNA that contain desirable and well characterized features such as 

antibiotic resistance for selection of transformed bacteria or selection markers that allow for 

selection on specific medium types, such as HIS3 markers in yeast. Vectors come in a variety 

of different genotypes and sizes based on the specific areas of research.  

 

Figure	  2.2.	  The	  Polymerase	  Chain	  Reaction	  (PCR).	  DNA	  templates	  of	  interest	  can	  be	  
amplified	  using	  PCR	  by	  (1)	  Denaturating	  the	  DNA	  and	  separating	  it	  into	  single	  stranded	  
DNA	  (ssDNA).	  (2)	  Annealing	  complementary	  primers	  to	  the	  ssDNA	  follows	  the	  
denaturation	  process	  before	  DNA	  is	  finally	  (3)	  elongated	  in	  the	  final	  step	  of	  the	  PCR	  
cycle.	  The	  idea	  for	  this	  figure	  came	  the	  work	  of	  Enzoklop	  under	  a	  creative	  common	  
license.	  
 
 

Nucleotide 
DNA	  primer 

Original	  DNA	  to	  
be	  replicated 

Denaturation	  at	  94-‐96	  °C	  
Annealing	  at	  about	  68	  °C	  	  
Elongation	  at	  72°C	  
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Figure	  2.3.	  An	  overview	  of	  the	  cloning	  process.	  Cloning	  begins	  with	  the	  (A)	  identification	  
of	  MCS	  	  followed	  by	  (B)	  restriction	  site	  endonuclease	  cleavage	  and	  (C)	  departing	  of	  the	  
cleaved	  sequence.	  Overhanging	  ends	  of	  the	  cleaved	  DNA	  sequence	  are	  then	  (D)	  
matched	  to	  a	  vector	  of	  interest	  and	  (E)	  restored	  following	  the	  ligation	  of	  the	  
complementary	  DNA	  sequence.	  This	  image	  was	  reprinted	  	  
 

 A common type of vector used is an expression vector. These vectors commonly 

utilize a molecular switch that can be switched on to express the protein of interest by 

induction with a small molecule such as allolactose or Isopropyl β-D-1-thiogalactop (IPTG). 

An example of this vector, shown in Figure 2.4, is pET15b. This vector contains a T7 

bacteriophage promoter that can be switched on using IPTG in order to produce large 

amounts of protein.  
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Figure	  2.4.	  Features	  of	  the	  pET15b	  expression	  vector.	  The	  multiple	  cloning	  region	  
downstream	  of	  the	  T7	  promoter	  can	  be	  selectively	  expressed	  using	  a	  compound	  similar	  
to	  allolactose,	  IPTG.	  The	  vector	  also	  contains	  a	  His-‐tag	  that	  allows	  for	  the	  successful	  
purification	  of	  the	  protein	  coded	  for	  by	  the	  cloned	  gene.	  This	  image	  was	  reprinted	  from	  
the	  Invitrogen	  website.	  	  
 
 Shuttle vectors are also used in molecular cloning. An example would be shuttle 

vectors that can transverse between bacteria and yeast. These vectors are typically 

propagated in E. coli following ligation of the gene in order to attain high enough 

concentrations of the plasmid before transforming the vector into yeast (Figure 2.5). A 

specific example of this vector would be the pRS300 vector series, described by Robert S. 

Sikorski and Philip Hieter [16]. They constructed a vector that could propagate in E.coli and 

then be transferred, after purification from E .coli, to S. cerevisiae. These plasmids, in addition 

to having an origin of replication specific to E. coli (OriC) also contain features specific for S. 

cerevisiae: an origin of replication specific for yeast, a yeast centromere (CEN), and a 

selectable marker such as HIS3 or URA3. Both types of vectors, expression and shuttle, can 

be used as tools to answer different questions but together represent the fundamental steps 

in choosing a vector for molecular cloning.  
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Figure	  2.5.	  Components	  of	  a	  yeast	  shuttle	  vector.	  Multiple	  origins	  of	  replication	  must	  be	  
present	  in	  order	  to	  propagate	  the	  plasmid	  from	  E.coli	  to	  yeast.	  In	  addition,	  an	  origin	  of	  
transfer	  must	  also	  be	  present	  in	  order	  for	  the	  plasmid	  to	  be	  passed	  on	  other	  bacteria.	  
The	  selectable	  marker	  allows	  for	  the	  screening	  and	  selection	  of	  plasmid	  containing	  
organisms.	  	  
 
