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The dot plot method for RNA structure prediction is easy. Draw a square and partition by 

drawing gridlines. Put RNA sequence on top and left sides of the square. Put a “DOT” on 

complementary nucleotides 

For example: 

 

Figure 16 dot are placed at complimentary base pair place. 

 Connect regions of paired nucleotides to form 2’ structures in following image. 

 

Figure 17 Potato Tuber Spindle Viroid 

In longest RNA nucleotides the gaps between complementary nucleotides becomes bulges and loops of 

the structure. 

 

Module 014: ENERGY BASES METHODS 
Experimental prediction of RNA structure is slow and costly that’s why a few 2’ RNA structures 

are reported experimentally.  
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While prediction we get many possible 2’ structures of RNA and for optimal structure selection 

we calculate their overall stability. 

 

Figure 18 energy table 

 STABILIZING ENERGY 

Energy table helps us to find the optimal prediction of structure because energy is released when 

complementary nucleotides make bonds. 

 DESTABILIZING ENERGY 

Remaining unpaired nucleotides destabilized the RNA structure in form of hairpin or bulge 

structure. 

 

Figure 19  Hairpin+IntLoop+ExtLoop+Bulge+Hairpin 

 SUM OF ENERGIES 

Sum of stabilizing and destabilizing energies can help determine the quality of a 2’ RNA 

structure. 2’ structure with longest coupled sequences vs. one with lowest energy 

 

Module 015: Zuker’s Algorithm 
Energy based methods involve evaluating the free energy structures. To compute the RNA 

sequence for 1’ or 2’ optimal structure prediction we use Zuker’s Algorithm.  
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Zuker’s Algorithm helps us to compute the stabilizing energies (-ve) and also destabilizing 

energies (+ve values). And also compute the sum of +ve and –ve energies.  

 

Figure 20 stacking energies  

 

Figure 21 destabilizing energies 

 

Figure 22 working principle of Zuker’s Algorithm (2003) 

It Compute energies of all possible 2’ structures. Generate combinations of all computed 2’ 

structures. Select the one with lowest energy. 

 

Module 016: Zuker’s Algorithm EXAMPLE  
Zuker’s Algorithm involves computing stabilizing and destabilizing energies of a 2’ structure. All 

possible 2’ structures are generated. The best 2’ structure is selected! 



Handout Chapter 04: RNA Secondary Structure Prediction 

Page 156 of 320 
 

 

Figure 23 Calculation of all possible structure combinations 

 

We need to construct all the possible combinations of nucleotides for selection of optimal 2’ RNA 

structure.  

 

 

 

 

 

 

Module 017: Zuker’s Algorithm – A Flow Chart 
Zuker’s Algorithm involves computing stabilizing and destabilizing energies of 2’ structure. And 

it also computes the overall energy by summing up the positive and negative energies.  
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The flow chart for energies is: 

 

Figure 24 flow chart 

The diagonal combination from all possible is selected with overall lowest energy. 

 

 

The two diagonals (‘D’) given above include:  

1. A/U, C/G, G/C, U/G 
2. G/U, U/G 
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Module 018: Martinez Algorithm  
Zuker’s Algorithm involves computing stabilizing and destabilizing energies of 2’ structure. And 

it also computes the overall energy by summing up the positive and negative energies. Martinez 

Algorithm is improvement on it. 

Making combination of all possible structures is time consuming, Martinez Algorithm favors 

those 2’ structure which are energetically more feasible.  

 

Figure 25 Martinez Algorithm flow chart 

In Martinez algorithm all the 2’ structures are weighed by its stability and optimal one is sorted 

out. Monte Carlo methods (or Monte Carlo experiments) are a broad class 

of computational algorithms that rely on repeated random sampling to obtain numerical 

results. They are often used in physical and mathematical problems and are most useful when it 

is difficult or impossible to use other mathematical methods. 

And Monto Carlo method do not provide a definitive solution.  

 

 

 

Module 019: Dynamic Programming Approaches 
RNA sequence contains 4 type of nucleotides G/C, G/U and A/U and it may contain hundreds of 

nucleotides it means there is possibility of many combinations. 

https://en.wikipedia.org/wiki/Computation
https://en.wikipedia.org/wiki/Algorithm
https://en.wikipedia.org/wiki/Random
https://en.wikipedia.org/wiki/Physics
https://en.wikipedia.org/wiki/Mathematics
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In 2’ RNA structure there may be large number of nucleotide sequence with large number of 

combinations hence it  is hard to find the optimal one and for this prediction we us Dynamic 

Programming (DP) which breaks the larger problems into smaller one. 

 PRINCIPLE OF DYNAMIC PROGRAMMING 

For optimal structure combination selection we use the Dynamic Programming (DP) and we select the 

sequence of RNA nucleotides and list all the possible complementary positions for nucleotides in the 

given complete sequence. 

For example: 

 

 

 

 

 

 

 

Dynamic Programming then recombines such combinations in a process called “Traceback” to 

ensure that the highest coupled 2’ structure is reported  

 

 

 

 

 

 

 

 

 

Figure 26 all possible complementary bases combinations. 
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Module 020: Nussinov-Jacobson Algorithm –  

An Overview 
Nussinov-Jacobson (NJ) Algorithm is a Dynamic Programming (DP) strategy to predict optimal 

RNA 2’ structures, Proposed in 1980. Computes 2’ structures with most nucleotide coupling. 

http://ultrastudio.org/en/Nussinov_algorithm  

 

 HOW IT WORKS 

 Create a matrix with RNA sequences on top and right 

 Set diagonal & lower tri-diagonal to zero  

 Start filling each empty position in matrix by choosing the maximum of 4 scores 

 

J 1 2 3 4 5 6 7 8 9

I G G C A A A U G C

1 G 0

2 G 0 0

3 C 0 0

4 A 0 0

5 A 0 0

6 A 0 0

7 U 0 0

8 G 0 0

9 C 0 0  

Figure 27 A.Note the I and J labels, B. Initialize tri-diagonal and lower tri-diagonals to zero. 

