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Abstract:  Three methods of sequencing proteins from MALDI-TOF-MS spectra of pyrolyzed solutions were developed and compared.  These methods include the database search method, the de Novo method, and a hybrid combination of both.  We have found that the hybrid method is the most successful at determining the correct protein sequence for a given spectra.  The performance enhancements that were utilized in this project, such as differences approximation and ion offset machine learning, are briefly covered.  Several suggestions for the further development of this project are included to expand upon the experimental effort thus far.
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1.  Introduction

A protein is a complex, high molecular weight organic compound that consists of amino acids joined by peptide bonds [1].  Amino acids are the basic building blocks of all proteins.  There are twenty common amino acids which are distinguishable by their side-chains.  Protein sequencing refers to the task of determining the order of amino acids in a protein.  The sequences of amino acids have traditionally been determined for unknown proteins through a complex process of enzymatic digestion and mass spectrometric analysis; mass spectrometry is an analytical technique used to measure the mass-to-charge ratio of ions.  Voorhees et. al. are attempting to modify this time-intensive process by replacing the enzymatic digestion with a pyrolytic breakdown procedure i.e. heating in the absence of oxygen.


The purpose of this project is to identify and evaluate some suitable methods of determining an unknown protein sequence from matrix assisted laser desorption ionisation time-of-flight mass spectrometry (MALDI-TOF-MS) data of a pyrolyzed protein solution.  The scope of this project covers the investigation of three current methods of protein sequencing, and the analysis of their applicability in the interpretation of MALDI-TOF mass spectra of pyrolyzed protein solutions.  The development of each method encompassed three main parts: 1. interpretation of the mass spectra  2. determination of fragmented protein sequences 3. identification of protein structure from fragment sequences.  Each method was subjected to a series of well-defined testing procedures for the purpose of determining their applicability to this problem.

2.  Goal

Meetani has demonstrated that proteins can be thermally degraded by pyrolysis in a selective and reproducible process [2].  With a known protein structure, Meetani was able to reconstruct the sequence of the original protein based on the mass spectrometry data of the thermal fragments.  A few of the spectra that Meetani used and the resulting sequence information is shown in Figures 1 and 2 F and Table 1.  Unlike enzymatic digestion, in which a protein is completely cleaved at well-known and predictable sites, the pyrolysis procedure yields a much more complex fragment solution.  The spectrum of a pyrolyzed protein contains information corresponding to a wide range of protein fragment ions in both cyclic and straight chain conformations. It is the goal of this project to investigate methods of reconstructing the amino acid sequence of an unknown protein from the spectra of the pyrolyzed solution, such as the those shown in Figures 1 and 2.
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Figure 1: Mass spectra of pyrolyzed melittin at 315 C

Mass spectrum of a Melittin solution after pyrolysis at 315 C


[image: image2]
Figure 2: Mass spectra of pyrolyzed melittin at 315 C. Mass range (500-1300)

Same spectrum as above but the blown up domain of the lower region peaks

Table 1: Summary of melittin fragments with their weights and peak absorbances
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3.  Background

Traditional methods of protein sequencing have relied on enzymatic digestion to break a protein into fragments [3,4,5,6,7,8,9,10,11,12,13,14].  After this step there are two main approaches for the determination of the sequencing of amino acids in the protein.  The first approach uses a database to match the mass spectra data of the fragmented protein to that of existing data for known proteins.  This method relies on the assumption that data for the protein already exists and is in the database.

The second possibility is to use a more intensive approach to determine the full sequence of the protein.  One such technique is Edman degradation [12], which finds the sequence of small fragments of a protein by removing and identifying one amino acid at a time.  The sequence of these small fragments can then be pieced together to find the sequence of the whole protein after more analysis.  Another more recent approach, the de Novo method [6,9,14], directly analyzes the masses of the fragments in the mass spectra to find possible sequences of the fragments.  Using this method of analysis many possible sequences can be found.  There are further methods to weight which of these sequences are most probable.