2.4 Project 1: Molecular Cloning  

 As previously mentioned, the projects will be scenario based. Several scenarios will 

exist based on the student’s projects, but an example of a scenario that would be given to a 

student who picked insulin would be: 
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2.5 Assembling a plasmid tutorial 

2.5.1 Picking the correct expression vector 

 Addgene, a plasmid repository, offers an expression guide for various organisms and 

uses a graphically rich vector representation to illustrate specific features (Figure 2.6). 

Explaining these annotations is crucial for student’s projects since they are going to need to 

choose a vector, explain the reasoning for choosing the vector, and be able to describe the 

specific annotations. The repository distinguishes between organism-specific vectors and 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
You are applying for a grant to the Bill and Melinda Gates foundation in 
order to begin mass-producing insulin. You must first outline how you will 
successfully produce the insulin protein using bacteria. Create a ~5 minute 
PowerPoint presentation that outlines how you intend to do this. Make sure 
to include the following: 

 
i.  Accession number of  the 

insulin gene  
ii.  Which part of  the insulin 

gene sequence used 
iii.  Which expression vector 

you used  
iv.  Which affinity tag you 

used 
v.  A vector map with 

annotations of  the specific 
genes 

Project 1: Molecular Cloning 



 

 28 

cell-specific vectors. Keeping track of the vectors that are available as well as learning about 

new vector constructs that could be used to streamline certain cloning approaches is 

essential for molecular biology. The repository offers a training/tutorial in molecular cloning 

as well that focuses on explaining the process experimentally using actual volumes and ratios 

rather then just theoretical principles.  

 

Figure	  2.6.	  The	  AddGene	  repository.	  A)	  The	  plasmid	  repository	  offers	  an	  organism	  
specific	  expression	  guide	  and	  B)	  sequence-‐specific	  vector	  map.	  This	  image	  is	  a	  
compilation	  of	  screenshots	  from	  the	  AddGene	  website	  (www.addgene.org).	  
 

2.5.2 Cloning software  

      Both ApE and Serial Cloner are useful programs for organizing DNA sequencing 

files and can also be used in organizing cloning projects and visualizing the construction of a 

plasmid during cloning. Both programs offer graphically rich displays for visualization in 

addition to several other shared features shown in Table 2.3.  

A. 

B. 
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Table 2.3. The features of Serial Cloner and ApE 
 

Serial	  Cloner	  and	  ApE	  features	  

Show	  DNA	  sequence	  and	  text	  map	  
Aligns	  two	  DNA	  sequences	  

Translates	  DNA	  sequence	  and	  aligns	  

Restriction	  digest	  map-‐linear	  or	  circular	  
Hyperlinks	  graphic	  to	  corresponding	  DNA	  
sequence	  

Virtual:	  cutter,	  PCR,	  cloning	  

Full	  graphical	  map	  
Imports	  DNA	  strider	  format	  files	  

Extract	  specific	  fragments	  
 

2.5.3 ApE 

 Similar to the NEB cutter program that helps determine restriction enzyme sites 

(www.neb.com), ApE also predicts unique sites and provides information about the 

frequency at which the specific sequence appears in the sequence, shown in Figure 2.7. 

Similarly, the primer find feature can also help find unique primer regions based on the users 

pre-set parameters and specific criteria. A summary of ApE’s tools is shown in Table 2.4. 

 

Figure	  2.7.	  Restriction	  enzyme	  cleavage	  frequency	  map	  in	  ApE.	  The	  restriction	  enzyme	  
table	  for	  selection	  of	  unique	  sites	  on	  a	  DNA	  sequence	  is	  a	  feature	  of	  the	  Ape	  program.	  In	  
addition	  to	  the	  table	  shown	  is	  the	  ability	  to	  utilize	  catalog	  information	  and	  insert	  new	  
restriction	  enzyme	  sites.	  This	  image	  was	  screenshot	  from	  the	  ApE	  program.	  
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Table 2.4. Unique features of the ApE program. 
 