 

 

The score S ( i , j ) is the maximum of the following four possibilities 

 

 

 

 

 

 

 

http://ultrastudio.org/en/Nussinov_algorithm
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Module 021: Nussinov-Jacobson Algorithm –  

The Flowchart 
NJ algorithm is actually a dynamic programming (DP) approach to predict the 2’ RNA structure. 
A scoring matrix is initialized to record scores in NJ Algorithm .For filling scoring matrix, the 

maximum score from 4 matrix positions is chosen. 

 

Figure 0.3 for maximum score 4 positions are used in scoring 

 

Figure 28 flow chart of NJ Algorithm. 

Traceback is used to report the coupling of structures in sequences.  
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Module 022: Nussinov-Jacobson Algorithm –  

EXAMPLE 
The main points to be focused in N-J Algorithm are: 

 Scoring Matrix 

 Matrix Initialization 

 Scoring method  

 The 4 different positions to be considered for calculating matrix 

 

 

Figure 29 N-J Algorithm scoring  

The matrix is filled by four different positions. Left, Bottom, Diagonal, and Left/Bottom elements. In 

this way all complementary nucleotides coupling is catered.  
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Module 023: Score Calculations & Traceback 
From four positions the score is calculated and from each position we calculate the score 

contribution. And maximum score is sorted out.  

 

Figure 30 scoring and traceback in N-J Algorithm. 

 

There can be many traceback. Each traceback is used to make the RNA secondary structure. And 

traceback with highest number of nucleotide coupling is selected.  
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Module 024: Comparison of Algorithms 
RNA has three different structures 1’, 2’ and 3’. For these structures predictions there are many 

algorithms. But in all algorithm there are two main strategies: 

1. Nucleotides stacking 

2. Energy minimization 

 

 ENERGY BASED ALGORITHM. 

 Zuker’s Algorithm involves energy minimization. It is updated version and incorporate the phylogenetic 

information. It is improved. Overcomes the pseudoknots assumes them and accommodate them. And 

this algorithm helps to predict the structures of RNA based on nucleotides.  

 

 NUCLEOTIDES STACKING ALGORITHM. 

 

NJ’s Algorithm comes under this category. It involves the maximizing the nucleotides pairing. Traceback 

helps to find best 2’ structure.  

It predict the 75% accurate 2’ structure. Because there may be more than two equal scores as it is 

calculated from four different positions. To get best results we need to combine the stacking and energy 

minimization methods together. 

For further improvements in results we take help from: 

 Sequences 

 Comparison 

 Nucleotide 

 Covariance analysis 
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Module 025: WEB RESOURCES-I 
For prediction of 1’ and 2’ structure of RNA we use different algorithm like Zuker’s, Martinez 

and N-J. Online tools also. 

The mfold web server is one of the oldest web servers in computational molecular biology. 

Mfold is upgraded version of Zuker’s algorithm. 

MFOLD is computationally expensive and can give results for 1’ and 2’ structures that have 

sequences less than 8000 nucleotides.  

 

Figure 31  http://unafold.rna.albany.edu/?q=mfold  

 

Figure 32 http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form  

http://unafold.rna.albany.edu/?q=mfold
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form
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Figure 33  http://unafold.rna.albany.edu/?q=mfold/Structure-display-and-free-energy-determination  

 

MFOLD helps fold an RNA nucleotide sequence into its possible 2’ structures. MFOLD gives out 
several structures along with their energetic stability! 

   

 

 

 

 

 

 

 

 

 

 

 

 

  

 

http://unafold.rna.albany.edu/?q=mfold/Structure-display-and-free-energy-determination


Handout Chapter 04: RNA Secondary Structure Prediction 

Page 167 of 320 
 

Module 026: WEB RESOURCES-II 
RNA nucleotides folds to form 2’ structure from simple portion of 1’ nucleotides.  For example CUUCGG 

occurs a wide variety in RNA and it mostly forms the stable hairpin loop. So we can make the list of all 

likely 2’ structures arising from 1’. 

 

Figure 34 http://www.rnasoft.ca/strand/  

 

Figure 35 http://iimcb.genesilico.pl/rnabricks  

RNA 1’ folds and makes RNA 2’ structure and this online database is established for 2’ RNA structure and 

it act as dictionary for 2’ RNA structure.  

 

http://www.rnasoft.ca/strand/
http://iimcb.genesilico.pl/rnabricks
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Chapter 5 - Protein Sequences  

Module 001: FROM DNA/RNA SEQUENCES TO PROTEIN 
 

We are aware that DNA has four nucleotides bases (A, C, T & G). RNA contains (A, C, U & G). 

And protein contain 20 different amino acids. DNA to RNA then Protein is called as central 

dogma. Which includes translation, transcription and protein modifications. 

A set of three nucleotides called codon, codes the information for specific amino acids in 

protein synthesis.  

 
Figure 0.1 amino acids letters information according to codons 

 

 

Figure 0.2 codon (set of three nucleotide) codes for specific amino acid. 
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Codons select the amino acids and ribosomes make the protein by polymerization process and these 

nucleotides coil together to form 3D structure.  
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Module 002: CODING OF AMINO ACIDS 
Nucleotides (A, G, C, and T) make set of three called codons for amino acid selection in protein 

synthesis. More than one codon can code for same amino acids as there are 20 amino acids 

involved in protein synthesis.  