Of course, a third possibility is to combine these approaches.  Mann and Wilm used a combination of a de Novo algorithm and a database search to refine their results for candidate sequences [7].  This pioneering work resulted in the development of an extremely accurate peptide sequencing software and a new drive to find novel and accurate solution to this still widely open problem, as well as a proliferation of inventive protein sequencing poetry.

like matthias mann
we wish to become famous
but we never will


- J.S. Richar

Until very recently, with the work of Dankik et. al. [14], the protein sequencing problem had not been approached using MALDI-TOF-MS.  The MALDI ionizer tends to form so many ions that it is hard to determine which are the most relevant in the highly complex spectrum.  In the words of Ioannis Papayannopoulos,

peptide fragments
many ions, much confusion

trees in a forest 

Machine learning methods have been introduced which make it possible to determine the most common ions formed by a particular instrument [14].

4.  Requirements

The client, Dr. Kent Voorhees, has requested the investigation of possible methods to reconstruct an original and unknown protein from the spectra of the original and pyrolyzed solutions.  The spectra to be used in the development of this project were obtained via MALDI-TOF-MS during the doctoral research conducted by Meetani [2].  The three main requirements in the development of each method used to evaluate the applicability of MALDI-TOF-MS to the protein sequencing of pyrolyzed solutions are explained below in detail.

4.1. Interpretation of mass spectra  


The interpretation of the mass spectra of a pyrolyzed protein solution requires an understanding of both protein chemistry and mass spectrometry.  The automated interpretation of these spectra is necessary to minimize user interaction and get the most accurate results possible.  In the case of MALDI-TOF-MS it is necessary to employ such methods as proportions, integration, and differentiation (PID) and differences approximations for the purpose of peak thinning.  This is a direct result of the line broadening experienced with this particular type of mass spectrometry.  A typical mass spectrum is shown below in Figure 3.
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Figure 3: MALDI-TOF-MS spectrum of melittin before pyrolysis

Mass spectrum of Melittin before prior to pyrolysis, solvent is unknown.

Mass spectra are graphical representations of the mass to charge ratio (m/z) of a compound vs. the intensity (I) of its appearance in solution.  This project will be designed under the assumption that all compounds in the analyzed solution will be of charge z = (1, and therefore m/z will correspond to the exact mass of the compound.


Another assumption to be made in the interpretation of the mass spectra of pyrolyzed protein structures relates to fragment cyclization.  During pyrolysis, protein fragments often form cycles.  The protein cycle is the result of a dehydration reaction and results in the loss of 18 g/mole, the mass of water, from the mass of the original protein or protein fragment.  A typical dehydration reaction of a generic protein fragment is shown in Figure 4.
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Figure 4: Dehydration reaction of a generic protein fragment

An example of a dehydration reaction that takes place in any protein or protein fragment

4.2. Determination of fragmented protein sequences 


The determination of fragmented protein sequences is the major challenge of this project.  Meetani has shown that it is possible to find peaks in the mass spectra of a pyrolyzed protein solution that correspond to fragments of the protein structure [2].  An example of the procedure of fragment identification is the formulation of Table 1 from Figures 1 and 2.  The fragment identification process involves the identification of probable fragments of a known protein structure, the determination of the masses of those fragments, and the location of the mass values in the mass spectra of the fragmented solution.  

At this point, a reversal of the fragment identification process, in which the complete sequencing of each fragment is determined from the mass values in the spectrum, is not possible.  However, the determination of the composition of each fragment with no specific ordering is possible.  The client has instructed that the exact reconstruction of the entire protein sequence is not necessary as long as the overall protein can still be identified.  Therefore, our goal for this part of the project is merely to find small sequences of amino acids that could be used to identify snippets of the entire protein sequence.

4.3. Identification of protein structure from fragment sequences

The client has been notified that the identification of the protein structure from fragment composition will require the use of a protein database search engine.  Available search engines such as Mascot® and SwissProt®, are capable of finding a list of proteins that match given criteria, such as molecular weight.  The use of these search engines with an applicable molecular weight will yield the amino acid sequence of a list of proteins within a given tolerance

5.  Design of Solutions


The database method, the de Novo method, and the hybrid method each use previous experimental data to different extents.  Upon implementation of these approaches, an analysis was made as to which techniques were more suitable for this problem.  