ApE	  
Allows	  users	  to	  define	  new	  enzymes	  by	  name	  and	  
recognition	  site	  

Multiple	  ABI	  sequence	  chromatographs	  alignments	  
Finds	  translationally	  silent	  restriction	  sites	  

 

2.4.2     Serial Cloner 

 During sub-cloning projects feedback is given; only ligating DNA fragments if they 

have compatible ends after restriction digest. The user interface, shown in Figure 2.8 is easy 

to use and help is provided in tutorial videos listed on the website. A list of the features 

unique to serial cloner is provided in Table 2.5. 

 

 

Figure	  2.8.	  A	  virtual	  sub-‐cloning	  approach	  using	  Serial	  Cloner.	  The	  program	  allows	  you	  to	  
manually	  join	  sequences	  together	  and	  provides	  feedback	  during	  the	  cloning	  process	  by	  
only	  allowing	  complementary	  sequences	  to	  be	  ligated.	  In	  addition,	  the	  interface	  is	  
graphically	  rich	  and	  provides	  useful	  information	  in	  terms	  of	  plasmid	  features	  and	  unique	  
restriction	  enzyme	  sites.	  These	  images	  were	  screenshot	  from	  the	  Serial	  Cloner	  program.	  
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Table 2.5. The unique features of the Serial Cloner program 
 

Serial	  Cloner	  

Can	  align	  sequences	  using	  local	  algorithm	  or	  BLAST2Seq	  
Ligate	  Fragments-‐	  Only	  ligates	  if	  correctly	  matched	  

Imports	  DNA	  files	  in	  DNA	  Strider,	  Vector	  NTI,	  MacVector	  

Scans	  the	  DNA	  for	  features	  and	  automatically	  annotates	  
Numerically	  select	  fragments,	  find	  restriction	  sites,	  ORF	  or	  any	  
nucleotide	  or	  peptide	  sequence,	  
Calculates	  Tm,	  GC	  content,	  and	  molecular	  weight	  of	  resulting	  
peptides	  

Adaptor	  synthesis	  
shRNA	  Set-‐up	  

 

2.5.4 Determining multiple cloning sites (MCS) 

 Being able to properly identify the MCS is a crucial part of the cloning process 

(Figure 2.9) . In addition, the directionality of the insert into the vector backbone is also 

crucial for expression of the correct coding sequence of the protein. Both of these can be 

identified, modeled, and verified using Serial Cloner. Therefore, a walk through tutorial in 

serial cloner is an important part of the student’s tutorial before they begin working on 

cloning their plasmid into a vector.  

 

Figure	  2.9.	  Restriction	  mapping	  is	  Serial	  Cloner.	  	  
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2.5.5 Helping students organize their project 

 For most students this will be the first time they are ever exposed to a molecular 

cloning project and therefore walking them though an example of how to organize the 

project may be helpful. For example, guiding students through a PubMed search for a 

primary literature article that shows how a gene of interest was cloned.  

2.6 Project 2: Structural characterization 

 The structural characterization and subsequent profiling of specific proteins is useful 

when studying protein function or its dynamics in a system of proteins. One way to do this 

is by looking at a 3-D structure of the protein and investigating its structural properties. This 

is the focus of the second project. For example, as an extension of the previous example, a 

student who picked insulin would receive the following: 
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2.7 Exploring Insulin using the Protein Database 

 The protein database (PDB) is the largest repository for proteins structures and is a 

very interactive website for exploring various biomolecules structure. Being able to utilize 

this database for structural insight holds importance for teaching students the importance of 

certain protein motifs as well as for investigating structural dynamics. One way of integrating 

the PDB into the course curriculum could be by adding it to the original cloning project that 

was completed in project 1. This could help students develop ownership of their project as 

they would be able to see how to molecular assemble a gene into a plasmid for expression as 

Project 2: Structural Characterization  

 
Create a short, ~5 minute power point presentation for your investors 
that outlines the secondary and 3-dimensional structural characteristics 
of  insulin protein. Make sure you include the following: 

 

(Polyview)3+D,)3E7Y)))

i.  Specific secondary-structural 
characteristics. 

ii.  Important regions for catalytic 
activity/function 

iii.  Protein Data Bank ID and 
author 

iv.  Citation for the primary 
literature article  

v.  Organism of  origin  
vi.  Method of  structure 

determination 
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well as the structure of the protein once it is expressed. An example of this process would be 

the cloning and subsequent structural analysis of human insulin.  