 

Figure 3 coding of amino acids 

 

 

 

Figure 4 Start Codon ATG and Stop Codon TAG, TGA or TAA 
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Module 003: OPEN READING FRAMES  
Codons codes information for amino acid and there are three stop codons and one start codon. 

For the valid open reading frame it must have longest sequence. 

In molecular genetics, an open reading frame (ORF) is the part of a reading frame that has the potential 

to code for a protein or peptide. An ORF is a continuous stretch of codons that do not contain a stop 

codon (usually UAA, UAG or UGA). 

 https://en.wikipedia.org/wiki/Open_reading_frame  

 

Figure 5 ORF 1 is valid, as it is the longest 

There is online tool from which we can find ORF in any sequence.  

 

Figure 6 NCBI, ORF Finder 

Six ORF exist in any DNA sequence and longest one is marked and first stop codon will be 
marked end of the protein. 

 

https://en.wikipedia.org/wiki/Open_reading_frame
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Module 004: ORF Extraction – A Flowchart 

Codons of 3 nucleotides code for each Amino Acid. There are 1 start and 3 stop codons. 
Selection of ORF is based on its length if it the longest one from others than it would be suitable 
for protein synthesis reaction.  

 

Figure 7 ORF extraction flowchart 

Both reverse and forward RNA sequences are considered which may have many ORF and 

selection is based upon longest protein sequences having. 
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Module 005: SEQUENCING PROTEINS 
Given the DNA/RNA sequence, ORFs can be extracted and protein sequence can be 

determined. But there are chances that protein may be unknown, that’s why we use Adam 

degradation method in protein sequencing. 

 Edman degradation, developed by Pehr Edman, is a method of sequencing amino acids in a 

peptide.  

In this method, the amino-terminal residue is labeled and cleaved from the peptide without 

disrupting the peptide bonds between other amino acid residues.it starting from the N-terminal 

and removing one amino acid at a time 

 

Figure 8 Mechanism  

https://en.wikipedia.org/wiki/Edman_degradation  

Cyclic degradation of peptides by Phenyl-iso-thio-cyanate (PhNCS). PhNCS attaches to the free 

amino group at N-terminal residue. 1 amino acid is removed as a PhNCS derivative. 

 

 

 

https://en.wikipedia.org/wiki/Edman_degradation
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Figure 9 working of Edam degradation 

 

 DRAWBACKS 

 It is restricted to chain of 60 residues. 

 It is very time consuming process 40-50 amino acids per day.  

Modern techniques for this is Tandem mass spectrometry.  
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Module 006: Application of Mass Spectrometry in Protein Sequencing 
Edam Degradation methods helps us to sequence the protein which is unknown. But it is 

restricted to 60 amino acids only. 

Protein can be charged with electrons or protons and if moving charges are placed in between 

the magnetic field they get deflected. And their deflection is proportional to their momentum.  

 

Figure 10 Moving charged particles in a magnetic field 

Where: 

 F is the force applied to the ion 

 m is the mass of the particle, 

 a is the acceleration 

 Q is the electric charge, 

 E is the electric field 

 v × B is the cross product of the ion's velocity and the magnetic flux density. 

 

Figure 11 equation for MS application in protein sequencing  

 

 



Handout Chapter 05: Protein Sequences 

Page 176 of 320 
 

 

 

 

 

 

 

 COMPUNENTS 

 Sample Injection 

 Ionization Source 

 Mass Analyzer 

 Ion Detector 

 Spectra search using computational tools 

 

 CONCLUSION 

Charged proteins can be set into motion within a magnetic field. Their deflections accurately 

correspond to their molecular mass. Deflections can be measured (hence protein’s mass) 
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Module 007: Techniques for MS Proteomics 
MS proteomics works on the principle of protein ionization which are placed in very high 

magnetic field. Each protein deflect to its proportion which is equal to its molecular weight in 

this way molecular mass is measured. The protein mass of unknown protein is compared with 

the masses of proteins in database and matching one is selected. 

Example for protein sequences database is uniProt, swissprot etc. 

 

Proteins are measured and sequenced if are unknown than matched with existing database if 

matched than are shortlisted. 
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Module 008: Types of MS-based proteomics 
Proteins can be sequenced by Edam’s degradation and Mass spectrometry. MS based 

proteomics helps us to sequence the larger and bigger proteins more quickly.  

Following steps are involved in MS: 

 Separation  

 Ionization  

 Mass analysis  

 Detection  

 Two methodologies are involved 

1. Bottom up proteomics 

2. Top down proteomics 

Bottom up proteomics measures the peptide masses produced after protein enzymatic 

digestion.  And Top down proteomics measures the intact proteins followed by peptides after 

fragmentation.  

 BOTTOM UP PROTEOMICS 

In this methodology the protein complex is treated with site specific enzymes which cleaves 

them into amino acid residue and resultant peptides are measured for their masses. One 

peptide is selected at one time for processing and when all are processed than protein search 

engine is used for matches. 

 

 TOP DOWN PROTEOMICS 

In this methodology proteins are ionized and measured for their masses and one protein is 

mass selected at a time for fragmentation. And resultant peptide fragments are measured for 

mass.  

We can say that bottom up proteomics deals with peptides while top down proteomics can 

handle the whole protein. 
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Module 009: BOTTOM UP PROTEOMICS 
There are two types of proteomics protocol that are usually employed. 