While these approaches differ in their methods of analysis, they all rely on the same general interpretation of the mass spectral data.  The data files obtained for this project were MALDI-TOF spectra in the Applied Biosystems .dat format.  These files were converted into the more universal mzXML file format using the PyMsXML program [15].  In order to run this program, the Applied Biosystems’ DataExplorer needed to be installed on the computer.  After the files were converted into mzXML, the binary64-encoded data was extracted with the aid of an xml parser and then decoded into numerical mz and intensity values.  While reading in the values, the program uses two successive differences approximations to determine the values and locations of peaks in the spectrum.  After this process, the data was ready to be analyzed by each method.   A general outline and schematic of each method is provided below:

5.1.  Database method

A. Initialize by database mass search

1. Search database for proteins that correspond to mass of whole protein (largest on spectra of the non-pyrolyzed solution)

a.   Obtain list of possible proteins and their sequences (export results from search)

2. Compare the possible protein sequences with the pyrolyzed spectra

a. Generate possible fragment masses from sequences of candidate proteins, and check to see if peaks exist in spectrum.

b.   Score each protein sequence based on the number of matches

3. Display a list of the possible sequences with their respective scores 
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Figure 5: Generalized Overview of Database Search Method

An overview of the outline above to demonstrate the process of a database method

5.2. de Novo method


A. Initialize by analysis of low m/z peaks in pyrolyzed mass spectrum

1.   Search the pyrolyzed spectra for a set of probable smallest fragments

a.   Use peaks that correspond to a relatively small number of amino acids 

2.   Find all possible paths of amino acid addition upstream from the original peak and save for later analysis

b.   Take a mass (corresponding to a fragment peak) and search upstream for possible masses of the fragment plus another amino acid. 

3. Weight each amino acid addition according to it’s most probable placement in the fragment (i.e. N or C terminal)

a.   N and C terminal designations determined from ion offset analysis

4. Generate all permutations of each fragment and the order of its attached amino acids

5. Score each fragment and display the highest scoring fragment of each permutation group
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Figure 6: Generalized Overview of de Novo Sequencing Method

An overview of the outline above to demonstrate the process of a de Novo method

5.3. Hybrid method
A.   Initialize by mass search

1.   Search database for proteins that correspond to mass of whole protein (largest on spectra of the pre-pyrolyzed solution)

a.   Obtain list of possible proteins and their sequences (export results from  search)


B.   Initialize by analysis of low m/z peaks in pyrolyzed mass spectrum

1.   Search the pyrolyzed spectra for a set of probable smallest fragments

a.   Use peaks that correspond to a relatively small number of amino acids 

2.   Find all possible paths of amino acid addition upstream from the original peak and save for later analysis

a.   Take a mass (corresponding to a fragment peak) and search upstream for possible masses of the fragment + another amino acid. 

3.   Weight each amino acid addition according to its most probable placement in the fragment (i.e. N or C terminal)

a.   N and C terminal designations determined from ion offset analysis

4.   Generate all permutations of each fragment and the order of its attached amino acids

5.   Score each fragment and display the highest scoring fragment of each permutation group

6. Compare the determined fragments to the list of possible proteins and score the proteins with respect to the number of fragment matches
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Figure 7: Generalized Overview of Combination Method

An overview of the outline above to demonstrate the process of a hybrid method

6.  Test cases


To assess and compare the merits of each approach, a set of comparison criteria has been developed:

· Does the correct information appear in the output?

· What is the ranking of the correct information in the output?

· How much output was obtained?

· How much computation time was required?

· How much user interaction was required?


In addition, all of the code was tested against a series of inputs to ensure that it behaved appropriately.  The following test cases were found to be useful for this process.

6.1.  Database method


Default m/z tolerance - 4


Default number of peaks - 150

1. Set tolerances to default values above – observe results

- Melittin had score 53 and rank 14

2. Set m/z tolerance to 0 - check that few peaks are scored and scores are small

- all scores 0

3. Set number of peaks to 1 - check that few peaks are scored and scores are small

- all scores 0

4. Set m/z tolerance to large ( >100) and check that scores are large

- highest score 239, Mellitin ranked 21 score 178

5. Set number of peaks to 1000 and check that scores are larger

- high score 177, Melittin ranked 24 score 126

6.2.  De Novo method


Default m/z tolerance - 0.1


Default number of peaks - 100

1. Set tolerances to default values above – observe results

- highest scoring fragment – (4) QRD*, QRN*, QRL*, QRI* score: 7

- most common fragments – QR, QT, KR

2. Set m/z tolerance to 0 - check that fragment sequences are short and highest scored sequences correspond to subsequences in the actual protein