 

2.7.1 Determining the structure  

 The PDB is a large database and walking through it with students would be 

necessary before they began using the database for their project.  An example of how to 

navigate through PDB is available on their website in an interactive tutorial listed in their 

resources section.  

 

2.7.2 Determining the functional properties 

 Determining the functional properties of insulin can be streamlined if students are 

capable of navigating through the databases originally introduced in the beginning of the 

course. This will require students to engage in primary literature to determine what structural 

properties their proteins contain. For example, a literature search on insulin would tell you 

that it is commonly used for the treatment of patients with diabetes. Furthermore, it contains 

only alpha helices and can exist in either monomeric or hexameric form depending on 

hydrophobic surface interactions. One of the main focuses researchers have been concerned 

with is how to provide fast acting insulin. Slow acting insulin, the hexameric form, and 

complexes with zinc and must equilibrate to its monomeric form before it can begin binding 

to its receptor. Therefore, a goal for researchers in the field was to engineer fast acting 

insulin that did not alter the host receptor binding but rather just limited the formation of 

the hexameric units of insulin. Researchers accomplished this by genetically engineering a 

mutated form of insulin, as shown in Figure 2.10 at the C-terminal tail of the B-chain.   
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Figure	  2.10.	  The	  structural	  analysis	  of	  fast	  and	  slow	  acting	  insulin.	  The	  A)	  monomeric	  
form	  is	  fast	  acting	  insulin	  (PDB:	  4ins)	  and	  the	  slow	  acting	  form	  is	  B)	  hexameric	  (PDB:	  
1aio).	  By	  altering	  the	  C)	  C-‐terminal	  of	  the	  B-‐chain	  of	  insulin	  it	  is	  possible	  to	  deliver	  fast	  
acting	  insulin	  to	  patients	  with	  diabetes.	  This	  form	  of	  insulin	  is	  a	  prescription	  drug	  under	  
the	  alias	  Insulin	  Lispro.	  	  	  
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3  

4 CHAPTER 3 

 

EXPLORING THE CURRICULUM 

 The course proposed in Practical Bioinformatics, originally proposed to be integrated 

into the core curriculum for biochemistry majors at Texas State, cannot actually be 

integrated into the course curriculum. Current accreditation requirements for the ACS 

certification do not allow for another course to be integrated. Although, there are several 

other avenues in which the course could be extended to biochemistry and other life science 

majors. One option would be having the course available as an elective for students to take 

as a minor. The other would be having the course taught as an honors course, which would 

allow students to count their credits toward a minor in honors or toward graduating in the 

honors college. The final option, originally proposed and tested by Goodman and co-

workers, would be teaching the course in concert between computer scientist and biochemist 

[18]. In addition to Goodman and co-workers original outline, it may also be useful to 

include mathematicians in the curriculum. Their outline and results of course evaluations are 

shown in Figure 3.1.  

 Mathematicians often have an overlapping knowledge of computer science, an 

interest in graph theory, and other pure mathematical concepts. The knowledge and creative 

capabilities that are associated with this background are the basis of much of the 

bioinformatics databases and therefore their role in adding to the diversity of the course 

could be critical. Computer science (CS), often interested in the theory associated with 

computational algorithms could prove insightful into writing programs or scripts that could 

be utilized in open source formatting databases such as NCBI. This is critical because it 
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would allow the use of open-source databases. Using closed-sourced databases limit the user 

to what the databases have decided to represent rather then what is actually being asked. 

Finally, biochemist and other life science majors would provide their background in 

understanding biological processes to pose a question or identify a problem that could be 

further be explored as a group. If all three-subject areas were able to collaborate in a project 

like this it could provide invaluable experience, exposure to real-world collaboration, and 

potentially a publication. All of these skills and outcomes could provide a significant 

advantage in helping students with their future career as well as provide faculty with 

additional publications.  
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Figure 3.1. The A) outline for a course taught in-concert and various B) student responses to 
an exit survey. This image was reprinted from [18]. 
 
 

A. 

B. 
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