1. Bottom up proteomics  

2. Top down proteomics  

PROTOCOL 

1. Sample containing the mixture of protein from cells and tissues is obtained. 

2. Enzymes such as trypsin is use to cleave the proteins. 

3. Enzyme cleaves the amino acids at specific sites of amino acid. 

4. Several peptides are formed when protein is cleaved.  

5. Number of peptide depends upon the number of sites where enzymes cleaved the 

protein. For example trypsin cleaves the protein at lysine (k)  

6. Mass of each peptide is measured. 

7. One peptide is selected at a time. 

8. Different enzyme is use to cleave the protein at different site. 

9. This process keep going until the possible number of peptides are formed or searched.  

10. Peptides are searched in data base and matched.  
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Module 010: Two Approaches for Bottom up Proteomics (BUP) 
There are two approaches for bottom up proteomics. 

1. Peptide Mass Fingerprinting. 

2. Shotgun Proteomics 

 

Figure 0.33 Peptide mass fingerprinting 

 

 

Figure 14 Shotgun Proteomics 

Shotgun Proteomics digest the whole protein and mix first and compared with database. And 

peptide mass finger printing involves in protein separation followed by single protein’s peptide 

analysis. 
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Module 011: TOP DOWN PROTEOMICS  
Bottom up proteomics identifies the proteins by cleaving them into segments at specific sites 

and was not suitable to measure the direct protein masse.  

 PROTOCOL 

 

1. Sample containing the protein mixture from cells and tissues is obtained  

2. The entire protein is mixed and analyzed for masses. 

3. The list of masses is obtained. 

4. TDP Measures all post translational masses of protein. 

5. After MS1 one protein is selected at a time and fragmented to obtain its peptides. 

6. The process is repeated many times. 

Comparison is done from protein database uniProt and swissProt. 

TDP also measure the masses of intact proteins and masses of post transcriptional changes. 
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Module 012: PROTEIN SEQUENCE IDENTIFICATION  
Mass spectrometry helps us to measure the molecular weight of proteins and peptides, but 

several proteins can have same masses to identify them we follow the flow chart of following 

techniques. 

 

Figure 0.45 protein sequence identification flowchart 

 

 

The flowcharts discussed above can help us arrive at the sequence of the protein in question. 

Scoring schemes are required to quantitatively represent the quality of results 
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Module 013: PROTEIN IONIZATION TECHNIQUES 
Protein ionization is used in Mass spectrometry based on proteomics protocols. Ionization 

involves loading of proton in protein or removal of protein. Ionizations can increase or decrease 

the mass of protein or peptide.  

 SALIENT IONIZATION 

Is the technique which include Matrix Assisted Laser Desorption Ionization MALDI) & Electro 

Spray Ionization (ESI) 

For example: 

 

 MALDI 

In this technique one proton is added to protein or peptide and the molecular weight is 

increases by one and Mass spectrometry reports the molecule at +1. 

 ESI 

ESI adds many protons to protein or peptides and molecular weight is increased by the number 

of protons added. But it is difficult in ESI to find the molecule with +1. 

 EXAMPLE 

 

 

Figure 0.56 resolving multiple charges 

MS data from MALDI ionization is easier to handle as the product ions masses are mostly at 

“1+mass”. ESI is difficult to use as it does not easily give away the +1 charged ion 
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Module 014: MS1 & INTACT PROTEIN MASS 
When we ionize the protein, it can be deflected by a magnetic field in proportion to its mass 

and the mass of protein can be measured by spectrometry.  

 

Figure 0.67 MS1 Schematic (Image courtesy Wikipedia) 

Mass/charge helps us to calculate the mass of protein, “Mass Select” can help to select specific MS1 for 

further analysis.  

MS1 results the intact masses of the peptides. 
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Module 015: SCORING INTACT PROTEIN MASS 
MS1 helps us to obtain the intact masses of precursor molecules which depend upon the 

proteomics and protocol applied. Protein masses reported by MS1 are matched with protein 

database, but before match the masses are converted into +1 of all molecule. 

 

 SCORING 

We can score each protein in the way that it get maximum score and low quality matches 

should get low scores. 

After filtering the multiple charges we get the only the peaks having charge 1. And after this 

filter we compare it with protein data base. 

 

 SCORING SCHEME 

 

 

 

 

 

 

Example: A Protein Sequence from Database “MQLF” 

http://web.expasy.org/compute_pi/  

All experimental masses are compared with theoretical masses of database and mass is 

selected on the base of closeness.  

  

𝑀
𝑆𝑐𝑜𝑟𝑒

 

 

√ 𝑀
𝐸𝑥𝑝
−𝑀𝑇 

2 

MW: 537.67 

http://web.expasy.org/compute_pi/
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Module 016: PROTEIN FRAGMENTATION TECHNIQUES 
We compare the experimental mass with theoretical data base mass of protein and on base of 

closeness we rank or score it.  

If several proteins have same score than selection is done by using another technique protein 

fragmentation. We fragment the protein or peptide and ionize it, it helps us to measure the 

fragment masses as the same ways as their precursor.   

There are different techniques for protein fragmentation.  

 Electron Capture Dissociation (ECD) 

 Electron Transfer Dissociation (ETD) 

 Collision Induced Dissociated (CID) 

Each fragmentation technique gives result of specific type of fragments. 

ECD gives out ‘C’ and ‘Z’ ions. CID gives out ‘B’ and ‘Y’ ions, etc. 

  

 

Figure 0.78 natural peptide of four residue 

If we can measure the mass of fragments using MS, Calculate the theoretical mass of the 

fragments. Then, we can award score on the basis of the similarity of experimental and 

theoretical mass. 
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Module 017: TANDEM MS 
Intact masses can measure the intact proteins or peptides. And this can be followed up by their 

fragmentation in MS chamber.  

 

Tandem MS can be extended to the fragments of the intact fragment. All you need is the MS 

instrument capability to,  

(i) select fragment’s mass range. 

(ii) Fragment the precursor fragment. 