- Longest: 5  

- Highest scoring: RQ, RK, QT

3. Set number of peaks to 1 - check that no fragments are formed

- no fragments formed

4. Set m/z tolerance to large ( ~0.5) and check that fragment sequences are long

- same most common sequences and more with the high score

5. Set number of peaks to large (>100) and check that fragment sequences are long

- with 150 we run out of memory

6.3.  Hybrid method


Default m/z tolerance - 0.1 

Default number of peaks - 100


Default number of fragments to include in analysis – top 3

1.   Set tolerances to default values above – observe results

- Melittin ranked 1 with score 2

2.   Set m/z tolerance to 0

- Melittin ranked 3 (tie with 14 others) with a score of 1

3.   Set number of peaks to 1 - check that no fragments are formed

- no fragments formed

4.   Set the fragments to include in analysis to only the first one

- Melittin ranked 1 with a score of 1

5.   Set m/z tolerance to large ( ~0.5)

- Melittin ranked 1 (tie with 2 others) score of 2

6.   Set number of peaks to large (=150)

- ran out of memory

7.   Set the fragments to include in analysis to all of them

- Melittin ranked 1 (tie with 1 other) score of 5

Table 2:  Comparison of the different methods

	
	Database method
	De Novo method
	Hybrid method

	Correct information appears in output
	Yes
	Yes (partial peptides)
	Yes

	Ranking of correct information in output
	Moderate
	Moderate
	High

	Amount of output
	Medium
	High
	Low

	Computation time
	10 - 30 seconds
	30 -120 seconds
	30 -120 seconds

	User Interaction
	High
	Low
	High


7.  Performance Enhancements


Throughout the development of these three methods of protein sequencing it became evident that certain small performance enhancements were necessary for an acceptable problem solution.  The two main enhancements were the use of differences approximation for the purpose of peak thinning in the original pyrolyzed spectra and the use of ion-type analysis for the purpose of learning the common ions formed by the MALDI-TOF-MS. The enhancements were justified by the improvement in the output.

7.1.  Differences Approximation


When the program was first implemented without using the differences approximation, each peak in the spectrum was read into the program as a series of m/z and intensity values instead of one m/z and intensity value.  This arises from the fact that in the mzXML file the spectrum is represented as a continuous set of m/z and intensity values.  To give an example, the parent peak in Figure 3 is actually made up of a multitude of m/z and intensity value pairs. (see Figure 8)  To remove many of the redundant values for the peaks the differences approximation was used to identify local maxima.  To further refine the peaks, the differences approximation was used a second time.


[image: image9] Figure 8: Parent peak of the unpyrolyzed Melittin spectrum

A blown up picture of the region immediately surrounding the parent peak of Melittin

7.2  Ion offset learning


As demonstrated by Dancik et. al., machine learning of the particular ion types most commonly formed by a particular instrument is quite valuable [14].  The offset frequency function was introduced and used to enable software to accurately analyze spectra obtained from any type of mass spectrometer.  It was also demonstrated that the use of the offset frequency function to determine the ion-types particular to a mass spectrometer is useful in determining the ordering of amino acids in a fragment sequence.  The offset frequency function is defined as follows:

Define a set of ion types ∆ := {δ1,…. Δk}

A set of peaks in a spectrum S := {s1,….., sm}

A set of partial peptides P:= {p1,….., pn}

And the m/z offset of an ion with respect to a partial peptide and a peak xij = M(pi) - sj   

where:  i = 1, …, n-1

 j = 1, …, m 

 M(pi) =  the mass of a partial peptide

Given x, S, and a certain small tolerance, ε; the offset frequency function is defined as:

 H(x) = H(x , S) 

where: ∑S H(x , S) = Number of pairs (pi , sj) that have M(pi) – sj within ε from x. 

The offsets ∆ = {δ1, …, δk} correspond to the peaks of H(x) and represent the ion types produced by a given mass spectrometer. [14]


The offset frequency function was used to analyze a large learning sample of MALDI-TOF spectra of Melittin solutions pyrolyzed at 300 C.  This analysis was graphed as the m/z offsets ∆ = {δ1, …, δk} with respect to the count.  The maxima of this graph represent the offset masses of the ions most common to the MALDI-TOF-MS used to collect the spectra for this project. [14]
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Figure 9: M/z offsets of the MALDI-TOF-MS for pyrolyzed Melittin at 300 C

The offset frequency function on the domain of offset –60 to +60


Dankic et. al. have also determined certain offsets to be the result of either N- or C-terminal cleavage.  This allows the determination of the ordering of the amino acids in a protein.  The determined offsets designate which of the ions are most commonly present in the spectra of a particular instrument.  More importantly, this type of analysis allows for an accurate method of scoring the various amino acid additions determined from a mass spectrum.  In Figure 10, the a- and b- ions correspond to the N-terminal and the y- ions correspond to the C-terminal.  Table 3 summarizes the determined offsets for this project.
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Figure 10:  Popular ions created by protein fragmentation

The common ion types that are formed upon breakage of the peptide bond.  The a and b ions represent N terminal ions and the y ions represent C-terminal ions.