 

 

Tandem MS helps us to measure masses of fragments. By this scoring and protein identifications so 

easy.   
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Module 018: MEASURING EXPERIMENTAL FRAGMENT’S MASS 
In MS1, the molecular weight of intact sample molecule is measure and then intact molecule is 

fragmented in two afterward, these two fragments are measured by MS or MS2 

FRAGMENTATION TECHNIQUES AND MOLECULAR WEIGHT 

Fragmentation techniques include ECD, CID etc. intact molecule fragmentation splits the 

molecule into two parts.  

FRAGMENT MASS 

Mass of fragment is produced by MS2 deepening upon the technique because each techniques 

splits the protein or peptide at different location.   

 

Figure 0.89 Masses after Fragmentation by ECD, CID & ETD 

Experimental mass reported from MS2 is matched with theoretical peptides of candidate 

proteins (from DB). Score is awarded on the basis of the closeness between experimental and 

theoretical masses. 
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Module 019: Calculating Theoretical Fragment's Mass 
After measuring the mass of intact molecule from MS2 we compare that mass with theoretical 

mass of databased proteins.  

 

 

 

Figure 20 Masses after Fragmentation by CID 

 

Figure 0.91 Masses after Fragmentation by ECD 
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Figure 22 Masses after Fragmentation by ECD 
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Module 020: PEPTIDE SEQUENCE TAG 

Peptide sequence tag are the sequence of peptide which are produced after MS2. We can 
obtain the sequence of peptide through variation in fragmentation site.  

 

Figure 23 variation sites 

Precursor proteins or peptides fragmentation leads to formation of multiple ions of the same 

fragment type. However, fragments have variation in their molecular weights due to variation 

in site of fragmentation 

Fragmentation at consecutive sites leads to a mass difference equal to that of a single amino 

acid. Such consecutive peaks can reveal partial peptide sequence tags 
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Module 021: Extracting Peptide Sequence Tags 
PSTs are formed due to sequential cleavage of precursor protein/peptide’s backbone. 

 

Figure 24 peptide sequencing tagging 

Peptide sequence tags can be extracted from peak list iteratively. A high quality mass spectrum 

will produce large number of PSTs. The bigger the peptide sequence tags, the better! 
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Module 022: Using Peptide Sequence Tags in Protein Search 
PSTs provide clues of the precursor protein/peptides sequence. Consider that we extract the 

following PSTs: M, MQ, QV etc. Search protein sequence database (e.g. Uniprot, Swissprot) 

Sample sequence in protein DB 

>>sp|Q6GZ4X|0X1R_FRG3G Putative transcription factor 0X1R OS=Random virus 3 (isolate 

Goorha) GN=FV3-0X1R PE=4 SV=1 

MAFSAEDVLKEYDRRRRMEALLLSLYYPNDRKLLDYKEWSPPRVQVECPKAPVEWNNPPSEKGLIVGHFSGI

KYKGEKAQASEVDVNKMCCWVSKFKDAMRRYQGIQTCKIPGQVLSDLDAKIKAYNLTVEGVEGFVRYSRVT

KQHVAAFLKELRHSKQYENVNLIHYILTDKRVDIQHLEKDLVKDFKALVESAHRMRQGHMQNVKYILYQLLK

KHGHGPDGPDILTVKTGSMQLYDDSFRKIYTDLGWKFTPL 

For all the proteins in the database, we find out which PSTs exist in which proteins. The protein 

reporting the most PSTs is more probable to be the precursor protein. 

If many PSTs report the same number or protein report the longer PSTs than through scoring 

we find the greater number. After extracting the PSTs we search the entire database for protein 

who report it.  
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Module 023: Scoring Peptide Sequence Tags 
According to scoring scheme if a candidate protein matches ‘n’ PSTs, then its score can be given 

by: 

 

Additionally, if we include RMSE to the scoring system, then it can highlight better PST matches. 

And RMSE is the root mean square error. 

 

 

 

 

 

 

 

 

 

 

Figure 25 root mean square error 

RMSE for a sequence tag ‘i’ of length ‘n’? 

 

So, the updated relationship is: 
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Module 024: In silico Fragment Comparison 
MS1 reports the intact mass of molecules (proteins or peptides) in the sample. Intact mass can 

be compared with every protein’s mass in database to identify the molecule in the sample. 

Incase multiple candidate proteins are reported, MS2 can be performed. MS2 helps measure 

fragment peptide masses. MS2 data can be used to extract peptide sequence tags 

If the protein identification is still not conformed than each experimentally reported MS2 

fragment is compared with the in silico spectra of proteins from database. 

Fragmentation techniques determine product ions e.g. ECD -> c/z and CID -> b/y ions etc. With 

known fragment types, we can compute the MW of all possible protein fragments 

For obtaining all possible theoretical fragments in a protein, we need to compute the MWs of 

each fragment individually 

Consider a random protein sequence from DB: 

 

Figure 26 random protein sequence 

Matching experimental fragments with in silico fragments is the final resort in protein search and 

identification.  
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Module 025: In silico Fragment Comparison and scoring  
Experimental MS2 can be compared with the in silico spectra of protein from database. 

 Count the matches between in silico and in-vitro peaks. 

 Give an equivalent score to candidate protein.  

 Weigh each of the aforementioned match by the mass error  

 Accumulate the score 

With “all possible” fragments in in silico spectrum, and “reported” fragments in experimental 

spectrum, we can match and rank. 

Scoring scheme should also consider the errors in peak matching 
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Module 026: Protein Sequence Database Search Algorithm 
MS1 and MS2 provide us with a host of data towards enabling us in identifying unknown 

proteins. A step by step approach combining MW, PSTs and insilico spectral matching is 

required. 

 

Figure 27 protein sequencing flowchart 

Integrating MW, PST and insilico comparison algorithms in a workflow can help create a 

composite protein search engine. A composite scoring system is also required for this search 

engine. 
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Module 027: Integrative Scoring Schemes 
Three individual scores can be obtained: 

 MW Match score 

 PST Match score  

 In vitro & In silico Match score 

For overall cumulative score computation: 

 We simply sum the scores up (a linear function). 

 

 Weigh each scoring component up by respective RMSE before summing them up 

 

 Complex non-linear functions integrate the scoring components in Mascot etc. 

 Highly proprietary for commercial proteomics software are used. 

 

Composite scoring schemes are needed to combine scores coming in from multiple criteria. The 

ability of a scoring scheme to better isolate true positives from false positives is important.  
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Module 028: LARGE SCALE PROTEOMICS 
Peptide mixtures in bottom up proteomics are very complex. Tryptic peptides may reach up to 

an order of 300,000–400,000.In whole proteome samples, protein count may be over 10,000. 

Experiments have shown that it is difficult or even impossible to analyze all these peptides in a 

single analysis, as the mass spectrometer is essentially overwhelmed. 

Over half a million peptides reported in a typical LSP experiment are redundant.  

If we could find a unique peptide for a protein, that would make sequence coverage suffer and 

we have to strike a compromise between sequences coverage and sample coverage.  

 TECHNIQUE  

One way forward would be to transfer peptides to the MS chamber in a step-by-step manner. 

However, this imposes a precondition that a peptide is not selected earlier as well (i.e. more 

than once) 

 STEP BY STEP TECHNIQUE  

1. The instrument alternates between MS and MS/MS modes. 

2. Three most intense peaks are chosen for MS/MS analysis.  

3. After the initial MS scan, an MS/MS spectrum from peptide A is obtained by selectively 

fragmenting this mass only.  

4. Next, a spectrum for peptide B is produced, followed by a recording of the MS/MS 

spectrum for peptide C.  

5. After these three fragmentation spectra have been obtained, a new MS scan is started. 

From this scan, three more peptides A B C are selected for fragmentation and the cycle starts 

over again. 

The number of MS1/2 scans can be limited by carefully selecting the peptide peaks. Once the 

intense peptides are identified, next batch of peptides is chosen for MS2. 
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Module 029: PROTEOMICS DATA FILE FORMATS 
Mass spectrometer is used to measure mass/charge ratio of ionized proteins and peptides. 

Data output from the MS comprises of m/z ratios and intensities of each molecule that is 

measured. 

 

 

Followings are the formats for proteomics data: 

 

 

Figure 28 Formats used for proteomics data 

 

OPEN FORMTAS: 
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mzXML (tools.proteomecenter.org/mzXMLViewer.php) 

MGF (proteomicsresource.washington.edu/mascot/help/data_file_help.html) 

 

 

 

Multiple MS data formats exist. Proprietary formats exist which come implemented as software 

with hardware. Also, open software standards exist for interoperability etc. 
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Module 030: RAW FILE FORMAT 
Mass spectrometer outputs data with ionic mass/charge ratios & respective ion intensities. 

RAW file is a format in which an instrument outputs data in binary form. 

 

Figure 29 Raw file formats 

 

 

Figure 30 list of tools for raw data processing 

Multiple RAW file formats are prevailing in the industry. Each vendor has its own unique RAW 

file format. You can convert proprietary formats into open formats 
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Module 031:  MGF FILE FORMAT 
 

MGF – Mascot Generic Format. MGF is a simple human-readable format for MS/MS data 

developed by Matrix Science. Mascot Search Engine available at this link online. 

http://www.matrixscience.com/search_form_select.html  

 

http://www.matrixscience.com/help/data_file_help.html  

 

http://www.matrixscience.com/search_form_select.html
http://www.matrixscience.com/help/data_file_help.html
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Module 032: OPEN MS DATA FORMAT 
 

Mass spectrometer outputs data with mass/charge ratios & respective ion intensities. RAW file 

formats are specific to each instrument and each vendor has its own unique file format. Once 

an instrument is upgraded, data output from the instrument is also changed. Hence the 

underlying RAW file format needs to be upgraded as well. 

NEED 

Proprietary RAW formats are binary formats which are difficult to read and parse. If you have 

the software from the maker of the MS then you can read the RAW data file as well. 

SOLUTION 

 mzData was developed by HUPO-PSI  

 mzXML was developed at the Institute for Systems Biology 

 To combine them, a  joint venture produced mzML 
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Figure 31 Formats used for open use 
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Several software exist for converting RAW file formats into open software formats. Each open 

format has its own unique advantages. mzXML and MGF formats are most frequently used 
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Module 033: Online Proteomics Tools - MASCOT 
Matrix Science developed an online Bottom up Proteomics Search Engine. “MASCOT”. Mascot 

can search peptide mass fingerprinting and shotgun proteomics dataset 

 

Figure 32 mzML http://tools.proteomecenter.org/software.php  

 

Figure 33 http://www.matrixscience.com/search_form_select.html  

http://tools.proteomecenter.org/software.php
http://www.matrixscience.com/search_form_select.html
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Mascot is the most widely used online search tool for proteomics data. However, it lacks a 

batch processing mode. Also, it does not cater for top-down proteomics data. 

 



Handout Chapter 05: Protein Sequences 

Page 211 of 320 
 

Module 034: Online Proteomics Tools – ProSight PTM 
Kelleher et al have developed an online Top down Proteomics Search Engine. “Prosight PTM”. 