Table 3: Offset values of the MALDI-TOF-MS for pyrolyzed Melittin at 300 C

	Offset
	Integer offset
	Count
	Term
	Ion

	-44
	-44
	55
	N
	a-NH3

	-45.5
	-45
	54
	N
	a-H2O

	-17.5
	-17
	52
	N
	b-H2O

	0.5
	1
	38
	N
	b

	-34.5
	-34
	36
	N
	b-H2O-NH3

	20.5
	20
	34
	C
	y2

	2.5
	2
	30
	C
	y2-H2O

	18.5
	19
	21
	C
	y


8.  Conclusions


Three current methods of protein sequencing - the database method, the de Novo method, and the hybrid method - were analyzed in detail.  The testing results of each method were presented for the purpose of determining which method was most suitable for this problem.  An analysis of the improvements that could be made to each method will be suggested to allow continued effort on this project.


This project was approached with the hypothesis that each additional method would provide significant improvement in the results over the last.  It is apparent that even the most basic solution attempt on this problem, the database search, yields surprisingly promising results.  With the instantiation of the de Novo algorithm, and the two basic performance enhancements, the already positive results were improved significantly.  As the hybrid method is merely a combination of both the database search and the de Novo sequencing, it is not surprising that it is the most appropriate method of approaching this problem.

We have taken every precaution to correlate the methods of experiment with those currently in use.  The determination of the most suitable method for this problem was based on a rigorous set of predefined test cases.  Therefore we believe that with the implementation of the outlined suggestions for further improvement a novel and robust process of protein sequencing of MALDI-TOF-MS spectra of pyrolyzed solutions will have been developed.
9.  Suggestions for Further Development

I.  Database method

· Deal with issue of spectrometer calibration


- Is there an instrumental deviation causing a correctable error?

· Keep track of each peak in a protein that matches a fragment

- There may be added significance if a fragment has a greater number of matching peaks

II. de Novo method

· Further refine the determination of the offsets for the MALDI-TOF instrument

· Have offset specific tolerance values obtained from a confidence interval of the data set associated with each individual offset

· Refine the scoring to use the offset of the previous fragment rather than the present one

III. Hybrid method

· All previous suggestions will be reflected

· refine the scoring to include the previous scores from all methods
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1612 1612.72 GlyIle GlyAlaValLeuLysValLeuThrThrGlyLeu ProAlaLeuIle

939 939.45 GlyAlaValLeuLysValLeuThrThrGly

624 624.35 AlaValLeuLysValLeuThr

1590 1590.64 AlaValLeuLysVal LeuThrThrGlyLeuProAlaLeuIle SerTrp

655 655.93 ValLeuLysValLeuThrThr

554 554.32 LeuLysValLeuThr

1679 1679.7 LeuLysValLeuThrThrGlyLeuProAlaLeuIle SerTrpIle LysArgLys

1549 1549.63 LeuThrThrGlyLeuProAlaLeuIle SerTrpIle LysArgLysArg

939 939.45 ThrThrGlyLeuProAlaLeuIle SerTrp

1568 1568.73 ThrThrGlyLeuProAlaLeuIle SerTrpIle Lys

1234 1234.53 Thr Thr GlyLeuProAlaLeuIle SerTrpIle LysArg

1877 1877.72 ThrGlyLeuProAlaLeuIle SerTrpIle LysArgLysArgGlnGln

879 879.46 LeuIle SerTrpIle LysArgLysArg

1067 1067.48 Ile SerTrpIle LysArgLysArg

1195 1195.53 Ile SerTrpIle LysArgLysArgGln

1323 1323.55 Ile SerTrpIle LysArgLysArgGlnGln

672 672.36 SerTrpIle LysArg

1212 1212.55   SerTrpIle LysArgLysArgGlnGln
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