ProsightPTM searches top down proteomics data and reports the precursor protein 

 

https://prosightptm.northwestern.edu/about_retriever.html  

 

https://prosightptm.northwestern.edu/about_retriever.html
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https://prosightptm.northwestern.edu/about_retriever.html  

 

 

 

 

https://prosightptm.northwestern.edu/about_retriever.html
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ProSight PTM is the state of the art in top down proteomics search. Using Prosight PTM, post-

translational modifications can be accurately identified. 

 

  



Handout Chapter 05: Protein Sequences 

Page 214 of 320 
 

Module 035: Example Case Study - I 
For case study we follow some steps: 

Step 1 – Monoisotopic Peak Detection 

   

Natural elements occur in multiple isotopes. Isotopes differ in their masses.The abundance of 

each isotopic variant is unique. 

 

Figure 34 Isotopic variants of natural elements 

 

TYPES OF MASSES  

 Nominal Mass 

 Monoisotopic Mass 

 Average Mass 
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Figure 35 Detecting Monoisotopic Peaks 

 

 

Figure 36 Detecting Monoisotopic Peaks 

MS1 data reports the isotopic distribution of intact molecule’s mass. Monoisotopic mass value 

has to be selected from this mass distribution. This value is the highest mass value in the 

distribution 
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Module 036: Example Case Study – II 
The first step in protein identification and characterization using mass spectrometry involves 

intact protein/peptide mass measurement. Next, we fragment the protein. A protein or peptide 

backbone may be fragmented anywhere along the peptide backbone. 

This results in formation of two fragments i.e. N-term fragment and C-Term fragment. 

 

For possible fragments let’s take an example protein with 100 residues. Such a molecule’s 

backbone can be fragmented at 100 different locations. The total number of possible fragments 

is then 200 

TANDEM MS 

The mass of 200 fragments can then be measured by using an MS again. The necessary 

condition for this measurement is that all 200 fragments are ionized. 

To ensure that all fragments of precursor molecule are also charged, we can use Electrospray 

ionization (ESI).ESI induces multiple charges on the intact molecule 

Role of Electrospray Ionization   

Since ESI induces multiple charges on the precursor molecule, there is a good chance that upon 

precursor’s fragmentation, each fragment will have a portion of the charge. ESI allows for 

production of multiple charged ions. Tandem MS helps measure molecular weights of ionized 

fragments 
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Module 037: Example Case Study – III 
Tandem MS helps measure the mass of the fragments Those fragments which differ from each 

other by one amino acid’s mass can provide clues on the sequence of proteins 

 

Figure 37 Example peptide sequence tags 

 

Peptide sequence tags help derive clues about the sequence of precursor proteins/peptides. 

The short peptide sequences help us in shortlisting candidate proteins from the database. 
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Module 038: Example Case Study – IV 
MS1 helps measure the intact mass of proteins/peptides. A list of candidate proteins/peptides 

can be formed by comparing MS1 mass to the mass of proteins/peptides in the database. MS2 

or Tandem MS was performed after fragmentation of intact proteins.MS2 helped extract 

peptide sequence tags from MS2 data. Candidate proteins can be further shortlisted by the 

PSTs 

 Exhaustive matching of all MS2 peaks with the theoretical fragments of candidate proteins. The 

set of theoretical fragments contains all possibilities of fragmentation 

Theoretical vs experimental fragments comparison helps as the third stage for shortlisting 

candidate protein list. This shortlisting will help you arrive at a small number of proteins 
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Module 039: Example Case Study – V 
MS1 and MS2 provide mass of intact molecules and its fragments. This information helps filter 

proteins from protein database. For a quantitative measure, scoring scheme is required. 

 

 

Figure 38 Example intact protein mass score 

 

 

Figure 39 Example peptide sequence tags 

 

Three scoring schemes can be applied to score the match at each stage of protein search. These 

scoring elements can be integrated to arrive at an overall candidate protein score. 
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Module 040: Example Case Study – VI 
Comparisons can be performed at various levels of information. These include MS1, MS2, PSTs 

and theoretical fragments comparison. Integrated scoring schemes couple these factors. 

 

 

 

 

 

For comprehensive scoring  

 

 

 

 

A comprehensive scoring scheme can combine all the scores. Several optimizations can be 

undertaken on the scoring scheme to further improve protein identification 

 

 

 

 

𝑺𝒄𝒐𝒓𝒆   𝑺𝒄𝒐𝒓𝒆 𝑴𝑾
⬚ + 𝑺𝒄𝒐𝒓𝒆 𝑷𝑺𝑻

⬚ + 𝑺𝒄𝒐𝒓𝒆 𝑬𝒙𝒑 <> 𝑻𝒉𝒓
⬚

 

                Simply sum the scores up (a linear function) 

 

𝑺𝒄𝒐𝒓𝒆⬚  
𝑺𝒄𝒐𝒓𝒆 𝑴𝑾
𝑬𝑴𝑾

+ 
𝑺𝒄𝒐𝒓𝒆 𝑷𝑺𝑻
𝑹𝑴𝑺𝑬𝑷𝑺𝑻

𝒎

𝒊=𝟎

+ 
𝑺𝒄𝒐𝒓𝒆 𝑬𝒙𝒑 <> 𝑻𝒉𝒓𝑬𝑬𝑿𝑷 <> 𝑻𝒉𝒓

𝒏

𝒊=𝟎
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Chapter 6 - Protein Structures 

Module 001: PROPERTIES OF AMINO ACIDS-I 
Proteins are made by polymerization of amino acids on ribosomes and proteins properties are 

linked to the properties of amino acids. There are 20 amino acids in nature each has different 

chemical composition and that’s why each protein is different from other.  

 

Figure 0.1 chemical structure of amino acid 

 Amino acid have three groups, hydroxyl group, Amine group and R group. The R group is 

representing any group.  

 

Figure 0.2 periodic chart of amino acid 
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During polymerization of amino acids the water is formed and amino acids attached with each 

other. 

 

Figure 0.3 polymerization of amino acids 

Amino acids have unique properties such as polarity, charge states and interactions with water. 

Each of these properties describes the overall characteristic of an amino acid. 
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Module 002: PROPERTIES OF AMINO ACIDS-II 
Amino acids have characteristics like polarity, hydrophobicity, and charge states. These 

characteristics are governed by the elemental composition of an amino acid’s side chain (R 

group). 

 

Figure 4 R group in amino acid 

HYDROPHILIC AMINO ACIDS  

Since H and C introduce very little dipole moments in hydrophobic amino acids, these amino 

acids are non-polar. Hydrophobic amino acids are mostly found at the inside of folded proteins. 

Hydrophilic group contain the chain of C and H group in their R group. 

 

 

Figure 5 hydrophilic group 

 

 

 



Handout Chapter 06: Protein Structures  
 

Page 224 of 320 
 

POLAR AMINO ACID  

These amino acids are polar but are not charged i.e. no net charge on the amino acid. Prefer to 

reside / interact with aqueous environments. Mostly found at the surface of folded proteins. 

 

 

Figure 6 Polar amino acids 

Amino acids have unique properties such as polarity, charge states and interactions with water. 

Each of these properties describes the overall characteristic of an amino acid. 
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Module 003: PROPERTIES OF AMINO ACIDS-III 
Some amino acids are positively charged and some have negative charge. 

 

Figure 7 positively charged amino acids 

 

 

Figure 8 negative charge amino acid 

Upon polymerization of amino acids into polypeptide chains, charged amino acids get 

neutralized. At pH=7, five amino acids are charged, 2 negatively and 3 positively. 
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Module 004: PROPERTIES OF AMINO ACIDS-IV 
Some amino acids are positively charged and some have negative charge. pK is the values for an 

amino acid is the pH at which exactly half of the chargeable group is charged. 

 

 

If pH < pK for an amino acid, the amine side chains gain a proton (H+) and become positively 

charged, hence basic. 

 

If pH > pK for an amino acid, the carboxyl side chains loses a proton (H+) and become negatively 

charged, hence acidic. 

 

 

 

 

-ve 

+ve 
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Figure 9 properties of amino acids according to pK and PH. 

Depending on the pH, an amino acid may become charged. This may be positive or negative 

depending on the amino acid. 
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Module 005: PROPERTIES OF AMINO ACIDS-V 
Amino acids may be charged depending on pH. This depends on the charge acceptance or 

donation from within an amino acid. Additionally, amino acids have structures as well. 

 

Figure 10 Aliphatic Amino Acids (Non polar C and H chains) 

 

Figure 11 Aromatic R groups 

Side chain also impact some properties. Side chains comprising merely of Carbon and Hydrogen 

are: 

 Chemically inert, 

 Poorly soluble in water 

However, side chains containing organic acids are very different. They are chemically reactive 

and Soluble in water. Elemental composition plays a very important role in determining 

properties of amino acids. Solubility and reactivity are key factors participating in protein 

folding. 
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Module 006: STRUCTURAL TRAIT OF AMINO ACID-I 
Amino acids have several properties such as charge state, polarity and hydrophobicity. It is 

important to note that the physical size of each amino acid also varies. 

EXAMPLE-1: Glycine  

Glycine residues increase backbone flexibility because they have no R group (only an H), hence 

agile. 

 

EXAMPLE-2: Proline  

Proline residues reduce the flexibility of polypeptide chains. Proline cis-trans isomerization is 

often a rate-limiting step in protein folding. 

 

Figure 12 cis and Tran’s form of proline 

 

EXAMPLE-3: Cystine  

Cysteines cement together by making disulfide bonds to stabilize 3-D protein structures. In 

eukaryotes, disulfide bonds can be found in secreted proteins or extracellular domains. 
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Figure 13 cystine 

 

Amino acids not only have physical and chemical properties, but also structural properties. 

These structural properties are equally important in giving rise to protein structures. 
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Module 007: STRUCTURAL TRAIT OF AMINO ACID-II 
Each amino acid has a unique set of properties such as charge state, polarity and 

hydrophobicity. Moreover, it may have unique structural traits as well which can help in protein 

folding. Since some amino acids are hydrophobic, they may be employed in forming a stable 

core in a protein. Also, chemically inactive amino acids reduce chances of destabilizing reactions 

in core. 

There comes a problem in burying hydrophobic amino acids in protein core Backbone is highly 

polar (hydrophilic) due to polar -NH and C=O in each peptide unit; these polar groups must be 

neutralized. 

Form regular secondary structures! 

Such as:  

• Alpha Helices 

• Beta Sheets 

Which are stabilized by H-bonds! 
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Module 008: STRUCTURAL TRAIT OF AMINO ACID-III 
The size and structure of each amino acid is unique. Coupled with their chemical properties, 

each amino acid can uniquely contribute in the protein folding process. 

Hydrophobic core formed by packed secondary structural elements provides compact, stable 

core. Upon establishment of a stable protein core, unstable or reactive groups can be added.  

"Functional groups" of protein are attached to the hydrophobic core framework. Surface or a 

protein or its exterior must have more flexible regions (loops) and polar/charged residues. 

The very few hydrophobic "patches" on protein surface are involved in protein-protein 

interactions. The active regions in a protein are almost all present on the surface. 

 

Figure 0.44 Organization of core and surface in a protein 

Each component of the protein structure has a unique and precise role in the construction of 

proteins. Hydrophobic and hydrophilic components have equally useful roles. 

 

 

 

  


